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Abstract
Melanoma is an aggressive form of skin carcinoma, highly resistant to traditional therapies. Photodynamic therapy (PDT) 
is a non-invasive therapeutic procedure that can exert a selective cytotoxic activity toward malignant cells. In this work we 
evaluated the effect of a cationic zinc(II) phthalocyanine (Pc13) as photosensitizer on a panel of melanoma cells. Incubation 
with Pc13 and irradiation induced a concentration and light dose-dependent phototoxicity. In order to study the mechanism 
underlying Pc13-related cell death and to compare the effect of different doses of PDT, the most sensitive melanoma B16F0 
cells were employed. By confocal imaging we showed that Pc13 targeted lysosomes and mitochondria. After irradiation, a 
marked increase in intracellular reactive oxygen species was observed and a complete protection from Pc13 phototoxicity 
was reached in the presence of the antioxidant trolox. Acridine orange/ethidium bromide staining showed morphological 
changes indicative of both apoptosis and necrosis. Biochemical hallmarks of apoptosis, including a significant decrease in 
the expression levels of Bcl-2, Bcl-xL and Bid and mitochondrial membrane permeabilization, were observed at short times 
post irradiation. The consequent release of cytochrome c to cytosol and caspase-3 activation led to PARP-1 cleavage and 
DNA fragmentation. Simultaneously, a dose dependent increase of lactate dehydrogenase in the extracellular compartment of 
treated cells revealed plasma membrane damage characteristic of necrosis. Taken together, these results indicate that a dual 
apoptotic and necrotic response is triggered by Pc13 PDT-induced oxidative stress, suggesting that combined mechanisms 
of cell death could result in a potent alternative for melanoma treatment.

Keywords Reactive oxygen species · Cationic phthalocyanine · Mitochondrial membrane permeabilization · Apoptosis · 
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Abbreviations
AO  Acridine orange
DCFH-DA  2′,7′-Dichlorodihydrofluorescein diacetate
DiOC6  3,3′-Dihexyloxacarbocyanine iodide
EB  Ethidium bromide

Trolox  6-Hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid

LDH  Lactate dehydrogenase
LMP  Lysosomal membrane permeabilization
Δψm  Mitochondrial transmembrane potential
Pc  Phthalocyanine
PDT  Photodynamic therapy
PS  Photosensitizer
PARP-1  Poly(ADP-ribose) polymerase
PI  Propidium iodide
ROS  Reactive oxygen species
1O2  Singlet oxygen

Introduction

Melanoma is an aggressive form of skin carcinoma, result-
ing from malignant transformation of melanocytes. Accord-
ing to the International Agency for Research on Cancer, 
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the incidence of melanoma has been increasing in the last 
decades and although it represents only 5% of skin cancer, 
it is responsible for more than 80% of skin cancer deaths 
[1–3]. More than 50% of metastatic melanomas carry acti-
vating  BRAFV600 mutations [4], whereas approximately 25% 
harbor mutations in NRAS [5]. Surgery and chemotherapy 
are effective therapeutic options when melanoma is early 
diagnosed. In the case of advanced-stage melanoma, clinical 
treatments have improved considerably with the develop-
ment of immune checkpoint inhibitors and targeted therapy, 
such as PDL-1 blockage and BRAF and MEK inhibitors 
[6–8]. Despite the encouraging clinical results of novel 
therapies, the prognosis is poor and dependent on patient 
mutations and characteristics of the primary lesion includ-
ing thickness, involvement of lymph nodes and propensity 
of malignant cells to colonize distant tissues [9]. Moreover, 
effectiveness of clinical use of PD-1 immune checkpoint 
blockade or BRAF and MEK inhibitors therapy is limited 
by a high rate of innate or acquired resistance in advanced 
metastatic melanoma [10, 11].

Photodynamic therapy (PDT) is a minimally invasive 
therapeutic procedure that can exert a selective cytotoxic 
activity toward malignant cells [12, 13]. The procedure 
involves the administration of a nontoxic drug or dye known 
as photosensitizer (PS), followed by local illumination with 
visible light (ideally in the red to near-infrared spectral 
region), which in the presence of oxygen, leads to the gen-
eration of reactive oxygen species (ROS) and consequently 
to cell death [14, 15]. It has been demonstrated that there 
are three main mechanisms by which PDT could mediate 
tumour destruction [16]. ROS generated by PS irradia-
tion can kill tumour cells directly or may also damage the 
tumour-associated vasculature, leading to tumour infarction. 
Additionally, PDT can activate an immune response against 
tumour cells, which would be important in metastatic dis-
ease [13, 15, 17, 18].

PDT has been studied in the treatment of both premalig-
nant and malignant tumours [19–21], including cutaneous 
malignancies [22]. Photofrin or aminolevulinic acid (ALA) 
and its derivatives has been approved for treatment of non-
melanoma skin cancers, such as basal cell carcinoma (BCC) 
and Bowen’s disease [23, 24]. Although this technique has 
been evaluated for melanoma, its use has shown limited suc-
cess [25, 26]. This prompted the search for new photosensi-
tizers with an increased potency, specificity for target tissues 
and a more effective penetration in the skin. Phthalocyanines 
are second generation PS that exhibit chemical stability, high 
yields of ROS generation, short skin photosensitivity and 
good spectroscopic properties (absorbance bands between 
600 and 800 nm), which allow its activation in deep tissues, 
as penetration of light increases with wavelength [27–30].

The synthesis and photophysical character i-
zation of the cationic zinc(II) phthalocyanine 

2,9(10),16(17),23(24)-tetrakis[(2-trimethylammonium)
ethylsulfanyl]phthalocyaninatozinc(II) tetraiodide (Pc13) 
was previously described [31]. In order to evaluate Pc13 
PDT efficacy for melanoma treatment, in the present work 
we employed cell lines with different genotypic and pheno-
typic characteristics. Pc13 phototoxicity was demonstrated 
in all the melanoma cells assayed, being B16F0 the most 
sensitive cell line. Then, we investigated the mechanism 
underlying Pc13 related cell death in B16F0 cells and com-
pared the effect of different doses of PDT (PS concentra-
tions and light doses) in the extent and type of response. 
We also explored the organelle specificity of Pc13 and the 
initial events of photodamage induced after irradiation. In 
this sense, it has been reported that the intracellular locali-
zation of the PS plays a significant part in the fate of the 
cell, considering that 1O2 is highly reactive with a lifetime 
in the order of ~ 10–320 ns and a maximum action radius of 
about 10–55 nm in cells [32, 33]. Our findings revealed that 
Pc13 targeted both lysosomes and mitochondria of B16F0 
melanoma cells and that irradiation produced a significant 
increase of intracellular ROS. As a result of oxidative stress, 
modification in the expression level of Bcl-2, Bcl-xL and 
Bid, mitochondrial membrane depolarization and the con-
sequent cytochrome c release induced a rapid activation of 
the executioner caspase-3 and the cleavage of the nuclear 
enzyme responsible of DNA damage repair, poly(ADP-
ribose) polymerase (PARP-1). The appearance of distinctive 
signs of necrosis after irradiation of B16F0 cells treated with 
Pc13 is also described in the present work. Although previ-
ous reports have shown either the induction of apoptosis 
or necrosis after photodynamic therapy, the simultaneous 
occurrence of both modes of cell death has not been dem-
onstrated in melanoma cells. The study of a second gen-
eration photosensitizer, that targets both mitochondria and 
lysosomes and kills cancer cells by apoptosis and necrosis 
even at low PDT doses, has potential clinical relevance for 
melanoma treatment.

Materials and methods

Chemicals

Synthesis and purification of the sulfur-linked cationic 
2,9(10),16(17),23(24)-tetrakis[(2-trimethylammonium)
ethylsulfanyl]phthalocyaninatozinc(II) tetraioidide, named 
Pc13, has been previously described [31]. Monoclonal anti-
Bax antibody, polyclonal antibodies against Bcl-2, Bcl-
xL, Bid, caspase-3 and PARP were obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA). Mouse monoclo-
nal antibody directed against cytochrome c was from BD 
Biosciences Pharmingen (San Diego, CA) and monoclonal 
antibody against alpha-tubulin was purchased from Abcam 
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(UK). Secondary antibodies anti-mouse IgG (horserad-
ish peroxidase-conjugated goat IgG) or anti-rabbit IgG 
(horseradish peroxidase-conjugated goat IgG) were from 
Santa Cruz Biotechnology, CA, USA. The fluorescent dyes 
LysoTracker and MitoTracker Green FM were obtained from 
Invitrogen (San Diego, CA) and ERTracker Blue-White 
DPX was from Molecular Probes®. Caspase-3 substrate 
Ac-DEVD-AMC was obtained from Peptide Institute Inc. 
(Osaka, Japan). Acridine orange (AO), propidium iodide 
(PI), ethidium bromide (EB), the probe 2′,7′-dichlorodi-
hydrofluorescein diacetate (DCFH-DA), the antioxidant 
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 
(trolox) and the fluorescent dye 3,3′-dihexyloxacarbocya-
nine iodide  (DiOC6) were from Sigma Chemical (St. Louis, 
MO). The pan inhibitor Z-VAD-FMK was from Santa Cruz 
Biotechnology (Santa Cruz, CA).

Cell cultures

Mouse melanoma cell lines B16F0 (ATCC CRL-6322) and 
B16F10 (ATCC CRL-6475), and the human lightly pig-
mented melanoma cells WM35 (Wistar Institute, Philadel-
phia, PA, USA) and M1/15 (donated by professor Andras 
Falus, Genetics Department, University Semmelweis, Buda-
pest) were maintained in RPMI 1640 (Gibco BRL) contain-
ing 10% (v/v) fetal bovine serum (FBS, Gibco BRL), 2 mM 
l-glutamine, 50 U/ml penicillin, 50 µg/ml streptomycin and 
4 mM sodium bicarbonate, in a humidified atmosphere of 
5%  CO2 at 37 °C. A-375 cells (ATCC CRL-1619) were 
grown in DMEM F-12 medium with 10% (v/v) FBS, 2 mM 
L-glutamine, 50 U/ml penicillin, 50 µg/ml streptomycin and 
4 mM sodium bicarbonate. Immortalized human keratino-
cytes HaCat were maintained in RPMI 1640 with 5% (v/v) 
FBS, 2 mM l-glutamine, 50 U/ml penicillin, 50 µg/ml strep-
tomycin and 4 mM sodium bicarbonate.

Photodynamic treatment

Melanoma cells grown until ~ 70% confluence were incu-
bated with different concentrations of Pc13 in culture 
medium containing 4% FBS. After 6 h of incubation (24 h 
for A-375 cells), the compound was removed and complete 
fresh culture medium was added. Then, cells were irradiated 
with a 150 W halogen lamp, equipped with a 10 mm water-
filter to attenuate IR radiation and a 630 nm cut-off filter. A 
675 ± 15 nm bandpass filter (CVI Melles Griot, Albuquer-
que, USA) was employed to obtain power output at wave-
lengths to which there is maximum Pc13 absorbance [31]. 
The total power output was 0.28 mW cm−2, measured with a 
FieldMate laser power meter (Coherent, Wilsonville, USA). 
Light doses at 675 ± 15 nm were 170 mJ cm−2, 340 mJ cm−2, 
680 mJ cm−2, for 10 min, 20 min or 40 min of irradiation, 

respectively. In parallel, cells incubated in the absence of 
Pc13 were used as control.

In some experiments, Pc13-loaded B16F0 cells were pre-
incubated for 1 h before irradiation with 5 mM of the anti-
oxidant trolox or 25 µM of the caspase pan inhibitor Z-VAD-
FMK. After light exposure, cells were incubated for 24 h and 
phototoxicity was evaluated by MTT assay or colorimetric 
determination of hexosaminidase activity with p-nitro phe-
nol substrate as previously described [34]. Absorbance val-
ues were measured in a Biotrack II Microplate Reader (GE 
Healthcare, Piscataway, NY).

Pc13 subcellular localization

B16F0 cells (3 × 104) grown on coverslips were incubated 
with a 5 µM solution of Pc13 for 24 h at 37  °C in the 
dark. After removing the phthalocyanine with PBS, cells 
were stained with the organelle specific fluorescent dyes 
LysoTracker Green DND-26 (100 nM, 45 min), MitoTracker 
Green FM (100 nM, 45 min) and ERTracker Blue-White (1 
µM, 1 h) diluted in the culture medium without FBS. Then, 
cells were washed with PBS and fresh medium was added 
to examine fluorescence by confocal microscopy (Olympus 
FV 300). Pc13 was excited at 633 nm and its emission was 
monitored at wavelengths of 655–755 nm. Lysosomal and 
mitochondrial probes were excited at 488 nm and green fluo-
rescence was detected at 510–530 nm, while ER probe was 
excited at 405 nm and its blue emission was observed at 
425–475 nm.

Determination of intracellular ROS production

The endogenous ROS content was evaluated from the oxida-
tion of the probe 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA). B16F0 cells were plated at a density of 3 × 105 
cells/well in 6-well microplates and incubated overnight at 
37 °C until 70–80% of confluence. Then, the culture medium 
was replaced by RPMI containing 4% FBS and different con-
centrations of Pc13. After 24 h, the compound was removed, 
cells were washed with PBS and incubated in the presence 
of 10 µM DCFH-DA at 37 °C for 20 min. Non-incorpo-
rated probe was eliminated and cells were irradiated with 
340 mJ cm−2 in medium containing 10% FBS. Cells were 
harvested, counted with a 0.4% solution of Trypan Blue, 
and then lysed with a solution of 0.1% (v/v) of Triton X-100 
in PBS for 30 min. DCF green fluorescence was detected in 
a Jasco FP-6500 fluorometer using 485 nm excitation and 
530 nm emission wavelengths. Results were expressed as 
DCF fluorescence per cell, relative to control.

Alternatively, DCF fluorescence of Pc13-treated cells 
grown on coverslips was examined with a Leica DM2000 
fluorescence microscope at 470–490 nm excitation and 
515 nm emission wavelengths.
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Acridine orange and ethidium bromide cell staining

B16F0 cells grown on coverslips were incubated with 
0.2 µM of Pc13 for 24 h in the dark. Then, cells were irra-
diated (340 mJ cm−2) and stained with 50 µg/ml ethidium 
bromide, 50 µg/ml acridine orange at different times post 
irradiation (p.i.). Alternatively, Pc13-loaded B16F0 cells 
were pre-incubated for 1 h before irradiation with 5 mM 
trolox. Cell morphology and staining were examined in a 
Leica DM2000 fluorescence microscope. Images obtained 
were then analyzed and percentage of viable, apoptotic and 
necrotic cells was quantified.

Lactate dehydrogenase release assay

Cell membrane permeabilization was determined by the 
release to the medium of the cytosolic enzyme LDH using 
the LDH-P UV AA kit (Wiener lab., Rosario, Argentina), 
according to the manufacturer’s protocol [35]. Briefly, 
B16F0 cells (5 × 105 cell/well) seeded in 6-well plates 
were incubated overnight with different concentrations 
of Pc13 and after washing with PBS and irradiating with 
340 mJ cm−2 or 680 mJ cm−2, 20 µl of culture superna-
tants were employed to asses LDH activity at different times 
post irradiation. The decrease in 340 nm absorbance, cor-
responding to NADH consumption, was monitored with a 
Jasco V550 spectrophotometer. For maximum lysis control, 
cells were incubated for 1 h at room temperature with a 1% 
solution of Triton X-100.

Evaluation of mitochondrial membrane potential

To measure the mitochondrial membrane potential (Δψm), 
B16F0 cells pre-loaded or not with 0.2 µM Pc13 for 24 h 
at 37  °C in the dark, were treated with a light dose of 
340 mJ cm−2. Immediately after irradiation and 1 h p.i., 
cells were incubated with 40 nM of the potential-sensitive 
cationic lipophilic dye 3,3′-dihexyloxacarbocyanine iodide 
 (DiOC6) for 30 min at 37 °C. Green fluorescence for  DiOC6 
was measured by using a FACSCalibur flow cytometer (Bec-
ton Dickinson, CA, USA).

Alternatively, B16F0 cells were grown in coverslips and 
cell fluorescence was monitored by a Leica DM2000 fluo-
rescence microscope at 470–490 nm excitation and 515 nm 
emission wavelengths.

Western blot assays

B16F0 cells (2 × 106) were incubated during 24 h with a 
0.2 µM solution of Pc13, then washed with PBS and exposed 
to a light dose of 340 mJ cm−2 in RPMI, 10% FBS. At dif-
ferent times post irradiation, cells were lysed for 30 min 
at 4 °C in 10 µl of lysis buffer (0.5% Triton X-100, 1 µg/

ml aprotinin, 1 µg/ml trypsin inhibitor, 1 µg/ml leupep-
tin, 10 mM  Na4P2O7, 10 mM NaF, 1 mM  Na3VO4, 1 mM 
EDTA, 1  mM PMSF, 150  mM NaCl, 50  mM Tris, pH 
7.4). Clear supernatants were centrifuged at 17,000×g for 
10 min at 4 °C and protein concentration was determined 
using Bradford reagent. Aliquots containing 50 µg of pro-
tein were resuspended in 0.063 M Tris/HCl, pH 6.8, 2% 
SDS, 10% glycerol, 0.05% bromophenol blue, 5% 2-mer-
captoethanol, submitted to SDS-PAGE and then transferred 
to PVDF membranes (GE Healthcare, Piscataway, NY) 
for 1 h at 100 mA per membrane (constant current) using 
the V20-SDB semi-dry blotting system (Scie-Plas, Cam-
bridge, UK) in 25 mM Tris, 195 mM glycine, 20% metha-
nol, 0.03% SDS, pH 8.2. To reduce non-specific binding, 
membranes were incubated for 1 h at room temperature in 
10 mM Tris–HCl, 130 mM NaCl and 0.05% Tween 20, pH 
7.4, (TBS-T), containing 5% non-fat milk. Membranes were 
then incubated overnight at 4 °C with the primary antibody, 
washed with TBS-T and incubated with the corresponding 
secondary antibody conjugated with HRP for 1 h at room 
temperature. Immunoreactive proteins were visualized using 
the ECL Plus detection system (Pierce, Thermo Scientific, 
Rockford, USA) according to the manufacturer´s instruc-
tions. For quantification of band intensity, membranes were 
scanned using a densitometer (ImageQuant LAS 500, GE 
Healthcare Life Sciences). Equal protein loading was con-
firmed using a mouse anti-tubulin antibody. Band intensities 
were quantified using Gel-Pro Analyzer 4.1 software (Media 
Cybernetics).

For detection of cathepsin D and cytochrome c in cyto-
solic fraction, subcellular fractionation was performed. 
Briefly, B16F0 cells treated with 0.2 µM Pc13 and irra-
diated with a light dose of 340 mJ cm−2 were incubated 
for different time-periods at 37 °C. Cell suspensions were 
washed twice and incubated on ice for 15 min with sucrose 
buffer (250 mM sucrose, 20 mM HEPES, pH 7.5, 10 mM 
KCl, 1.5 mM  MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM 
DTT, 0.1 mM PMSF, 1 µg/ml aprotinin, µg/ml leupeptin). 
Cells were then homogenized with a Dounce (40 strokes) 
and centrifuged at 1000×g for 10 min at 4 °C. Supernatants 
were subjected to 20,000×g for 20 min at 4 °C to separate 
lysosomal/mitochondrial fraction and the resulting superna-
tants were loaded onto a SDS-PAGE, transferred onto PVDF 
membranes and revealed with specific antibodies against 
cathepsin D or cytochrome c.

Caspase activity assay

After incubating B16F0 cells for 24 h with a 0.2 µM solution 
of Pc13, cells were washed and then irradiated with a light 
dose of 340 mJ cm−2 as previously described. Cells were 
then incubated for different time-periods at 37 °C and 1 × 106 
cells were lysed for 30 min at 4 °C in 50 µl of lysis buffer 
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(10 mM HEPES, pH 7.4, 50 mM NaCl, 2 mM  MgCl2, 5 mM 
EGTA, 1 mM PMSF, 2 µg/ml leupeptin, 2 µg/ml aprotinin) 
followed by three cycles of rapid freezing and thawing. Cell 
lysates were centrifuged at 17,000×g for 15 min and total 
protein concentration was determined using Bradford rea-
gent. Aliquots containing 100 µg of protein were diluted in 
assay buffer (20 mM HEPES, 132 mM NaCl, 6 mM KCl, 
1 mM  MgSO4, 1.2 mM  K2HPO4, pH 7.4, 20% glycerol, 
5 mM DTT), and incubated at 37 °C for 1 h with 50 µM of 
the fluorogenic substrate for caspase-3 (Ac-DEVD-AMC). 
Cleavage of the substrate was monitored by AMC release 
in a Jasco FP-6500 fluorometer at 320 nm excitation and 
400 nm emission wavelengths.

Nuclear morphology

B16F0 cells grown on coverslips at a density of 3 × 104 
cells/well in a 24-well microplate were incubated in the 
absence (control) or presence of 0.2 µM of Pc13 for 24 h. 
After removing the phthalocyanine, cells were irradiated 
with 340 mJ cm−2, and at different times post irradiation, 
cells were washed twice with PBS and fixed for 10 min at 
room temperature with 4% paraformaldehyde. After wash-
ing, Höechst 33258 (2 µg/ml) was employed to stain nuclei. 
Images were obtained with a Leica DM2000 fluorescence 
microscope at 405 nm excitation and 425–460 nm emission 
wavelengths.

Flow cytometry analysis

B16F0 cells (6 × 105) were incubated for 24 h in the absence 
or presence or 0.2 µM Pc13 in the dark. After washing with 
PBS, cells were irradiated with a light dose of 340 mJ cm−2. 
At different times post irradiation, cells were harvested, 
washed with cold PBS, and then fixed overnight with 1 ml of 
70% cold ethanol and kept at 4 °C. Fixed cells were washed 
twice with PBS and resuspended in 500 µl of 0.1% sodium 
citrate, 0.1% Triton X-100, 50 µg/ml propidium iodide. After 
incubating overnight at 4 °C, the hypodiploid DNA content 
was analyzed in a FACSCalibur flow cytometer (Becton 
Dickinson, CA, USA) and percentage of hypodiploid cells 
was determined using Flowing software v 2.5.1. For cell 
cycle analysis, results were evaluated using Cylchred soft-
ware (Cardiff University).

Statistical analysis

All data was presented and analyzed using GraphPad Prism 
(Version 6.01, GraphPad Software, La Jolla, California, 
USA, http://www.graph pad.com). Statistical analyses were 
performed by one-way Anova with Bonferroni post-test 
(comparing all groups) or Dunnett post-test (comparing 
all groups to a control group). Differences in values were 

considered as statistically significant if p-value was less than 
0.05 (p < 0.05). All experiments were conducted at least 3 
times and expressed as mean ± SEM, unless otherwise 
indicated.

Results

Phototoxic action of Pc13 in melanoma cells

The effect of cationic Pc13 (Fig. 1a) as photosensitizer was 
initially evaluated in the mouse melanoma cell line B16F0. 
While no toxicity was observed in the dark, a cytotoxic 
effect was achieved after irradiation of Pc13-treated cells 
(Fig. 1b). A marked difference in phototoxicity was observed 
between 170 mJ cm−2  (IC50 > 3.20 µM) and 340 mJ cm−2 
 (IC50 = 0.20 ± 0.03 µM), corresponding to 10 and 20 min of 
irradiation, respectively (Fig. 1b). No considerable enhance-
ment in Pc13 photodynamic effect was detected when light 
dose was increased to 680 mJ cm−2  (IC50 = 0.11 ± 0.03 µM). 
Therefore, an energy dose of 340 mJ cm−2 was selected to 
perform the following characterization studies. Morphologi-
cal changes reflecting cell death, including cell shrinkage, 
rounding and formation of vacuoles, were observed by phase 
contrast microcopy in Pc13-treated cells (Fig. 1c). Since an 
ideal PS should have no dark toxicity, we assayed the effect 
of higher concentrations of Pc13 without light exposure. 
Our results showed the absence of cytotoxicity with con-
centrations up to approximately 100 ×  IC50 of Pc13 (Online 
Resource 1a).

Pc13 exerted phototoxic action in other melanoma cell 
lines with different genetic profile, with  IC50 values ranging 
between 0.20 ± 0.03 µM (B16F0 cells) and 3.60 ± 0.23 µM 
(A375 cells) (Table 1, Online Resource 1b), indicating that 
neither the presence of melanin nor genetic background 
affected Pc13 PDT efficacy. Immortalized human keratino-
cytes (HaCat) were the less susceptible cell line with an  IC50 
value of 4.57 ± 0.20 µM (Online Resource 1c).

Pc13 selectively targets lysosomes 
and mitochondria

The site of photosensitizer localization has been related to 
the mechanism of cell death [15, 26]. Cellular internali-
zation of Pc13 as wells as its subcellular localization was 
determined in B16F0 cells. After incubating cells with 
Pc13 for 24 h, red fluorescence emission corresponding to 
the phthalocyanine was detected in cytoplasmic compart-
ment by confocal microscopy (Fig. 2). In order to identify 
Pc13 subcellular distribution, the specific organelle probes 
LysoTracker Green, MitoTracker Green or ERTracker Blue-
White were employed to stain lysosomes, mitochondria or 
endoplasmic reticulum, respectively. Overlapping of green 

http://www.graphpad.com
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fluorescence from both LysoTracker or MitoTacker and Pc13 
red fluorescence originated yellow areas, whereas no colo-
calization of ERTracker with Pc13 was observed, indicating 
that Pc13 localized partly in lysosomes and also in mito-
chondria (Fig. 2). These observations were quantitatively 
confirmed, being Pearson’s correlation coefficients (PCC) 
0.71 ± 0.03, 0.54 ± 0.03 and 0.33 ± 0.02 for LysoTracker, 
MitoTracker and ERTracker, respectively [36].

Reactive oxygen species production after Pc13 
photoactivation

Photosensitizers, activated by absorption of visible light, 
initially form an excited singlet state, followed by transi-
tion to a long-lived excited triplet state. This triplet state 
can undergo photochemical reactions in the presence of 
oxygen to form ROS that can destroy cancer cells [33]. 

Fig. 1  Phototoxic effect of Pc13 on melanoma B16F0 cells. a Chemi-
cal structure of Pc13. b B16F0 cells incubated with different con-
centrations of Pc13 for 6 h were maintained in the dark or exposed 
to different light doses: 170  mJ  cm−2, 340  mJ  cm−2, 680  mJ  cm−2. 
Phototoxicity was evaluated 24  h after irradiation by MTT assay. 
Results are expressed relative to control obtained in the absence of 

Pc13 and represent the mean ± SEM of three different experiments. c 
Representative images of B16F0 cells captured under a phase contrast 
microscope (Nikon Eclipse TE300, Japan) at 3  h p.i. employing a 
light dose of 340 mJ cm−2 and different concentrations of Pc13. Scale 
bar: 50 µm

Table 1  Phototoxicity of Pc13 
in melanoma cell lines

Phenotypic and genomic characteristics of different melanoma cell lines evaluated.  IC50 values, determined 
from dose–response curves, correspond to the concentration of Pc13 that inhibited 50% cell growth with a 
light dose of 340 mJ cm−2. Results represent the mean ± SEM of three different experiments

Cell line Origin Pigmented Metastatic BRAF NRAS PTEN IC50 (µM)

B16 F0 Murine + − WT WT WT 0.20 ± 0.03
B16 F10 Murine + + WT WT WT 0.45 ± 0.08
M1/15 Human − + V600E WT Null 0.70 ± 0.08
WM35 Human Lightly − V600E WT WT 2.63 ± 0.47
A375 Human − + V600E WT WT 3.60 ± 0.23
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ROS levels upon irradiation of Pc13-loaded B16F0 cells 
were evaluated using the probe DCFH-DA. A dose-
dependent increase in the number of fluorescent cells cor-
responding to oxidized dichlorofluorescin was observed 
immediately after irradiation by fluorescence microscopy 
(Fig. 3a) and a significant increment of ROS levels per 
cell was quantitatively determined employing a fluorom-
eter (Fig. 3b). When B16F0 cells were pre-incubated with 
a 5 mM solution of the antioxidant trolox, a complete pro-
tection from Pc13 phototoxicity was achieved (Fig. 3c), 
demonstrating that ROS are crucial mediators in the mech-
anism of cell death triggered by Pc13.

Modes of cell death triggered by Pc13 irradiation

In order to characterize the mechanisms of cell death 
induced by Pc13 PDT, cell morphology was initially evalu-
ated after acridine orange (AO) and ethidium bromide (EB) 
staining. AO is a vital dye that stains both live and dead 
cells and EB stains only cells that have lost membrane 
integrity [37, 38]. While control B16F0 cells had uniform 
green fluorescence, the presence of cells with apoptotic 
characteristics, including blebbing, shrinking and bright 
green staining as a consequence of chromatin condensation, 
was observed after irradiation of cells treated with 0.2 µM 

Fig. 2  Intracellular localization of Pc13. Melanoma B16F0 cells 
incubated with 5 µM of Pc13 in the dark for 24 h were stained with 
LysoTracker Green DND-26 (100  nM, 45  min), MitoTracker Green 
FM (100 nM, 45 min) or ERTracker (1 µM, 1 h). Fluorescence, exam-
ined by confocal microscopy Olympus FV 300, corresponds to Pc13 

(red), lysosomes or mitochondria (green) and ER (blue). Overlays of 
the fluorescence images corresponding to Pc13 and trackers for each 
organelle and the corresponding Pearson’s correlation coefficient 
(PCC) are shown. Scale bar: 40 µm. (Color figure online)



126 Apoptosis (2019) 24:119–134

1 3

Pc13 (Fig. 4a, b). Thus, 25% of early apoptotic cells were 
quantified immediately post irradiation, and this percent-
age decreased at 1 h and 3 h p.i., whereas the population of 
cells in late apoptosis, which incorporated EB and therefore 
stained orange but maintained apoptotic nuclei, increased 
to 20% after 3 h of irradiation. Nuclear condensation as a 
result of Pc13 photoactivation was also observed by Hoechst 
staining (Fig. 4a). Simultaneously, a significant increment of 
orange necrotic cells with no condensed chromatin was iden-
tified after irradiation, reaching approximately 40% at 3 h p.i 
(Fig. 4a, b). When irradiation of Pc13-treated B16F0 cells 
was performed in the presence of trolox, cell morphology 
and staining were similar to control cells (Fig. 4c), indicating 
that ROS are responsible for the induction of morphological 
changes mediated by Pc13 irradiation.

As shown in Fig. 4c, the phototoxic effect of Pc13 also 
led to a marked reduction of orange staining of acidic 

organelles, an event characteristic of lysosomal mem-
brane permeabilization (LMP) [39]. The loss of a punc-
tuate pattern of staining obtained with LysoTracker Green 
probe and the presence of a lysosomal protease, such as 
cathepsin D, in cytosol after Pc13-treated cells irradia-
tion is evidence that supports disruptions in lysosomes 
structure (Online Resource 2).

B16F0 cells also showed alterations of cell cycle phase 
distribution and DNA content after Pc13 PDT. A sig-
nificant reduction of cells in S phase associated with an 
increase of cells in  G0/G1 phase was shown by flow cytom-
etry analysis of propidium iodide stained cells (Fig. 5a). 
Moreover, an increment in the proportion of hypodiploid 
cells was observed 1 h after irradiation (21 ± 8% treated 
vs 5 ± 2% control) and maintained up to 3 h p.i. (Fig. 5b), 
consistent with the induction of an apoptotic response.

Fig. 3  Intracellular ROS production after Pc13 PDT. a B16F0 cells 
plated on coverslips were incubated with different concentrations 
of Pc13 and then irradiated with a light dose of 340 mJ cm−2. ROS 
content was evidenced using the probe DCFH-DA (10  µM). Imme-
diately post-irradiation, DCF fluorescence was detected in a Leica 
DM2000 fluorescence microscope, scale bar: 200 µm. b B16F0 cells 
plated in 6-well microplates were incubated with different concentra-
tions of Pc13 and irradiated. DCF green fluorescence was measured 
in cell lysates with a Jasco FP-6500 fluorometer (excitation: 485 nm, 
emission: 530  nm). Results are expressed as DCF fluorescence per 

cell, relative to control. Total viable cell number was determined by 
Trypan blue exclusion method. Results correspond to mean ± SEM, 
n = 6. ANOVA-Dunnet *p < 0.05, **p < 0.01, significantly different 
from cells incubated in the absence of Pc13. c B16F0 cells incubated 
with different concentrations of Pc13 were pre-treated for 1  h with 
5 mM of the antioxidant trolox and 24 h post-irradiation, phototoxic-
ity was evaluated by Hexosaminidase method. Results are expressed 
relative to control obtained in the absence of Pc13 and represent the 
mean ± SEM of three different experiments
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Determination of necrosis after Pc13 PDT

Necrosis is a type of cell death characterized by plasma 
membrane rupture. Loss of cell membrane integrity results 
in the release of the cytoplasmic contents into the surround-
ing medium [35]. Thus, necrotic cell death was further eval-
uated by LDH determination in culture supernatants from 
control and treated cells. As shown in Fig. 6a, LDH activ-
ity in the extracellular medium from B16F0 cells treated 

with 0.2 µM Pc13 significantly increased immediately after 
irradiation with 340 mJ cm−2, reaching 45% of necrosis at 
3 h p.i. Furthermore, increasing Pc13 concentrations and/
or light doses produced higher LDH release at 0 h p.i., sug-
gesting that necrotic response could be modulated by the 
overall PDT dose (Fig. 6b). This finding was confirmed by 
the increment in cell population that incorporated ethidium 
bromide dye when higher light dose (680 mJ cm−2) or Pc13 
concentration (up to 1 µM) were employed (Fig. 6c). The 

Fig. 4  Cell morphology modifications triggered after irradiation of 
Pc13-treated cells. a B16F0 cells grown on coverslips were incu-
bated with 0.2  µM of Pc13 in the dark. Then, cells were irradiated 
(340  mJ  cm−2) and stained with acridine orange/ethidium bromide 
(upper panel, scale bar: 200 µm) or Hoechst 33258 (lower panel, 
scale bar: 50 µm) at different times post irradiation. Cell and nuclear 
morphology was examined in a Leica DM2000 fluorescence micro-
scope. Arrows indicate condensed nuclei. b The percentage of differ-
ent cellular populations was determined by manual counting of × 40 

fluorescence images, considering (v) viable, (ea) early apoptotic, 
(la) late apoptotic and (n) necrotic cells. Representative images of 
control and Pc13-treated cells (0.2  µM) stained at time 0 post irra-
diation are shown. c B16F0 cells incubated with 0.2 µM Pc13 were 
irradiated (340 mJ cm−2) in the absence or presence of 5 mM trolox. 
Fluorescence images obtained 1 h p.i. after acridine orange/ethidium 
bromide staining are shown. Orange punctuate corresponds to acidic 
organelles. Scale bar: 50 µm. (Color figure online)
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simultaneous rise of both parameters produced an almost 
complete induction of necrosis immediately after irradia-
tion (Fig. 6c).

Pc13 irradiation activates the intrinsic apoptotic 
pathway

In order to further investigate the underlying mechanisms 
of Pc13 phototoxicity, we examined the possible alterations 
in the expression levels of Bcl-2 family proteins. These pro-
teins are critical regulators of the mitochondrial outer mem-
brane integrity and thereby a misbalance in their expres-
sion determines the cellular commitment to apoptosis [40]. 
As shown in Fig. 7a an early decrease of the anti-apoptotic 
proteins Bcl-2 and Bcl-xL was detected after irradiation 
of Pc13-treated cells. Although the expression of the pro-
apoptotic protein Bax was not affected by Pc13 photoacti-
vation, the cleavage of Bid was observed immediately post 
irradiation (Fig. 7a). Therefore, we next evaluated whether 
Pc13 irradiation caused alterations in mitochondrial trans-
membrane potential (Δψm) in melanoma cells using the 

cell membrane permeable - Δψm-sensitive - fluorescent dye 
 DiOC6. A reduction in green fluorescence in PDT-treated 
cells, observed by microscopy, and an increase in the popu-
lation of cells with reduced  DiOC6 intensity, evidenced by 
flow cytometry at time 0 (74 ± 9% vs 15 ± 9%) and 1 h post 
irradiation (65 ± 8% vs 15 ± 9%), revealed that Pc13 PDT 
triggered a rapid decrease in Δψm (Fig. 7b). Accordingly, 
the presence of mitochondrial cytochrome c in the cyto-
solic fraction was detected at the same time after irradiation 
(Fig. 7c). The release of cytochrome c to cytosol as a result 
of mitochondrial membrane permeabilization is followed by 
the formation of the apoptosome, a large caspase-activating 
complex, corresponding to the intrinsic apoptotic pathway 
[41]. In this sense, the activation of procaspase-3 through 
proteolytic cleavage was shown by the zymogen reduction 
in western blot assay (Fig. 8a). Furthermore, a significant 
increase of caspase-3 activity was evidenced in Pc13-treated 
cells at 1 h and 3 h post irradiation, employing the fluoro-
genic substrate DEVD-AMC (Fig. 8b). The decrease of the 
116 kDa caspase-3 substrate PARP-1, and the appearance of 
a 89 kDa fragment suggested PARP-1 cleavage by caspase-3 

Fig. 5  Effect of Pc13 irradiation on cell cycle and DNA content. a 
Pc13-treated B16F0 cells were fixed at different times post irradiation 
and then stained with propidium iodide (PI) and analyzed in a FAC-
SCalibur flow cytometer. Populations in each phase of the cell cycle 
were determined using Cylchred software. b DNA content was also 

analyzed using WinMDI 2.8 software and the percentage of hypo-
diploid cells was obtained. Representative histograms of each condi-
tion are shown. Experiments were performed in triplicate and results 
correspond to mean ± SEM ANOVA-Dunnet *p < 0.05, **p < 0.01, 
respect to non-treated cells
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after PDT treatment (Fig. 8c). Incubation of B16F0 cells 
with the pan-caspase inhibitor Z-VAD-FMK before irradia-
tion partially reduced phototoxicity when moderate doses 
of PDT were employed (0.1–0.2 µM Pc13, 340 mJ cm−2), 
indicating the critical role of the apoptotic pathway in Pc13 
phototoxic action (Fig. 8d).

Discussion

Photodynamic therapy is a treatment modality that has been 
assayed for non-malignant diseases and for many types of 
cancers. However, melanoma showed resistance towards 
PDT employing hematoporphyrin derivates, such as Pho-
tofrin, due to the presence of melanin pigment that com-
peted with the photosensitizer for the absorption of photons 
[42]. Melanin could also function as a ROS scavenger and 
may have antioxidant effect, leading to disruption of PDT-
induced apoptotic pathways and tumour development [43, 
44]. Thus, the synthesis and characterization of new photo-
sensitizers absorbing in the 700–800 nm near infrared spec-
tral region, where the absorption of melanin is minimal, and 

that can overcome this PDT resistance are being explored. 
Phthalocyanines were identified in a recent work as the most 
efficient photosensitizers, when a group of four porphyrins 
and six phthalocyanines were assayed in WM35 melanoma 
cells [45]. In this study we demonstrated the efficacy of Pc13 
phototoxicity in various cell lines, including pigmented and 
non-pigmented melanomas, indicating that PS absorption 
was not interfered by melanin. In fact, pigmented cells, such 
as B16F0 and B16F10 were more sensitive to Pc13 PDT 
 (IC50 0.20 and 0.45 µM respectively) than non-pigmented 
A375 cells  (IC50 3.6 µM), suggesting that melanin could play 
a role in Pc13 photodamage. In this sense, Davis and cow-
orkers [26] showed that hypericin-induced ROS increased 
permeability of melanosomes, which led to cell death as 
a result of the release of toxic melanin precursors to the 
cytoplasm.

Resistance to agents recently approved for the treatment 
of melanoma has been described. In particular, the benefit of 
BRAF inhibitors (e.g. vemurafenib and dabrafenib) is lim-
ited by the frequent and rapid onset of resistance [46]. Our 
results demonstrated that Pc13 irradiation induced both wild 
type (B16F0, B16F10) and BRAF mutated (M1/15, WM35, 

Fig. 6  Plasma membrane permeabilization after Pc13 photoacti-
vation. a After incubation of B16F0 cells in the absence or pres-
ence of 0.2 µM of Pc13 for 24 h and irradiation with a light dose of 
340  mJ  cm−2, permeabilization of plasma membrane was evaluated 
by measuring LDH activity in aliquots (20 µl) of culture superna-
tants at different times post irradiation. b B16F0 cells were incubated 
with increasing concentration of Pc13 and then irradiated with 340 
or 680  mJ  cm−2. LDH activity was assessed at time 0 post irradia-

tion. Results are expressed as % necrosis respect to maximum lysis 
treatment obtained in Triton X-100 1% for 1  h and correspond to 
mean ± SEM ANOVA-Dunnet *p < 0.05, **p < 0.01, significantly 
different from cells incubated in the absence of Pc13, #p < 0.05, 
##p < 0.01, significantly different from cells treated with 0.2 µM Pc13 
and irradiated with 340  mJ  cm−2. c Cell morphology was analyzed 
by fluorescence microscopy after acridine orange/ethidium bromide 
staining in some phototoxic conditions at 0 h p.i. Scale bar: 200 µm
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Fig. 7  Changes in Bcl-2 family proteins levels and mitochondrial 
outer membrane depolarization induced by Pc13 PDT. a B16F0 
cells treated with 0.2  µM of Pc13 were exposed to a light dose of 
340  mJ  cm−2 and incubated for different time-periods. Then, cell 
lysates (50  µg/lane) were submitted to western blot assays. b Pc13-
loaded and irradiated B16F0 cells were stained with  DiOC6 and 
visualized with a Leica DM2000 fluorescence microscope (ex: 470–
490 nm, em: 515 nm), scale bar: 200 µm (upper panel) or analyzed 
using a FACS Calibur flow cytometer (lower panel). The percentage 

of cells with mitochondrial membrane depolarization is indicated; c 
Protein expression levels of cytochrome c were detected in cytosolic 
fractions obtained after irradiation of B16F0 cells exposed to 0.2 µM 
of Pc13. For western Blot assays, results from one representative 
experiment are shown (left panels). α-Tubulin was used as loading 
control. Densitometric analyses correspond to mean ± SEM of three 
different experiments (right panels). ANOVA-Dunnet *p < 0.05, 
**p < 0.01, significantly different from control (irradiated cells with-
out Pc13)
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A375) cell death and thus phototoxicity does not depend on 
tumour cell genomic characteristics. An additional advan-
tage of this type of PS is the absorption of light in the far-red 
region of the spectrum, a feature that allows the photoactiva-
tion in deeper tissues and might be clinically relevant.

We further explored the mechanisms involved in Pc13 
PDT-mediated cell death in B16F0 cells, the most sensitive 
melanoma cell line assayed. Results showed that irradiation 
led to an increase in the intracellular levels of ROS and that 
the addition of the antioxidant agent trolox completely abol-
ished phototoxic action of Pc13, demonstrating the essen-
tial role of the oxidative stress in the Pc13 PDT-induced 
cell death. Then, we evaluated Pc13 subcellular localiza-
tion, a factor that strongly affects PDT activity [14, 47]. The 
location of the PS determines which cellular targets would 
be damaged and the mechanisms of cell death that would 
be triggered [48–51]. In a previous study we observed the 
preferential accumulation of Pc13 in lysosomes of human 

nasopharynx carcinoma KB cells [31], as it was shown 
for others cationic PS, such as cationic porphyrins [52]. 
However, several authors have established that positively 
charged dyes could be electrophoretic driven to mitochon-
dria and accumulate at these organelles [47, 53, 54]. By 
confocal microscopy we observed that Pc13 localizes both 
in lysosomes and mitochondria of B16F0 melanoma cells. 
Mitochondria targeting is considered particularly important 
for an effective anti-cancer therapy, since it may induce a 
rapid apoptotic response [55, 56]. According to this, our 
results demonstrated the decrease of Δψm at time 0 post 
irradiation, which led to cytochrome c release to cytosol. In 
addition, changes in the expression levels of Bcl-2 family 
proteins were triggered after Pc13 photoactivation and this 
may facilitate mitochondrial membrane permeabilization 
[40]. A drastic decrease of antiapoptotic Bcl-2 and Bcl-xL 
and the cleavage of Bid were shown in the present study, 
whereas no Bax modification was evidenced. Although 

Fig. 8  Caspase-3 activation after Pc13 irradiation in B16F0 cells. a 
Western blot assay of procaspase-3 detected in cell lysates (50  µg/
lane) obtained after irradiation (340 mJ cm−2) of B16F0 cells exposed 
to 0.2  µM Pc13. Results from one representative experiment are 
shown (upper panel). α-Tubulin was used as loading control. Densi-
tometric analysis (lower panel). b Caspase-3 activity was determined 
at different times post irradiation using the fluorogenic substrate Ac-

DEVD-AMC. c Western blot analysis of PARP-1 (116 kDa) cleavage 
after PDT in B16F0 cells. PARP-1 fragment (89 kDa) was detected at 
different times post irradiation. d Pc13-treated B16F0 cells were pre-
incubated 1 h before irradiation with 25 µM of Z-VAD-FMK and 24 h 
p.i. phototoxicity was evaluated by Hexosaminidase method. Results 
correspond to mean ± SEM of at least three different experiments. 
ANOVA-Dunnet *p < 0.05, **p < 0.01
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selective and direct photodamage to the Bcl-2 family pro-
teins by photosensitizers has been proposed [57, 58], in a 
previous work with KB cells we demonstrated the role of 
lysosomal cathepsin D in the cleavage of Bid [34]. Accord-
ingly, since Pc13 also localizes in lysosomes of B16F0 cells, 
we herein observed lysosomal membrane permeabilization 
(LMP), suggesting a potential role of both ROS and lysoso-
mal proteases in Bcl-2 family proteins reduction.

The induction of an apoptotic program of cell death by 
Pc13 irradiation was further evidenced by the rapid activa-
tion of caspase-3 and the cleavage of one of its substrates 
PARP-1, leading to nuclei signs of fragmentation and con-
densed chromatin. Taking into account that caspase inhibi-
tor Z-VAD-FMK only partially prevented phototoxic action 
of Pc13, the involvement of a caspase-independent path-
way of cell death was proposed. In this sense, it has been 
reported that PDT can result in both apoptosis and necrosis 
[26, 59, 60]. In order to explore the induction of a necrotic 
process after Pc13 treatment, we studied the effect of Pc13 
photoactivation on B16F0 cells plasma membrane integrity. 
The increase in LDH enzymatic activity in the extracellular 
medium and ethidium bromide uptake after irradiation of 
Pc13-treated cells were indicative of necrosis. Our results 
also showed that the extent of cell death by necrosis could 
be modulated by Pc13 concentration and/or light dose 
employed. It has been described that the response to PDT 
may vary with respect to not only total PS and light deliv-
ered, but also the cell type, the photosensitizer used and 
its intracellular localization [61–63]. In this regard, it was 
shown that a Gallium phthalocyanine in combination with 
metformin induced apoptosis in metastatic M1/15 cells and 
necrosis in WM35 cell line [30]. Concerning PS subcellu-
lar localization, Fabris et al. [58] determined that necrosis 
represented the prevailing mode of death of transformed 
fibroblasts incubated with a Zn(II) phthalocyanine mainly 
localized in the plasma membrane, whereas morphological 
changes typical of apoptosis were revealed when this Pc was 
found in mitochondria.

Studies reported here indicate that both apoptosis and 
necrosis were triggered when  IC50 of Pc13 was employed, 
being the proportion of necrotic cell death increased at 
higher doses of PDT. The activation of multiple cell death 
pathways by Pc13 irradiation would overcome the problem 
of apoptosis resistance, a common mechanism of tumour 
progression and cancer therapeutics failure [15, 64]. Fur-
thermore, the induction of a necrotic process could trigger 
an inflammatory reaction, leading to development of sys-
temic immunity [13, 65]. It has been described that PDT 
produces an acute inflammation that attracts leukocytes to 
treated tumours by exposing or creating new antigens, and 
by inducing heat-shock proteins that enhance the efficiency 
of antigen cross-presentation to form more effective tumour-
specific cytotoxic T cells [18]. The immune reaction elicited 

by the photoinduced necrosis could offer a better control of 
cell growth in metastatic tumours [59, 66]. Although typi-
cal signs of apoptosis and necrosis were identified in this 
study, the contribution of other modes of cell death induced 
by Pc13 PDT, such as autophagy or paraptosis, can not be 
discarded [51].

In summary, results obtained demonstrate that Pc13 
photoactivation produces an increase in the level of ROS, 
which elicits a cytotoxic response. The oxidative stress trig-
gers lysosomal membrane permeabilization, decrease of 
anti-apoptotic proteins, cleavage of Bid and the consequent 
reduction of mitochondrial membrane potential. The release 
of cytochrome c to cytosol initiates the intrinsic apoptotic 
pathway, which finally activates caspase-3, leading to cleav-
age of PARP-1 and DNA fragmentation. On the other hand, 
oxidative response induces alterations in plasma membrane, 
characteristic of necrosis, promoting the release of cytosolic 
content to extracellular medium (Fig. 9). Thus, considering 
that Pc13 PDT activates both apoptotic and necrotic cell 
death in B16F0 cells, we suggest that Pc13 represents a 
promising alternative for melanoma treatment, which could 
exert direct cytotoxic effects on tumour cells and also cause 
a systemic anti-tumour response. Although the penetration 
of light into a relatively opaque tissue like melanoma might 
be limited, Pc13 PDT could be useful for destruction of 
malignant cells in situ at surgical margins and also for acti-
vating a systemic immune response against tumor antigens. 
To explore Pc13 PDT efficacy in vivo, further studies will 
be performed in mouse melanoma models.

Fig. 9  Modes of cells death triggered by Pc13 irradiation in B16F0 
cells. The formation of ROS after irradiation in the primary sites of 
Pc13 accumulation leads to lysosomal membrane permeabilization 
(LMP), mitochondrial outer membrane depolarization, cytochrome c 
release to cytosol and activation of caspase-3, hallmarks of an apop-
totic response. In addition, the release of cytosolic LDH to the extra-
cellular medium indicates plasma membrane alteration as a result of 
cell death by necrosis
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