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Abstract. Photodynamic therapy (PDT) is a promising approach in the treatment of various tumors.  The presence of 

three essential components: a photosensitizer, a light source and oxygen is required for generating reactive oxygen 

species and subsequent tumor destruction. In this study, we investigated the cell death pathway induced by Photoditha-

zine (PD) mediated photodynamic therapy (PD-PDT). We found that PD localizes in the endoplasmic reticulum and 

Golgi apparatus of cancer cells. Upon irradiation at 20 J/cm2, PD induced death of tumor cells at concentrations exceed-

ing 100 nM. Based on dying cell morphology, exposure of phosphatidylserine to the cell surface, presence of phosphor-

ylated form of mixed lineage kinase domain like pseudokinase (pMLKL) and protective action of pan-caspase inhibitor 

and inhibitor of receptor-interacting protein kinase 1 (RIPK1), we hypothesize that Photodithazine forces cells to enter 

mixed-type cell death with features of apoptosis and necroptosis. 
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List of Abbreviations 

m – Micrometer 

M – Micromolar 

AnxV – Annexin V 

DFO – Deferoxamine 

DMEM – Dulbecco's Modified Eagle's me-

dium 

ER – Endoplasmic reticulum 

fer-1 – Ferrostatin-1 

IC50 – The concentration of PD resulting in 

50% inhibition of cell culture growth  

MLKL – Mixed lineage kinase domain-like 

protein 

nec-1 s – Necrostatin-1 s  

nm – Nanometer 

PD – Photodithazine 

PDT – Photodynamic therapy 

PI – Propidium Iodide 

pMLKL – Phosphorylated MLKL 

PS – Photosensitizer 

ROS – Reactive oxygen species 

UPR – Unfolded Protein Response 

zVAD-fmk – Carbobenzoxy-valyl-alanylas-

partyl-[O-methyl]-fluoromethylketone 

 

Introduction 

Photodynamic therapy (PDT) is an emerging 

approach for cancer therapy, that takes ad-

vantage of the optical features of a non-toxic 

photosensitive dye, otherwise known as a pho-

tosensitizer (PS). PS is capable of generating re-

active oxygen species (ROS) in the presence of 

tissue oxygen upon local exposure to light with 

a wavelength corresponding to its absorption 

maximum (Dolmans et al., 2003). The resulting 

ROS, depending on where they are generated, 

can directly cause damage to organelles and 

membranes of local cells (Bacellar et al., 2015). 

Therefore, the type of PS and its intracellular 

distribution are critical factors in PDT’s suc-

cessful applications (Hamblin, 2020). 

After light absorption by PS in its ground 

state, it becomes activated to a short-lived (na-

noseconds) first excited singlet state, then it can 

lose the absorbed energy by emitting light (flu-

orescence) or as heat by internal conversion. 

The excited singlet state PS can also form the 

relatively long-lived (microseconds) excited 

triplet-state PS via intersystem crossing. Subse-

quently, the excited triplet state PS can undergo 

two kinds of reactions with surrounding mole-

cules (Robertson et al., 2009). In type I photo-

chemical reaction, the excited triplet state PS 

can react directly with a substrate, like cell 

membrane, and transfer an electron or a proton 

to form radicals. Further, these radicals may re-

act with cellular oxygen and produce reactive 

oxygen species (ROS), such as peroxides, su- 
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peroxide ions (O2•–), and hydroxyl radicals 

(OH•) and initiating free radical chain reactions 

(Abrahamse & Hamblin, 2016). On the other 

hand, in type II photochemical reaction, the ex-

cited triplet state PS can transfer its energy di-

rectly to molecular oxygen, which by itself is a 

triplet in its ground state (3O2), producing an 

excited-state singlet oxygen (1O2), the most 

imperative reactive species in PDT-mediated 

cytotoxicity, which reacts with several biologi-

cal molecules, including lipids, proteins, and 

nucleic acids (Greer, 2006). 

The cellular response to photodamage varies 

strongly according to several defining factors 

with PS localization within the cell playing the 

major role. Intracellular localization of PS de-

fines PS site of action, differs depending on PS 

type, and plays a vital role in determining the 

fate of the cell (Van Straten et al., 2017). PS 

characteristics are generally responsible for its 

localization toward cellular organelles such as 

the plasma membrane, lysosomes, mitochon-

dria, Golgi apparatus or endoplasmic reticulum 

(ER) (Castano et al., 2004). 

The PDT-induced production of ROS and 

1O2 leads to tumor destruction by multifacto-

rial mechanisms. The first mechanism is the di-

rect killing of tumor cells by PDT, alongside af-

fecting tumor vasculature and causing vessel 

shutdown, and consequently depriving tumor 

cells of oxygen and nutrients (Wang et al., 

2012). The second, most important, mechanism 

is the rapid recruitment and activation of im-

mune cells leading to tumor elimination, which 

is currently under extensive research (Donohoe 

et al., 2019).   

Recently, it has been established that PDT 

results in triggering different mechanisms of 

cell death, that can be either non-regulated cell 

death (accidental) or regulated, including ne-

crosis, apoptosis (Shams et al., 2015), necrop-

tosis (Dos Santos, et al., 2020), ferroptosis 

(Turubanova et al., 2019), and autophagy-de-

pendent cell death (Garg et al., 2013), allowing 

PDT to treat various mechanisms of resistance, 

exhibited by malignant cells (Dos Santos et al., 

2019). A single PS may trigger multiple types 

of cell death under different treatment condi-

tions. Typically, high photodamage (high PS 

concentration and/or high dose light) induces 

necrosis. Thus, moderate photodamage is ex-

pected to induce regulated cell death modali-

ties, that are capable of eliciting immune re-

sponses with systemic impact, making PDT a 

more appealing and relevant therapeutic alter-

native (Donohoe et al., 2019).   

The aim of the present study was to define 

the type and characterize the mechanism of cell 

death induced by PDT treatment with a clini-

cally approved photosensitizer – Photoditha-

zine® (PD). We investigated the involvement 

of apoptosis and necroptosis in cell death trig-

gered by PD -PDT using inhibitory analysis, 

analysis of phosphatidylserine externalization 

and detection of phosphorylated form of mixed 

lineage kinase domain like pseudokinase 

(pMLKL).   

 

Materials and methods 

Cell lines. Experiments were performed on 

two human tumor cells lines: human skin epi-

dermoid carcinoma A431 and human transi-

tional cell carcinoma of the urinary bladder T24 

(Russian Collection of Cell Cultures). Cells 

were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM, PanEco, Russia) supple-

mented with 2 mM glutamine and 10% (v/v) fe-

tal bovine serum (PanEco, Russia) in 5% CO2 

atmosphere at 37 °C. 

 

Photosensitizers. Photodithazine® (PD), 

which is the bis-N-methylglucamine salt of 

chlorin e6 (Veta-grand, Russia), was used as a 

photosensitizer for photodynamic treatment. 

 

Analysis of intracellular distribution of Pho-

todithazine. The intracellular distribution of 

Photodithazine was visualized using an Axio 

Observer Z1 LSM-710 DUO NLO laser scan-

ning microscope (Carl Zeiss, Germany). For the 

study, A431 cells were seeded in glass-bottom 

96-well plates at a density of 4×103 cells/well 

and grown overnight at 37°C in 5% CO2 atmos-

phere. Later on, the cells were incubated with 

PD at concentration of 10 μM in serum-free cell 

culture medium for 4 h. After that, PD contain-

ing medium was replaced with fresh complete 

cell growth medium. Colocalization analysis 
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was conducted to identify PD’s localization in 

individual cellular organelles. Chemical dyes 

LysoTracker green (0.5 μM), BODIPY FL C5-

ceramide with BSA (5 μM), ER-Tracker Green 

(BODIPY FL glibenclamide) (0.5 μM) (Life 

Technologies, USA), and genetically trans-

formed cell line A431 expressing the fluores-

cent protein HyPer in the cytoplasm or mito-

chondria were used for visualizing the lyso-

somes, Golgi apparatus, endoplasmic reticulum 

(ER), cytoplasm and mitochondria, respec-

tively. Dyes were added to living cells, pre-in-

cubated with PD. The staining procedure was 

performed according to manufacturer's instruc-

tions. The cells were excited at 488 nm and 633 

nm to visualize stained organelles and PD, re-

spectively. Subsequently, fluorescence emis-

sion was registered in the range of 500–560 nm 

for stained organelles and 650–735 nm for PD. 

 

Analysis of dark toxicity and photodynamic 

activity. To study dark cytotoxicity and photo-

dynamic activity of Photodithazine, A431 and 

T24 cells were seeded in 96-well plates at a 

density of 6×103 cells/well and grown at 37°C 

in 5% CO2 atmosphere overnight. Afterwards, 

the media in all the wells was replaced with se-

rum-free media containing PD at the concentra-

tion range of 0.001–50 μM and incubated for 4 

hours (serum-free  media without PD was 

added to control wells), followed by either 

keeping under dark conditions (for the dark cy-

totoxicity study) or irradiation with a light dose 

of 20 J/cm2 in photosensitizer-free medium us-

ing a LED light source (at wavelength 655-675 

nm) at a power density of 32 mW/cm2 to induce 

photodynamic activity (Shilyagina et al., 2014). 

Finally, the cells were cultured in complete me-

dium for 24 hours and cell viability was ana-

lyzed by MTT assay (Alfa Aesar, UK) accord-

ing to the manufacturer's instructions. MTT re-

agent was added to the growth medium at a con-

centration of 0.5 mg/ml and the cells were incu-

bated for 4 h. Then, to dissolve the formed 

formazan crystals, the culture medium was re-

placed with 200 μl of dimethyl sulfoxide 

(DMSO). The optical density of each well was 

measured using Synergy MX Plate Reader (Bi-

oTek, USA) at 570 nm. Data analysis and cal-

culation of the IC50 values (the concentration 

of PD resulting in 50% inhibition of cell culture 

growth at the selected irradiation dose) were ac-

quired using the GraphPad Prism software (v. 

6.01, GraphPad Software, Inc, USA). 

 

Assessment of cellular morphology and rate 

of cell membrane permeabilization. A series of 

experiments was carried out to monitor mem-

brane permeabilization and cellular morpholog-

ical changes after short-term and intense photo-

dynamic exposure, in order to analyze how fast 

cell death can be induced after PDT application. 

For this purpose, A431 and T24 cancer cells 

were seeded in a glass-bottom Petri dish, then 

PD was added to the cells at a pre-determined 

concentration to result in more than 90% inhi-

bition of cell culture growth (IC > 90) –  

10–6 M, followed by irradiation through the ob-

jective of confocal microscope Axio Observer 

Z1 LSM-710 DUO NLO (Carl Zeiss, Germany) 

with a light dose of 20 J/cm2 (655–675 nm). 

Immediately after irradiation, propidium iodide 

(PI) was added to the incubation medium, 

which penetrates only into cells with disrupted 

plasma membrane integrity, making it possible 

to monitor the dynamics of membrane permea-

bilization in irradiated cells. 

 

Identifying of cell death type by inhibitory 

analysis. To determine the mechanism of cell 

death induced in cancer cells by PD-PDT, the 

method of inhibitory analysis was used with the 

following compounds: pan-caspase inhibitor 

carbobenzoxy-valyl-alanylaspartyl-[O-me-

thyl]-fluoromethylketone (zVAD-fmk), which 

inhibits apoptosis; inhibitor of receptor-inter-

acting protein kinase 1 (RIPK1) necrostatin-1s 

(Nec-1s), which inhibits necroptosis; inhibitor 

of ROS and lipid peroxidation ferrostatin-1 

(Fer-1) and iron chelator, deferoxamine (DFO), 

which inhibit ferroptosis (Sigma-Aldrich, 

USA).   

Cells were seeded in 96-well plates at a den-

sity of 6×103 cells/well and grown at 37 °C in 

5% CO2 atmosphere overnight. Then, the cell 

culture medium was replaced with 100 µl of a 
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serum-free medium containing PD in a concen-

tration corresponding to IC50 and inhibitors of 

apoptosis (25 µM zVAD-fmk), ferroptosis  

(1 µM Fer-1 or 10 µM DFO) or necroptosis  

(20 µM Nec-1s) and incubated for 4 hours, after 

that the medium was again replaced with com-

plete cell culture medium without PD, but with 

the respective cell death inhibitor. Afterwards, 

the cells were irradiated at a dose of 20 J/cm2 

or kept outside the CO2 incubator in the dark 

for an equal time, then they were incubated for 

13 hours and cell viability was analyzed by 

MTT assay. Variants of treatment were com-

pared by t-criteria with Bonferroni correction 

using the GraphPad Prism 6 software. 

 

Flow cytometry analysis of phosphatidylser-

ine externalization. To analyze phosphatidyl-

serine externalization, A431 cells were seeded 

in 6-well plates at a density of 4×105 cells/well 

and grown at 37 °C in 5% CO2 atmosphere 

overnight. Next, the cell culture medium in the 

wells was replaced with serum-free medium 

with the PD at a concentration corresponding to 

IC50 and incubated for 4 hours (media without 

PD was added to the control wells), followed by 

either keeping in the dark or irradiation with a 

light dose of 20 J/cm2 in photosensitizer-free 

medium (at wavelength 655–675 nm). Later on, 

the cells were cultured in complete medium for 

13 hours. Then, cells were harvested and 

stained with AnxV-FITC and PI using a FITC 

Annexin V Apoptosis Detection Kit I (Invitro-

gen, USA), according to the manufacturer's in-

structions. The samples were analyzed using a 

cell sorter FACS Aria III (BD, USA). 

 

pMLKL protein detection by Western blot. 

A431 cells were seeded in 6-well plates at a 

density of 4×105 cells/well and grown at 37 °C 

in 5% CO2 atmosphere overnight. Next, the cell 

culture medium in the wells was replaced with 

serum-free medium with PD at a concentration 

corresponding to IC50 and incubated for 4 

hours (media without PD was added to control 

wells), followed by either keeping in the dark 

or irradiation with a light dose of 20 J/cm2 in 

photosensitizer-free medium (at wavelength 

655–675 nm). Later, the cells were cultured in 

complete medium for 13 hours. After that, the 

cells were lysed in ice-cold lysis buffer (0.5% 

NP-40, 0.5% Triton X-100, 50 mM Tris-HCL 

рН 7.5, 150 mM NaCL, 2 mM EDTA and 

cOmplete™, Mini Protease Inhibitor Cocktail, 

1 tablet per 10 ml buffer), then were incubated 

on ice for 30 minutes. For electrophoresis, 

samples of cell lysates were diluted at a ratio 

of 4:1 with five-fold sample buffer containing 

250 mM Tris-HCl pH 6.8, 10% sodium do-

decyl sulfate (SDS), 0.5% bromophenol blue, 

50% glycerol and 20% β-mercaptoethanol, and 

heated for 20 minutes at 99°C. 8% polyacryla-

mide gels were used for protein separation, us-

ing Running buffer (192 mM Tris and 25 mM 

glycine pH 8.3 and 0.1% SDS). Later on, pro-

tein bands were transferred from the gel onto 

Immobilon®-P PVDF membranes (Merck, 

Germany), which subsequently were blocked 

for 3 hours in TBS Buffer (20 mM Tris and 

150 mM NaCl) pH 7.5, containing 5% skim 

milk powder, then probed with the following 

primary antibodies: anti-MLKL rabbit poly-

clonal antibodies c-terminal (1:1000, Abcam, 

UK) for the detection of mixed lineage kinase 

domain-like protein (MLKL); anti-MLKL 

(phospho S345) rabbit monoclonal antibodies 

(pMLKL) (1:1000, Abcam, UK) for the detec-

tion of phosphorylated MLKL and anti-beta 

tubulin rabbit polyclonal antibodies (1:1000, 

Abcam, UK) for normalizing blots. After 

washing, the membranes were incubated with 

secondary antibody (anti-rabbit IgG from don-

key, 1:4000, GE Healthcare, UK); for visuali-

zation protein bands, chemiluminescent sub-

strate Clarity Max™ Western ECL (Bio-Rad, 

USA) was used and luminescence was regis-

tered using a ChemiDoc™ Imaging System 

(Bio-Rad, USA). 

 

Results 

Subcellular distribution of Photodithazine. 

Photodithazine is characterized by fast penetra-

tion into tumor cells, consequently, incubation 

for 4 hours led to high level of PD accumulation 

in cells. Analysis of the photosensitizers’ intra-

cellular localization showed that the main site 

of PD accumulation in A431 cells are cellular 

membrane structures, such as the ER and the 
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Golgi apparatus (Fig. 1). Whereas, co-localiza-

tion of PD with cellular organelles such as mi-

tochondria or lysosomes was not found. This 

distribution in cells is consistent with the phys-

icochemical characteristics of PD, which is an 

amphiphilic compound with pronounced lipo-

philic properties. 

 

Photodynamic activity of Photodithazine. 

The study of dark toxicity showed no effect of 

PD on cell viability in T24 cells culture at con-

centrations up to 50 μM. In the case of A431 

cells, a higher toxic effect was observed: incu-

bation with PD at concentrations exceeding 5 

μM led to a decrease in the viability of cells 

(Fig. 2). 

Analysis of cell viability of both cell lines 

showed similar dose-dependent responses to 

the photodynamic treatment with PD (Fig. 2). 

Irradiation with a wavelength of 655-675 nm at 

a dose of 20 J/cm2 led to cell death at PD con-

centrations above 100 nM. IC50 values calcu-

lated based on dose-effect curves for PD-PDT 

are summarized in Table 1. 

 

Changes in cellular morphology and cell 

membrane permeabilization under PD-PDT 

treatment. The high intensity PD-PDT treat-

ment of cells led to the appearance of pro-

nounced morphological changes even over a 

very short time. Morphological change analysis 

in A431 and T24 cells upon PD exposure 

showed granulation of the cytoplasm, cell 

swelling and “fixation” (Fig. 3). 

In order to analyze in detail the rate of tumor 

cells death upon PD exposure, a series of exper-

iments was carried out to monitor the mem-

brane permeabilization of cells after a short-

term intense photodynamic effect. The re-

sponse of cells to the photodynamic treatment 

is manifested in a breach of the membrane in-

tegrity shortly after irradiation. In 10 minutes 

after irradiation, the staining of cell nuclei with 

PI was quite pronounced, and after 20 minutes 

it reached a maximum (Fig. 3). 

 

Type of the cell death by inhibitory analysis. 

In order to determine the type of cell death in-

duced by PD-PDT, an inhibitory analysis was 

performed using compounds that selectively in-

hibit induction of apoptosis, necroptosis, and 

ferroptosis. In the case of A431 cells, the pan-

caspase inhibitor zVAD-fmk and necrostatin-

1s, which prevent induction of necroptosis, in-

creased the viability of the A431 cell culture 

upon PD exposure (Fig. 4). In the case of T24 

cells, necrostatin-1s significantly increased the 

viability of the T24 cell culture. Additionally, a 

tendency towards higher cell viability under the 

effect of zVAD-fmk was revealed for T24 cell 

line (Fig. 4). It is noteworthy that the cytopro-

tective effect of ferroptosis inhibitors (lipid-

radical trapping antioxidant (ferrostatin-1) or an 

iron chelator (DFO)) was absent upon PD ex-

posure. 

 

Externalization of phosphatidylserine on the 

outer leaflet of membranes of photosensitized 

cells. Phosphatidylserine exposure on to the ex-

ternal leaflet of the plasma membrane is widely 

observed during apoptosis, however, recently 

the possibility of exposure of phosphatidylser-

ine has been shown in non-apoptotic forms of 

regulated cell death, such as necroptosis (Zar-

garian et al., 2017). To determine the externali-

zation of phosphatidylserine in response to the 

photodynamic effect of PD, cells were stained 

with phosphatidylserine-binding protein an-

nexin V conjugated with fluorescent dyes FITC 

and PI, which penetrates only dead cells with 

breached plasma membrane integrity. 13 hours 

after irradiation of A431 cells treated with PD, 

a large amount, up to 40–50%, of living cells 

(PI-negative) stained with AnxV and presuma-

bly at the stage of early apoptosis was observed 

(Fig. 5). This confirms the results of the inhibi-

tory analysis. The quantity of dead cells stained 

with both dyes (PI-positive AnxV-positive) 

reached 25-30%, but this method does not allow 

separating cells that have died through apopto-

sis, necroptosis, or other types of cell death. 

 

Phosphorylation of a mixed lineage kinase 

domain-like protein (MLKL) triggered by PD-

PDT. The most important participants in the 

signaling cascade in necroptosis are receptor-

interacting protein kinases 1 and 3 (RIPK1, 3), 

which are involved in the phosphorylation of 
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the MLKL protein. Oligomers of phosphory-

lated MLKL are translocated into the plasma 

membrane, increasing its permeability and sub-

sequent rupture (Dhuriya & Sharma, 2018). For 

specific confirmation of the involvement of 

necroptosis in cell death induced by PD-PDT, 

we used Western blot method. We have shown 

that irradiation of A431 cells treated with PD 

resulted in an increase in the amount of phos-

phorylated form of MLKL (pMLKL) and, 

therefore, the induction of necroptosis (Fig. 6), 

which is also consistent with the result of inhib-

itory analysis. 

 

Discussion  

Analysis of the cell death mechanisms in-

duced in cancer cells by photodynamic therapy 

is of great practical value for increasing the ef-

ficiency of PDT, reducing side effects, and 

searching for approaches to regulating the types 

of tumor cells death, especially in cases of can-

cer resistant to treatment. 

The cellular response to photodamage de-

pends on several factors, the key of which is the 

subcellular distribution of PS (Oliveira et al., 

2011). Depending on the characteristics of PS, 

it predominantly localizes in plasma mem-

brane, lysosomes, mitochondria, the Golgi ap-

paratus, or ER. Cytoskeleton and cell adhesion 

components have also been described as targets 

for PS (Juarranz et al., 2008). Depending on the 

charge, cationic compounds accumulate in mi-

tochondria, while anionic molecules are found 

in lysosomes. Lipophilicity also affects subcel-

lular localization; amphiphilic and lipophilic 

compounds predominantly accumulate in the 

perinuclear region and penetrate into the mem-

brane structures, such as, ER and mitochondria 

(Van Straten et al., 2017). This leads to the fact 

that the primary targets of photodynamic ef-

fects depend on physicochemical properties of 

PS. Therefore, the molecular pathways trig-

gered by irradiation can vary and lead to differ-

ent consequences. 

Photodithazine is an amphiphilic compound 

(Brilkina et al., 2018), and the relative lipo-

philic properties of PD determine its localiza-

tion in different intracellular membrane com-

partments, such as the ER and Golgi apparatus 

(Fig. 1). Similar distribution of PD has been 

 

Fig. 1. Analysis of intracellular localization of Photodithazine (PD) in A431 cells. The cells were incubated 

with PD (10 μM) for 4 hours and then stained with the following dyes: LysoTracker Green for lysosomes; 

ER-Tracker for ER and BODYPY FL C5-ceramide complexed to BSA for Golgi apparatus. For cytoplasm 

and mitochondria visualization, the genetically transformed A431 cells expressing fluorescent protein Hy-

Per in cytoplasm or mitochondria were used. Top row: confocal images for merged fluorescent channels 

(red fluorescence of PD, green fluorescence of the labeled organelle or compartment) are presented. Scale 

bars, 20 µm. Bottom row: fluorescence signal profiles along the lines indicated by the white arrow on the 

images are shown. Ifl: fluorescence intensity; D: distance along the specified lines 
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previously reported for a number of other can-

cer cell lines, including mouse glioma GL261 

(Turubanova et al., 2019) and human cervical 

adenocarcinoma HeLa-Kyoto (Brilkina et al., 

2018). Irradiation of PD pre-treated cells re-

sulted in rapid cell death with IC50 less than 0.1 

μM (Fig. 2, table 1).  

Nowadays, it is recognized that PDT can in-

duce various types of accidental and regulated 

cell death. However, the factors, which determine 

the type and mechanism of cell death are not yet 

clear and might include the PS type, subcellular 

localization of PS, the dose of light and fluence 

rate applied, and also the intrinsic characteristics 

of tumor type (Van Straten et al., 2017). 

We have shown that PD-PDT causes fast 

breach in A431 and T24 cell membrane integ-

rity (Fig. 3).  

To establish that cell death was not an out-

come of an unregulated rupture of the cell mem-

brane (necrosis) due to an intense photody-

namic exposure, we applied several comple-

mentary approaches.  

Our results demonstrated that PD-PDT can 

trigger two different type of regulated cell death 

– apoptosis and necroptosis confirmed with fol-

lowing approaches: the inhibitors of apoptosis 

(pan-caspase inhibitor zVAD-fmk) and necrop-

tosis (RIPK1 inhibitor necrostatin-1s) increased 

cell viability upon PD exposure; phosphatidyl-

serine exposure on the external leaflet of the 

plasma membrane after PD-PDT was shown, 

which refer to induction of both apoptosis (Seg-

awa & Nagata, 2015) and necroptosis (Zargar-

ian et al., 2017; Shlomovitz et al., 2019); and 

phosphorylation of MLKL (pMLKL) was trig-

gered by PD-PDT, as a hallmark of necroptosis 

induction (Samson et al., 2020).  

Depending on our own and literature data, 

we have proposed that the physicochemical  

Table 1 

 

The half-inhibitory concentration of Photodithazine  

for A431 and T24 cell culture upon irradiation with a light dose of 20 J/cm2 

 

Cell line 
Half-maximum inhibitory concentration  

of Photodithazine IC50*, μM 

A431 0,099 (0,076; 0,13) 

T24 0,085 (0,061; 0,093) 

* – to calculate IC50, a lognormal distribution model was used, the mean values 

and 95% confidence interval are indicated 

 

 
Fig. 2. Dark toxicity and photodynamic activity of Photodithazine (PD) against A431 and T24 cell lines as 

a function of PD concentration. The cells were incubated with PD for 4 h and then were irradiated at a dose 

of 20 J/cm2 (655–675 nm, 32 mW/cm2). For dark cytotoxicity assessment, the plate was kept without irra-

diation. Cell viability was analyzed 24 h after irradiation by MTT assay 
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Fig. 3. Assessment of cell-membrane permeabilization rate of A431 and T24 cells pre-treated with PD at 

a concentration of 10-6 M and irradiated at a dose of 20 J/cm2. The incubation medium contains PI, which 

penetrates into cells with disrupted plasma membrane integrity. Confocal images in transmitted light, flu-

orescence of PD (red), fluorescence of PI (blue), and merged fluorescent channels are presented. Images 

size 50×50 μm 

 

 
 

Fig. 4. Effect of different cell death inhibitors on A431 and T24 cells viability upon exposure to PD at a 

concentration of IC50 and irradiation (hʋ) at a dose of 20 J/cm2. The following inhibitors were used: 25 μM 

zVAD-fmk, 20 μM necrostatin-1s (nec-1s), 1 μM ferrostatin-1 (fer-1) and10 μM deferoxamine (DFO). 

Cell viability of the untreated control (no PD or inhibitor) was set as 100% (dotted line). 

Error bars are represented by standard deviation (n≥3). *- Statistically significant difference between the 

indicated treatment options (t-criteria with Bonferroni correction, p < 0.05) 
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Fig. 5. Flow cytometry analysis the phosphatidylserine exposure on the external leaflet of the plasma 

membrane of A431 cells treated with PD at concentration of IC50 upon irradiation at a dose of 20 J/cm2. 

A431 cells were stained with PI and AnxV-FITC. (A) Untreated control (no PD); (B) A431 cells treated 

with PD; (C) The percentage distribution of A431 cells in the population of living cells (Anx-, PI-), early 

apoptotic and necroptotic cells (Anx+, PI-) and dead cells (PI+) 

 

Fig. 6. Detection of the phosphorylated form of MLKL (pMLKL) in A431 cells treated with PD at con-

centration of IC50 upon irradiation (hʋ) at a dose of 20 J/cm2; β-tubulin was used as loading control. 

Western blot analysis was performed 13 h after irradiation 
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properties of PD determine its localization in dif-

ferent compartments, such as ER and Golgi appa-

ratus. Therefore, the photodynamic effect of PD 

can cause ROS-mediated ER-stress and the Un-

folded Protein Response (UPR) (Donohoe et al., 

2019). The UPR induces the activation of the ER 

signaling proteins PERK, IRE1α and ATF6, 

which results in apoptosis induction (Tabas & 

Ron, 2011). It has also been shown that disruption 

of microtubules or phosphorylation or cleavage of 

structural Golgi proteins, such as the structural 

protein of the Golgi apparatus GRASP65 and gol-

gins, induce apoptosis (Machamer, 2015; He et 

al., 2020). To date, there are a number of studies 

showing the possibility of necroptosis induction 

in response to ER stress with the participation of 

RIPK1 kinase, but the detailed mechanisms of 

this molecular pathway are not revealed yet (Ki-

shino et al., 2019; Mohammed Thangameeran et 

al., 2020). 

Thus, based on dying cell morphology, ex-

posure of phosphatidylserine on to the cell sur-

face, presence of pMLKL and protective action 

of pan-caspase inhibitor and inhibitor of 

RIPK1, we hypothesize that Photodithazine 

forces cells to enter mixed-type cell death with 

features of apoptosis and necroptosis. 
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