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Abstract 
Photodynamic therapy is a very promising and constantly evolving diagnostic and therapeutic method that is used mainly 
for malignant and non-malignant tumors treatment. This study deals with the utilization of zinc photosensitizer (λmax ~ 
660 nm) from the group of phthalocyanines in photodynamic therapy. The aim of this study is to evaluate in vitro effect 
of the 5 Jcm-2 zinc phthalocyanine photosensitizer-mediated photodynamic therapy in EC50 concentration (30 nM) on 
cytoskeletal apparatus of the tumor cell line—HeLa (cervical cancer cells). For the measurement, the tandem mass 
spectrometry, atomic force and fluorescent confocal microscopy techniques were used. The results showed, that compared 
to the control cells zinc-derivative mediated photodynamic therapy caused in HeLa cells significant change of the cell 
height and extensive cytoskeletal actin rearrangement although the levels of beta actin, gamma actin and F-actin did not 
change significantly. This is probably caused by decreased level of the ARPC2 actin-related protein which is responsible 
for actin polymerization. Its level decreased 24 hours after therapy by 56%. The cytoskeletal apparatus is one of the basic 
cellular structures that provides cell shape, cell division and the intracellular transport.  After in vitro 5 Jcm-2 zinc 
derivative-mediated photodynamic therapy, the cervical carcinoma cells showed a significant damage of the cytoskeletal 
structure followed by changes of cell shape leading to cell death. Considering these results and low effective 
concentration (EC50 = 30 nM), the therapy used is potentially very promising antitumor treatment. 
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Introduction 

Photodynamic therapy (PDT) is a promising treatment 
of neoplastic and non-neoplastic diseases. PDT is widely 
used for treating tumors on the surface of skin or body 
cavity, including skin tumors, head and areas of the 
head. This therapeutic approach involves the 
administration of a tumor-localizing photosensitizer 
(PS) by intravenous injection or external application, 
and the subsequent targeted activation of this photo-
sensitizer by exposure to light of a specific wavelength. 
However, PDT is limited by penetration depth of light 
into human tissues—the longer excitation wavelength 
the deeper penetration into the target tissue [1, 2]. 
Depending on the cell type and subcellular localization, 

PDT has proved to trigger various signaling pathways 
[3]. 

PDT is used in technology in clinical trials which 
make use of artificially built agents and light induced 
reactive oxygen species (ROS) for medical treatment of 
malignant cancer. Under normal conditions, ROS are 
chemically reactive molecules generated during oxygen 
metabolism in cells. Upon environmental stress, ROS 
can increase dramatically and can cause severe damage 
to the cells structures [4]. All amino acid residues of 
a protein are subject to attack by hydroxyl radicals 
produced by ionizing radiation; however, Tyr, Phe, Trp, 
His, Met and Cys residues are the preferred targets. 
These amino acids are preferentially oxidized when 
proteins are exposed to ozone. Moreover, under 
anaerobic conditions, radiolytically generated radicals 
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promote considerable protein- protein cross-linking 
through •OH-facilitated -S-S- and -Tyr-Tyr- bonding, 
whereas in the presence of O2, radiolysis leads to 
considerable fragmentation of the polypeptide chain, 
probably by the peroxyradical-mediated α amidation 
pathway [5]. 

Phthalocyanines are promising second-generation 
photosensitizers for photodynamic therapy (PDT). 
Phthalocyanines (Pcs) are a class of tetrapyrrolic macro-
cycles related to the naturally occurring porphyrins. 
Compared with the porphyrin ring, Pcs exhibit an 
extended 18 π-electron system with four benzene units 
fused onto the β-pyrrolic positions and nitrogen atoms at 
the meso-positions instead of the methine bridges in 
porphyrins. These structural features confer to Pcs 
a number of properties that make them highly suitable 
for a variety of applications in biology, medicine and 
materials science, including strong absorptions and 
emissions in the near-IR, high stability and easy 
macrocycle derivatization and high efficiency of 
generating singlet oxygen [6, 7]. 

Material  and methods 

The phthalocyanine zinc photosensitizer (ZnPc) was 
synthesized by A. Cidlina [8]. This photosensitizer does 
not aggregate in water due to the presence of eight 
substituents in non-peripheral positions. Before being 
used the photosensitizer was diluted in 1X phosphate-
buffered saline (PBS). The chemical structure and 
formula of the phthalocyanine used is presented in the 
Fig. 1. For all experiments the EC50 concentration was 
used (EC50 = 30 nM). 

 

 
Fig. 1: The chemical structure of the zinc phthalo-
cyanine (ZnPc) used in the study. The chemical formula 
of ZnPc: 2,3,9,10,16,17,23,24-Octakis[(2-(triethyl-
ammonio)ethyl)sulfanyl]phthalocyaninato]zinc(II) Oc-
taiodide [8]. 

Cell lines and culture conditions 

Cervical carcinoma cells (HeLa) were tested. Cells 
were purchased from The European Collection of 
Authenticated Cell Cultures (ECACC, England). The 
cells were incubated in Dulbecco´s modified Eagle´s 
medium (DMEM, Sigma Aldrich, USA) containing the 
photosensitizer for 24 hours in darkness at 37 °C and 
5% CO2. 

Light source and exposure 

A homemade LED-based light device was used. This 
source was designed specifically for irradiation of 
experimental microplates. The samples are illuminated 
at 660 nm wavelength. The light source is protected by 
a National Patent CZ 302829 B6. The cells with 
photosensitizer were exposed to a total irradiation dose 
5 Jcm-2 (irradiation time 334 s and intensity of the 
radiation was 15 mWcm-2) at the room temperature. The 
control cells represent the non-irradiated cells without 
photosensitizer. 

Atomic force microscopy 

For the topography measurement using the atomic 
force microscope the cells (5·105 per dish) were grown 
in special glass bottom Petri dishes WillCo (Willco-
Wells, Netherlands) in Dulbecco´s modified Eagle´s 
medium (DMEM) containing the photosensitizing 
substance for a period of 24 hours in darkness at 37 °C 
and 5% CO2 atmosphere. The cells were scanned at the 
room temperature using the Bioscope Catalyst atomic 
force microscopy (Bruker Daltonics, Germany). The 
topography image was obtained by PeakForce QNM 
(Quantitative Nanomechanical Mapping, Bruker 
Daltonics, Germany) scanning mode at 0.1–0.2 Hz 
scanning rate and 1000 nm PeakForce amplitude. For 
imaging, a silicon nitride tip with a resonance frequency 
of 16–28 kHz and a nominal stiffness constant of 
0.12 Nm-1 was used. Images obtained from AFM were 
processed using Gwyddion 2.40 (Czech Metrology 
Institute, Czech Republic). 

Evaluation of cytoskeletal actin changes using 
fluorescent microscopy  

The cells for fluorescent staining were adhered to the 
cover glasses. The sterilized cover glass was placed into 
a Petri dish with the diameter of 35 mm. The cell density 
for HeLa cell line was 5·104 cells per Petri dish and cell 
adhesion occurred overnight. After adhesion, the cells 
were fixed with 4% p-formaldehyde for 1 h at the room 
temperature. The cell membrane was permeabilized 
with 0.1% Triton X-100 for 10 min at room temperature. 
The cytoskeleton actin was fluorescently labeled. For 
the actin visualization, the Alexa Fluor 532 phalloidin 
fluorescence probe was used. After permeabilization, 
the Alexa Fluor 532 Phalloidin probe was applied for 1 h 
at 37 °C at concentration of 1:200 dissolved in 1xPBS 
(phosphate buffered saline). After each staining step, the 
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cells were washed twice with 1xPBS. Fluorescence 
labeling was evaluated using an Axio Observe Z1 
confocal microscope (Zeiss, Germany) supplemented 
with CSU X1 rotating disk (Yokogawa, Japan). 
An immersion lens of 63 × 1.4 NA was used, excitation 
of the fluorophores was performed by laser system 
which offers excitation wavelengths of 405, 488, 
532/561 and 639 nm. The fluorescent images were 
processed in the ImageJ program (Laboratory for 
Optical and Computational Instrumentation, University 
of Wisconsin, USA). 

Protein analysis 

For the protein analysis, the HeLa cells were 
incubated with photosensitizer at EC50 concentration 
(30 nM) for the time period of 24 hours and then 
irradiated. Subsequently, the cells were collected at the 
appropriate time period—immediately after the irradia-
tion, after 4 hours and after 24 hours. The cells were 
centrifuged for 2 minutes at 1500 rpm. Sub-sequently 
the supernatant was removed and pellets were stored at 
–80 °C. The protein concentration was measured 
through 2-D Quant Kit (InvitrogenTM, USA). The 
extraction and purification methods were identical with 
those as described by Petřík [9]. The proteins were 
labeled followed Boersema et al. [10]. Samples were 
measured by capillary chromatography and tandem 
mass spectrometry with ESI ionization (UHR-QTOF 
maXis, Bruker Daltonics, Germany) on an analytical 
column filled with RP (reversed phase; C18). Data were 
collected using the DDA (Data-dependent acquisition) 
method with cyclic MS (mass spectrometry) collection 
and variable number of MSMS (tandem MS) specters in 
the 2 s cycle. Primary data was processed by Data-
Analysis (Bruker Daltonics, Germany) and extracted 
from MGF (files containing a list of precursors and  
their fragmentation spectra). Using ProteinScape 3.1, 
MASCOT (MatrixScience, England) was identified 
using the HUMAN reference database obtained from 
the UNIPROT repository. Protein quantification was 
performed using a Bruker tool set and the quantitative 
data was processed using the Perseus 1.3.5 software 
(Max Planck Institute of Biochemistry, Germany). The 
relative quantification was calculated as protein level in 
treated cells sample to protein level in control cells 
sample. 

Statistical analysis 

The statistical analysis of changes in topography was 
performed on 45 control cells and 46 cells treated by 
5 Jcm-2 ZnPc PDT using the non-parametrical Mann-
Whitney U test. 

Results 

Atomic force microscopy: 

The AFM analysis was performed on HeLa cell 
treated by 5 Jcm-2 ZnPc PDT using Bruker Bioscope 
Catalyst atomic force microscopy. The results of 
topographic changes from the AFM analysis showed 
that there are significant changes in HeLa cell height 
after the therapy (see Fig. 2, Table 1). 

 

 
Fig. 2: Atomic force microscopy of the HeLa cells height 
profile treated by 5 Jcm-2 ZnPc PDT. The topography 
image was obtained by PeakForce QNM (Quantitative 
Nanomechanical Mapping) scanning mode at 0.1–0.2 
Hz scanning rate and 1000 nm PeakForce amplitude. 

Table 1: The statistical analysis of the changes in 
topography using the non-parametrical Mann-Whitney 
U test. The results are presented as ± SD of 45 control 
cells and 46 treated cells. A significant difference in 
height parameter between control cells and 5 Jcm-2 
ZnPc PDT treated cells was showed when p = 0.011. 

Sample Median 
(µm) 

SD 
(µm) Statistics 

Control 
 

3.30 0.84 
 

1.10 
p= 0.011 Treated 

HeLa Cells 4.31 

Fluorescent confocal microscopy:  

The visualization of the changes in the cytoskeletal 
actin structure of the on HeLa cells exposed to the  
5 Jcm-2 ZnPc PDT was also performed using fluorescent 
confocal microscopy. The results showed that 5 Jcm-2 
ZnPc PDT on HeLa cells led to extensive cytoskeletal 
actin rearrangement and/or its impairment (see Fig. 3). 
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Fig. 3: The changes in the cytoskeletal actin structure of 
the (A, B) HeLa control cells and (C,D) HeLa cells 
exposed to the 5 Jcm-2 ZnPc PDT, evaluation using 
fluorescent confocal microscopy. The cells were stained 
by Alexa Fluor 532 phalloidin fluorescence probe. The 
images showed that 5 Jcm-2 ZnPc PDT on HeLa cells led 
to extensive cytoskeletal actin rearrangement and/or its 
impairment. 

Protein analysis: 

The results showed that actins beta, gamma and 
F- actin levels did not change significantly at different 
time periods after the photodynamic therapy. The de-
crease of the protein level was evident in the case of 
ARPC2 protein when 24 hours after therapy its level 
decreased almost to half in comparison to the immedi-
ately collected cells sample (see Fig. 4). 

 
Fig. 4: The graph representing the changes of the cyto-
skeletal protein levels of the HeLa cells after 5 Jcm-2 
ZnPc photodynamic therapy in 3 different incubation 
times after cell irradiation (0, 4 and 24 hours). The data 
are presented as relative quantification (5 Jcm-2 ZnPc 
PDT treated cells/ control cells protein level). 

Discussion 

In this work, the effect of 5 Jcm-2 ZnPc PDT on the 
cytoskeletal structure of HeLa cells was studied. The 
results of topographic changes from the AFM analysis 
showed that there are significant changes in HeLa cell 
height after the therapy (p = 0.011). The greater height 
of the treated cell is probably caused by swelling of the 
cells after the therapy. These results correspond with the 
conclusions of Radakovic-Fijan et al. and Agostinist et 
al. [11, 12]. The difference in organization of the 
cytoskeletal structure was also observed when visual-
izing this structure with Alexa Fluor 532 Phalloidin 
when reorganization of the microfilament structure is 
apparent after the therapy. The protein analysis results 
showed that the levels of actin beta, actin gamma 1 and 
F-actin proteins did not change significantly at different 
time intervals. In the case of ARPC2 actin related 
protein, the level of this protein in the sample decreased 
24 hours after the therapy by 56%. Thus, based on the 
results it can be concluded that the levels of actin 
proteins have changed minimally, even though the level 
of ARPC2 protein which is responsible for their 
polymerization has been reduced by more than half and 
therefore a change in the cytoskeletal apparatus prob-
ably occurred. These conclusions correspond with the 
conclusions of several authors who also observed the 
reorganization of the cytoskeletal apparatus after photo-
dynamic therapy using several different photosensitive 
substances [13–17]. Cytoskeletal apparatus is one of the 
basic cellular structures and provides cell shape, cell 
division and the intracellular transport. After in vitro 
5 Jcm-2 ZnPc PDT, the cervical carcinoma cells showed 
a significant damage of the cytoskeletal structure 
leading to cell death. 

Conclusion 

We conclude that the zinc phthalocyanine-mediated 
5 Jcm-2 photodynamic therapy on HeLa cells leads to the 
disruption of the cytoskeletal apparatus followed by 
changes of the cell shape leading to cell death which 
makes this therapy, considering the low effective 
concentration used (30 nM), potentially promising anti-
tumor treatment. 
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