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Summary 
Photodynamic therapy (PDT) uses photosensitive substance to 
provoke a cytotoxic reaction causing a cell damage or cell death. 
The substances, photosensitizers, are usually derivates of 
porphyrine or phtalocyanine. Photosensitizers must be activated 
by light in order to produce reactive oxygen species, mainly 
singlet oxygen. Sonodynamic therapy (SDT) utilizes ultrasound to 
enhance a cytotoxic effects of compounds called sonosensitizers. 
In this study we investigated photodynamic and sonodynamic 
effect of chloraluminium phtalocyanine disulfonate (ClAlPcS2) on 
HeLa cells. DNA damage, cell viability and reactive oxygen 
species (ROS) production were assessed to find whether the 
combination of PDT and SDT inflicts HeLa cells more than PDT 
alone. We found that the combined therapy increases DNA 
fragmentation, enhances ROS production and decreases cell 
survival. Our results indicate that ClAlPcS2 can act as  
a sonosentitiser and combined with PDT causes more irreversible 
changes to the cells resulting in cell death than PDT alone. 
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Introduction 
 

Photodynamic therapy (PDT) is an alternative 
method of tumor treatment. It is based on 

a photochemical reaction of a photosensitizer, irradiation, 
and O2 which converts to cytotoxic 1O2 and other forms 
of reactive oxygen species (ROS) (Östling and Johanson 
1984). Each photosensitizer can be activated by a light of 
appropriate wavelength corresponding with its absorption 
maximum. Molecules of the photosensitizer are designed 
to be selectively retained by tumour tissue while leaving 
healthy tissues intact. There are two types of 
photochemical reaction between light and the 
photosensitizer following transition from ground to triplet 
state of the photosensitizer after the light absorption, type 
I and type II. In the type I free radicals and other reactive 
oxygen species are formed after absorption of energy in 
water molecule while in the type II the energy is used to 
give rise to highly toxic singlet oxygen. 

Sonodynamic therapy (SDT) is a similar 
procedure using ultrasound as another modality to 
produce cytotoxic effects. Ultrasound bioeffects normally 
associated with exposure are heat, mechanical effects and 
acoustic cavitation. These effects are intensity and 
frequency dependant. A higher intensity favours heat-
production while lower frequencies result in cavitations 
(Yu et al. 2004). 

Ultrasound, in contrast to irradiation, can 
penetrate deeply into the tissues and activate the 
sonosensitizing substances. It can also trigger ultrasound 
waves directly to the tumour location not damaging 
surrounding cells. Low intensity ultrasound using waves 
around 1.5 MHz can also increase the cell permeability 
and thus allowing the sonosensitising or photosensiting 
substances easily penetrate into the cell (Meng et al. 
2008). The cytotoxic effect of SDT is assumed to be 
caused by internal cavitations followed by the formation 
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of free radicals (Tice et al. 2000). This cavitation- 
induced damage can be reduced by free radical 
scavengers and antioxidants like mannitol, vitamin C or 
superoxide dismutase (Yu et al. 2003) 

Reactive oxygen species (ROS) are naturally 
produced by oxygen metabolism and play an important 
role in cell signalling and homeostasis (Devasagayam  
et al. 2004). Under normal condition the amount of ROS 
is balanced with antioxidant ability of ROS scavenging 
system of the cells but when the organism is exposed to 
stress the number of ROS significantly increases which 
can lead to oxidative stress causing either cell impairment 
or cell death. ROS may cause DNA damage, lipid 
peroxidation or oxidation of protein amino acids (Brooker 
2011).  

The comet assay (also called single-cell gel 
electrophoresis, SCGE) is a sensitive, simple and 
quantitative technique for detection of DNA damage. In 
1984, Swedish researchers Östling and Johanson (1984) 
were the first to introduce this assay under neutral 
conditions. Few years later, this electrophoretic method 
was modified for use under alkaline conditions (Singh  
et al. 1988). The comet assay is based on the ability of 
negatively charged fragments of the DNA to be drawn 
through an agarose gel in response to an electric field. 
The extent of DNA migration depends directly on the 
DNA damage in the cells (Kumaravel et al. 2009). The 
comet assay can be used for the detection and 
quantification of damage such as single and double strand 
DNA breaks or DNA repair (Heaton et al. 2002). 

The DNA damage is qualitatively presented by 
the amount of the unwound DNA fragments which 
resembles a “comet, having a distinct head and tail 
(Heaton et al. 2002). The head consists of intact DNA, 
while the tail is created of broken fragments of DNA or 
relaxed chromatine. The amount of DNA damage is 
directly proportional to the amount of DNA liberated 
from the head (Collins 2004). The detection of altered 
DNA migration is dependent on various parameters such 
as the concentration of agarose gel, the pH, temperature 
and duration of the alkaline unwinding agent, 
temperature, voltage, current and the duration of 
electrophoresis (Hartmann et al. 2003). The degree of 
DNA damage can be assessed automatically using either 
appropriate scoring software or by means of manual 
techniques.  

Phtalocyanines present second generation of 
photosensitizers. They are structurally similar to 
porphyrins (Jiang et al. 2014). When coupled with zinc, 

silicon or aluminum as their central atom they exhibit 
high efficiency or ROS generation, high stability and low 
toxicity, high fluorescence which make them ideal 
photosensitizers. On the other hand, it should be noted 
their low water-solubility and tendency to aggregation 
(Sekkat et al. 2012). 

In this study we investigated a synergic effect of 
PDT and SDT therapy of ClAlPcS2 phtalocyanine 
photosensitizer on HeLa cell line. We wanted to find 
whether a combination of PDT and SDT affects cell 
viability, ROS production and DNA damage of tumour 
cells more than PDT alone.  
 
Materials and Methods 
 

3 x 105 HeLa cells cultivated in 35 mm Petri 
dishes using a Dulbecco’s modified Eagle’s medium, 
phosphate-buffered saline (DMEM) with addition of 
10 % fetal bovine serum (FBS) 
were utilized as a biological material for the MTT 
viability/phototoxicity assay, reactive oxygen species 
measurement, mitochondrial membrane potential 
measurement and comet assay.  

The chemicals used included ClAlPcS2 

(chloraluminium phtalocyanine di-sulfonate) (prepared 
by Jan Rakusan at the Research Institute for Organic 
Syntheses in Rybitvi, Czech Republic), Dulbecco’s 
Modified Eagle Medium (DMEM) (Sigma Aldrich), 
phosphate buffered saline (PBS, pH 7.4 own preparation) 
5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein 
diacetate (CM-H2DCFDA, Invitrogen Co., USA), 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 
(MTT, Sigma Aldrich), HMP agarose (Serva, Biotech, 
Czech Republic), LMP agarose (Qbiogene, Genetica, 
Czech Republic), Trypsin (Sigma Aldrich), fetal bovine 
serum (FBS, Sigma Aldrich), NaCl (Tamda, Czech 
Republic), EDTA (ethylenediaminetetraaceticacid, 
Lachema, Czech Republic), Tris (tris(hydroxymethyl) 
aminomethane, Sigma Aldrich), Triton X-100 (Serva), 
NaOH (Sigma Aldrich) SYBR Green (Invitrogen Co, 
USA), dimethyl sulfoxide (DMSO, Sigma Aldrich).  

The photosensitizer ClAlPcS2 at concentrations 
of 0.5, 1, 5 and 10 μM was added to the Petri dish and  
the cells were incubated in a thermobox at 37 °C and  
5 % CO2 atmosphere for 24 hours. Two Petri dishes were 
used as controls (neither sonodynamically or photody-
namically treated cells in the absence of the 
photosensitizer). DMEM was replaced by PBS containing 
5 mM glucose prior to the experiment. The Petri dishes 
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with the cells were placed in a tank filled with distilled 
water at 37 °C. A BTL 4000 device (BTL zdravotnická 
technika, s.r.o., Czech Republic) was used as the source 
of ultrasound.  

We executed two types of experiment. In the 
first experiment we exposed samples only to the 
photodynamic therapy, in the other the photodynamic 
therapy followed after the ultrasound exposure. The cells 
were exposed for 10 min to the ultrasound with the Petri 
dishes at distance of 5 cm from a 4 cm diameter 
transducer which produces a continuous wave ultrasound 
of 1 MHz frequency and acoustic intensity of 2 W/cm2. 
PDT was carried out by using LEDs with the emission 
maximum at 660 nm as the source of radiation with  
a total radiation dose of 15 J/cm2 (15 mW/cm2, 1000 s). 
 
MTT Assay 

The cells were irradiated and a fresh DMEM 
was replaced. The cells were then incubated for 24 hours 
at 37 °C and 5 % CO2 atmosphere. Subsequently the cells 
were incubated for 4 hours with 0.5 mg/ml MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) 
dissolved in DMEM, and then the medium was discarded 
and replaced by 100 µl of DMSO leading to formazan 
crystals dissolution. The concentration of formazan 
coloured crystals is measured spectrophotometrically at 
absorbance 570 nm and cell viability is evaluated. 
 
Reactive oxygen species (ROS) Measurement 

2', 7'-Dichlorodihydrofluorescein diacetate 
(DCFH2) was selected as a fluorescence probe for 
detection of ROS production. DCFH2 oxidation as  
a result of interaction with ROS yields fluorescent  
2', 7'-dichlorofluorescein (DCF). The sample cells were 
incubated with the 20 µM working concentration for 
20 min and the resulting fluorescence was measured. 
 
Mitochondrial membrane potential 

Mitochondrial membrane potential ΔΨm was 
measured by using the fluorescent probe JC-1(5,5´,6,6´- 
tetrachloro-1,1´,3,3´ tetraethylbenzimidazolylcarbo-cyanine 
chloride) that accumulates in mitochondria. The green-
fluorescent JC-1 (530 nm) probe exists as a monomer at 
low concentrations or at low membrane potential. At 
higher concentrations or higher mitochondrial potentials, 
JC-1 forms red-fluorescent “J-aggregates” with emission 
maximum at around 590 nm. Thus, the emission of this 
cyanine dye can be used as a sensitive measure of 
mitochondrial membrane potential. Immediately after 
irradiation (sonification) the cells were incubated with 

PBS media with JC-1 at the final assay concentration of 
2 µg/ml for 20 min at 37 °C, 5 % CO2 and that washed by 
PBS. Results were expressed as the ratio of green to red 
fluorescence (530/590 nm). 
 
Comet assay 

The DNA damage was studied by applying the 
comet assay. Microscope slides were first precoated with 
1 % HMP (high melting point) agarose in distilled H2O 
and then placed in a drying oven at a temperature of  
60 °C for at least 30 min. Then 85μl of 1 % HMP agarose 
in PBS was applied onto the precoated slides which were 
then covered with a cover slip. The slides were then 
placed in a refrigerator in order to enhance gelling of the 
agarose. The cells were trypsinized for 5 min to detach 
the cells from the bottom of the Petri dish. The 
trypsinisation was stopped by means of the fetal bovine 
serum (FBS). Isolated cells were centrifuged (6 min, 
1000 rpm) then the cell pellet was dispersed in 20 μl of 
PBS and vortexed. A quantity of 85 μl of 1 % LMP (low 
melting point) agarose was added to this solution and  
85 μl of this suspension was added to the microscope 
slide that had been prepared with the solidified agarose 
gel (the cover slip was removed prior to cell inoculation 
on the gel) and covered by a new glass cover slip to form 
a thin layer and moved to the refrigerator again. After 
solidifying the cover slips were removed again and the 
microscope slides were immersed in a lysis buffer 2.5 M 
NaCl, 100 mM EDTA (ethylenediamin-etetraaceticacid), 
10 mM Tris (tris(hydroxyl-methyl)aminomethane),  
1 % Triton X-100, pH=10) at 4 °C for at least 1 hour. 
After the lysis the slides were washed in distilled water to 
remove all salts and then placed in an electrophoretic tank 
and dipped into a cool electrophoresis solution (300 mM 
NaOH, 1 mM EDTA) for 40 min. Electrophoresis was 
run at 0.8 V/cm and 380 mA for 20 min. After the 
electrophoresis the slides were rinsed 3 times for 5 min 
with a neutralisation buffer (0.4 M Tris, pH=7.5) at 4 °C. 
The samples were subsequently stained by SYBR Green 
and immediately scored. 
 
Statistical analysis 

The results were processed using software SPSS  
v. 15 (SPSS Inc., Chicago, USA). The data are presented as 
mean ± SD of three independent experiments. The statistical 
significance was determined by an analysis of variance with 
ANOVA post hoc tests Dunnet (comparison with a control). 
Statistical analysis of the comet assay results was performed 
using Fisher exact tests with Bonferroni correction. P<0.05 
was considered statistically significant. 
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Fig. 1. Comet classes (0, 1, 2, 3 and 4) 
corresponding with the degree of DNA 
fragmentation. 
 
 
 

 
Results 
 

DNA damage of the cells was studied using 
comet assay. The samples were treated with PDT and 
with PTD followed by SDT. The 100 cells were 
randomly chosen from each sample. The cells were 
classified into 5 classes (0, 1, 2, 3 and 4; Fig. 1) 
according to the length of their tail determining the 
degree of the DNA damage (8). The values corresponding 
with the comet classes for 100 cells were added up to 
obtain a total count (maximum total count equals to 400, 
4x100). Typical shapes of head and tail of each comet 
class can be seen in Figure 1.  

We found that total count for the 0.5 μM 
concentration elicited only small DNA fragmentation for 
the cells treated only with PDT with prevailing comet 
classes number 1 and 2 whereas the cells treated with 
a PDT followed after SDT combination showed twice as 
high DNA damage. The concentrations of 5 and 10 μM 
proved to have a profound effect on DNA fragmentation 
as the total count was close to its maximum which 
indicates almost all cells being in the comet class 
number 4 (Fig. 2). Significant changes in the DNA 
damage when comparing the both treatments used  
(Fig. 2) were only observed for 0.5 and 1 μM 

concentrations (85±15 versus 190±6, P<0.05; 218±35 
versus 320±20, P<0.05, respectively). Higher 
concentrations used elicited only marginal differences 
between the two treatments (PDT versus PDT followed 
after SDT). Cell viability was examined by the MTT test 
where the production of formazan corresponds with the 
number of living cells (Fig. 3). The MTT test was used to 
show whether or not the combination of PDT followed 
after SDT affects the cell viability of the treated cell. 
Spectrophotometric measurement showed that the cell 
viability decreased more in the cells treated with PDT 
followed after SDT, particularly for 0.5 and 1 μM 
concentration of the photosensitizer used. For 1 μM 
concentration the cell viability declined to 19±2 % for the 
cells treated with PDT followed after SDT while the cell 
treated only with PDT showed 60±10 % viability. Higher 
concentrations used yielded almost the same cell viability 
(below 10 % survival) for both types of the treatment.  
EC 50 value for PDT treatment was calculated 0.53± 
0.07 μM whereas the cells treated with both PDT 
followed after SDT showed EC 50 equaled to 1.61± 
0.23 μM indicating pronounced effect of SDT and PDT 
combination on cell death. Ultrasound alone reduced the 
cell viability only by 10 % whereas ClAlPcS2 caused only 
3 % decrease. 

 
 

Fig. 2. Dependence of DNA frag-
mentation of HeLa cells loaded with 
different concentrations of ClAlPcS2 
treated with either PDT or combi-
nation of PDT and SDT. Comet assay 
utilizes negative charge of DNA and 
allows DNA to be electro-phoretically 
separated resulting in a typical comet 
shape of fragmented DNA. The 
values represent total count of DNA 
comet classes for 100 cells.  Each 
value represents mean ± SE from  
3 different expe-riments. Significant 
difference (P<0.05) of the values to 
the control is marked by asterisk. 
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Fig. 3. Dependence of cell viability 
of HeLa cells loaded with different 
concentrations of ClAlPcS2 treated 
with either PDT or combination of 
PDT and SDT. The cell viability was 
measured spectrophotometrically by 
MTT where the absorbance of 
formazan is read. The values 
represent percentage of measured 
formazan absorbance compared to 
the absorbance of the control 
representing 100 %. Each value 
represents mean ± SE from 3 diffe-
rent experiments. Significant differ-
rence (P<0.05) of the values to the 
control is marked by asterisk. 
 
 
 
 
 
 

 
 

 

Fig. 4. Dependence of ROS produc-
tion of HeLa cells loaded with 
different concentrations of ClAlPcS2 
treated with either PDT or combi-
nation of PDT and SDT. ROS 
production was estimated by 
fluorescence probe DCFH2. Its 
oxidation as a result of interaction 
with ROS yields fluorescent DCF 
which values were recorded. The 
values represent percentage of 
measured fluorescence compared to 
the fluorescence of the control 
representing 100 %. Each value 
represents mean ± SE from 3 diffe-
rent experiments. Significant diffe-
rence (P < 0.05) of the values to the 
control is marked by asterisk. 
 
 
 
 
 

 
Reactive oxygen species are the main product of 

photodynamic therapy. They interact with surrounding 
molecules and damage them which can lead to cell death. 
Our result show that ROS production increased for both 
the cells treated with PDT and also for the cells treated 
with PDT followed after SDT. We found that the cells 
treated with PDT followed after SDT exerted higher 
amount of ROS production compared to the cells treated 
only with PDT for the whole concentration range used 
(Fig. 4). The ROS production significantly increased for 
0.5 and 1 μM concentrations used when PDT followed 
after SDT treatment was applied compared to only PDT 
(170±26 % versus 297±31 %, P<0.05 for 0.5 μM and 
240±56 % versus 351±28 %, P<0.05 for 1 μM). We did 
not observe any significant changes in ROS production 

for 5 and 10 μM concentrations when comparing the two 
treatments used. Ultrasound alone produced non-
significant 35 % change in ROS production when 
compared to control untreated cells.  

Mitochondrial membrane potential (ΔψM), is 
considered one of the key parameters of mitochondrial 
function used as an indicator of cell condition. The JC-1 
probe was used to asses ΔψM and the results are 
expressed as the ratio of green to red fluorescence. JC-1 
is susceptible to oxidation by reactive oxygen species, 
and the resultant oxidized JC-1 may either lose 
fluorescence or show green instead of red fluorescence. It 
has been proposed that the opening of the mitochondrial 
membrane permeability transition pores, which results in 
the dissipation of the mitochondrial membrane potential 
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(∆ψm). We found that ∆ψm increased for both the cells 
treated with PDT and also for the cells treated with PDT 
followed after SDT. We found that the cells treated with 

PDT followed after SDT exerted higher amount of ROS 
production compared to the cells treated only with PDT 
for the whole concentration range used (Fig. 5).  

 
 
Fig. 5. Mitochondrial membrane 
potential change (ΔψM) of HeLa cells 
loaded with different concentrations of 
ClAlPcS2 treated with either PDT or 
combination of PDT and SDT. The values 
represent JC-1 fluorescence ratio (J-mo-
nomers versus J-aggregates) compared 
to the control being equal to 1. Each 
value represents mean ± SE from  
3 different experiments. Significant 
difference (P < 0.05) of the values to 
the control is marked by asterisk. 
 
 
 
 
 
 
 

 
Discussion 
 

PDT is a promising method in cancer treatment 
which involves administration of a tumour-localizing 
photosensitizer followed by light of a specific 
wavelength. The therapy results in a sequence of 
photochemical and photobiological processes causing 
irreversible photodamage to tumour tissues (12). SDT is  
a related procedure using ultrasound to produce other 
cytotoxic effects (Dougherty et al. 199).  

In our study we investigated the DNA 
fragmentation, cell viability and ROS production of the 
HeLa cells treated with PDT and PDT followed after 
SDT. The second-generation photosensitizer ClAlPcS2 
was employed and LEDs served as the source of radiation 
to elicit PDT.  

The DNA fragmentation was investigated using 
the comet assay. Although phatolycanines are mainly 
localized in mitochondria and lysosomes there are 
evidences of their presence in nucleus and plasma 
membrane (Ndhundhuma et al. 2011, Castano et al. 
2004). Ultrasound alone caused only slight DNA 
fragmentation which could be explained by 
shearing/denaturing of DNA through cavitation (Yu et al. 
2004). Nevertheless, we detected a massive DNA 
fragmentation after PDT followed by SDT for 0.5 μM 
concentration compared to solely PDT treatment. 
Previous results suggest that SDT forms internal 
cavitations resulting in water pyrolysis which generates 

hydrogen atoms and hydroxyl radicals (Rosenthal et al. 
2004). It was shown that DNA bases (pyrimidine and 
purine) can be damaged by sonolyticaly generated 
hydroxyl radicals which could explain higher DNA 
fragmentation after PDT followed after SDT (Kondo  
et al. 1988). For example, superoxide can directly disrupt 
large molecules such as proteins and nucleic acids 
resulting in DNA damage (Yu et al. 2004). Another 
explanation justifying higher DNA fragmentation after 
combined SDT and PDT could be activation of tumour-
suppressor p53 protein involved in apoptotic processes. It 
was shown that SDT activates p53 and that extent of the 
DNA fragmentation depends on the activation time, the 
earlier the p53 activation, the higher the DNA 
fragmentation (Tang et al. 2011). 

 It is widely accepted that PDT is responsible for 
producing ROS, particularly singlet oxygen. SDT also 
exhibits the ability to produce free radicals initiating 
chain peroxidation of membrane lipids via peroxyl and/or 
alcoxyl radical leading to physical destabilization of the 
cell membrane (Rosenthal et al. 2004). ROS generation 
strongly influences crucial cellular processes such as 
protein phosphorylation, DNA synthesis, gene expression 
or apoptosis (Hoidal 2001). Some studies suggest that the 
main ROS for SDT-induced apoptosis is hydroxyl radical 
(Yu et al. 2004, Rosenthal et al. 2004)  

In our study ultrasound alone showed only slight 
increase in ROS production. On the other hand, the cells 
treated with PDT and SDT caused higher ROS 
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production compared to the cell treated only with PDT. It 
could be explained by formation of ROS by pyrolysis 
induced hemolytic bond cleavage (Rosenthal et al. 2004). 
One of the localization sites of phtalocyanines are 
mitochondria and it is known that ROS have a short 
lifetime thus they can only damage molecules in short 
diffusion distance from the sonosensitizer localization. 
(Lahm et al. 2001, Kinoshita and Hynynen 2006). There 
are studies linking the ROS production after SDT with 
the loss of mitochondrial membrane potential (Cheng  
et al. 2013). The loss of mitochondrial membrane 
potential inhibits the function of adenosine triphosphate 
synthesis resulting in the release of cytochrome c and 
subsequent activation of caspace-9 and caspase-3 which 
eventually leads to regulated cell apoptosis (Ji et al. 2006, 
Ly et al, 2003).  

Ultrasound presents the physical-mechanical 
factor disrupting a cell structure. Microscopy images of 
the cell after PDT followed after SDT treatment proved 
more substantial damage to cellular membrane. We can 
hypothesize that SDT could result in higher porosity of 
cell membranes which consequently leads to a higher 
uptake of a photosensitizer in the tumourous cell 
(Bernard et al. 2010). Our results show that irreversible 
changes of the cell structure by a combination of PDT 
followed after SDT led to lower cell viability, especially 

for 0.5 μM concentration, in comparison with PDT. 
Previous research carried out on solid tumour suggested 
that synergic effect of ClAlPcS2 and ultrasound resulted 
in diminishing tumour size after SDT and thus ClAlPcS2 
could acts like a sonosensitizer (Yumita et al. 2004).  
EC 50 which determines the concentration of 50 % cell 
survival was approximately 3-fold lower for the PDT 
followed after SDT in opposite to PDT treatment.  

In conclusion, we assume that combination of 
mechanical ultrasound cell damage combined with 
increased ROS production is responsible for higher DNA 
fragmentation and consequently cell death. Our results 
indicate that synergic combination of PDT followed after 
SDT enhances a cytotoxic effect on HeLa cells with 
ClAlPcS2 as the sensitizer. 
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