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Mitochondria are cell energetic centers where ATP is 
produced. They also play a very important role in the 
PDT as intracellular sites of photosensitizer localiza-
tion. Photosensitizers gathering in mitochondria (like 
porphyrin derivatives used in this work) are more effec-
tive in tumor cell destruction. Moreover, it was assumed 
that di-amino acid substituents attached to porphyrin 
ring will strengthen the effectivity of interaction with 
membrane receptors of examined cells. MTT assay was 
performed to investigate the influence of PP(Arg)2 and 
PP(Ala)2(Arg)2-based PDT on breast cancer cell viability 
for 24 h, 48 h and 120 h after cell irradiation. Then the 
influence of PP(Ala)2(Arg)2- and PP(Arg)2-mediated PDT 
on early mitochondrial apoptosis induction via measure-
ments of the transmembrane mitochondrial potential 
changes was examined. Results showed that lower en-
ergy doses and maximal nontoxic photosensitizer doses 
of PP(Ala)2(Arg)2 and PP(Arg)2 applied in PDT can imply 
apoptotic cell death. It was confirmed that modification 
of the protoporphyrin IX by attaching two alanine sub-
stituents raised the efficiency of photodynamic therapy.
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INTRODUCTION

Photodynamic therapy is a cancer destruction method 
(Henderson & Dougherty, 1992; Kessel & Dougherty, 
1999; Kessel, 2004; Raymond, 1999; Schmuitmaker, 1996; 
Sharman et al., 1999). The major advantages of PDT are: 
selectivity, low invasiveness and small side effects impor-
tant for improving the patients’ quality of life. PDT is a 
photochemical reaction which requires the simultaneous 
presence of: photosensitizer, light energy source (emis-
sion band of light source complementary with absorp-
tion band of photosensitizer), and oxygen concentration 
(as high as possible) (Brown & Brown, 2004; Castano et 
al., 2005a;2005b; Graczyk, 1999; Kubler, 2005; Mchsner, 
1997; Oleinick & Evans, 1998).

Porphyrin based photosensitizers and its derivatives 
are commonly used in PDT (Gibson & Hilf, 1985; Grac-
zyk, 1999; Sternberg & Dolphin, 1998; You et al., 2006). 
Porphyrin photosensitizers such as protoporphyrin IX 
containing a heterocyclic ring are very abundant due to 
the ease of structure modification like the photosensitiz-

ers applied in this work: PP(Arg)2 and PP(Ala)2(Arg)2. It 
was assumed that di-amino acid substituents attached to 
the porphyrin ring will raise the effectivity of interaction 
with membrane receptors of studied cells. A new com-
pound group, diamino acid derivatives of protoporphyrin 
IX were synthesized. This should make cell penetration 
by these compounds easer and cause more effective can-
cer cell destruction (Graczyk & Konarski, 1995; Grac-
zyk & Konarski, 1997; Graczyk, 1999). Two arginine 
substituents should also improve the solubility of these 
compounds in water (Graczyk, 1999). That is why in this 
work diarginine derivatives of the examined photosensi-
tizers were used.

All over the world breast cancer is still the most often 
malignant neoplasm diagnosed in women. Differences 
can be a result of genetic factors and the synergism of 
many environmental factors also connected with lifestyle 
(Bartsch et al., 2007; Bissonauth et al., 2008; Palermo et 
al., 2007; Suresh, 2007). Half of women with inherited 
breast cancer have a mutation in the BRCA1 gene (on 
chromosome 17) and 1/3 in the BRCA2 gene (on chro-
mosome 13). These genes play important roles in the 
mechanisms of DNA repair. It was shown that benign 
breast diseases like proliferational lesions, papillomato-
sis of the mammary duct or adenomatous can increase 
risk for breast cancer (Broeks et al., 2007; Loizidou et al., 
2007).

In these studies the two breast cancer cell lines were 
chosen: the standard line MCF-7 and more resistant to 
standard treatment MDA-MB231.

The purpose of this work was to describe the influ-
ence of PP(Arg)2- and PP(Ala)2(Arg)2-based PDT on 
induction of the early stage of mitochondrial apoptosis 
— changes in the transmembrane mitochondrial poten-
tial. The PP(Arg)2- and PP(Ala)2(Arg)2-mediated PDT 
cytotoxicity towards MCF-7 and MDA-MB231 breast 
cancers were described by cell viability measurements 
(MTT). The assumption about better properties of the 
new dialanine derivatives of protoporphyrin IX was also 
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checked. All performed experiments should help to opti-
mize the conditions for breast cancer destruction, mostly 
via the mitochondrial apoptosis mechanism.

MATERIALS AND METHODS

Chemicals. Diarginine protoporphyrin IX and diala-
nine derivatives of PPIX were synthesized at The Bio-
chemistry and Spectroscopy Laboratory, at The Institute 
of Optoelectronics, Military University of Technology 
(Graczyk & Konarski, 1995; Graczyk & Konarski, 1997; 
Graczyk, 1999) (Fig. 1). Two arginine substituents in 
PPIX and PP(Ala)2 ensure solubility of these compounds 
in water which implies improvement of the photosensi-
tizer solubility (Graczyk, 1999).

Eagle’a medium 1959 with l-glutamine and phenol 
red came from the Serum and Vaccine Company Bi-
omed (Lublin, Poland). Penicillin and streptomycin were 
bought from Polfa Tarchomin (Warsaw, Poland). Foetal 
bovine serum was provided by Gibco Invitrogen (Carls-
band, USA). PPIX, trypsin-EDTA and other chemicals 
were obtained from Sigma-Aldrich Norway (Oslo, Nor-
way).

The stock solutions of PP(Arg)2 and PP(Ala)2(Arg)2 
in distilled water at a concentration of 0.25 mg/ml were 
sterilized with 0.45 µm CORNINGR filter (Wiesbaden, 
Germany) and stored at 4°C in darkness in sterile Bec-
ton Dickinson (Franklin Lakes, USA) tubes, for use in 
further experimentation. Immediately prior to the experi-
ment, the stock solutions of PP(Arg)2 and PP(Ala)2(Arg)2 
were diluted in a sterile phosphate buffer (pH 7.4) to the 
appropriate concentrations.

Cell culture. MCF-7 (Human breast cancer respon-
sive to androgen therapy) was received from Ludwik 
Hirszfeld Institute of Immunology and Experimental 
Therapy of the Polish academy of Sciences (Wroclaw, 
Poland). MDA-MB231 cancer cell line (Human breast 
cancer non-responsive to androgen therapy) came from 
ATTC (American Type Culture Collection). Cancer cells 
were grown in complete medium: 100 ml medium sup-
plemented with 10% foetal bovine serum (FBS) and an-

tibiotic solution 1:100, l-glutamine 1:100 and amino ac-
ids 1:100 in the case of MDA-MB231, 1 ml of antibiotic 
solution containing penicillin (10 000 U/ml) and strep-
tomycin (4 mg/ml) for MCF-7. Cells were maintained 
in humidified air containing 5% CO2 at 37°C, in sterile 
Nunc cell culture dishes (Kamstrupvej, Denmark).

Complete medium was changed three times a week 
and cells were washed with PBS. Every time, sterile, 
serological pipettes purchased from Becton Dickinson 
(Franklin Lakes, USA) were used.

Cell visualization. Experimental cell images were 
performed with the Scanning Confocal Microscope 
OLYMPUS IX70 FV500.

MTT assay. MTT assay was used to determine cell 
viability (Nowak-Stępniowska et al., 2011; Plumb, 2003). 
Soluble in water, yellow solution of MTT [3-(4,5-dime-
tylthiazol-2-yl)2,5-diphenyl tetrazolium bromide] is ab-
sorbed by cells, and reduced to a purple formazan, in-
soluble in water. The reduction of MTT to formazan is 
performed by mitochondrial dehydrogenase which exhib-
its activity only in viable cells. On the basis of cell abil-
ity to reduce MTT, cell viability is determined. Formazan 
crystals were dissolved in isopropyl alcohol and the con-
centration of the reaction product was determined spec-
trophotometrically at 570 nm wavelength.

Cancer cells were seeded into 96-well plates and ex-
periments were carried out according to the procedure 
described below.

Plates with cells were centrifuged at 3000 rpm, me-
dium was removed and the cells were washed twice with 
PBS (150 µl/well) and centrifuged. Next, 50 µl of MTT 
solution in PBS (5 mg/ml, diluted 1:20) was added to 
each well and incubated for 3h at 37°C in a humidified 
atmosphere containing 5% CO2. Afterwards, formazan 
crystals were dissolved in isopropyl alcohol (200 µl/well). 
Absorbance of solution product was measured with mi-
croplate spectrophotometer Power Wave XS (Bio Tek, 
USA). The ratio of formazan absorbance in the sample 
(cells under influence of different factors: photosensitiz-
er alone, light alone and PDT) to the control one (cells 
without photosensitizer, light and PDT) was given in 
percentage.

Evaluation of the MCF-7 and MDA-MB231 
cell viability under the influence of PP(Arg)2 and 
PP(Ala)2(Arg)2 in darkness. Human breast cancer cells 
were seeded into Nunc sterile plates (Kamstrupvej, Den-
mark) at the densities of 1.5 × 104 cells/ml and incubat-
ed, in order for the cells to settle down. Six hours after 
seeding, an appropriate volume of the photosensitizer 
(PP(Arg)2 and PP(Ala)2(Arg)2) stock was added to the 
final concentrations: 10; 20; 30; 40; 50; 60; 70; 80; 90; 
100; 110; 130; 150; 200; 400; 800 and 1600 µg/ml. Can-
cer cells with photosensitizer were incubated for 24 h 
in darkness. Then, the cultured medium was changed 
to remove the photosensitizer. After time periods: 24 + 
120 h, cancer cell viability was analyzed by MTT (24h is 
the time when cancer cells were being irradiated during 
PDT experiments, but in analogous experiments without 
irradiation the cells were stored in the incubator).

Evaluation of the MCF-7 and MDA-MB231 cells 
viability under influence of the energy dose. Cells 
were seeded according to the procedure described above. 
48 hours after seeding cells were irradiated (l = 410 nm) 
with energy doses: 5, 10, 30, 50, 80 and 120 J/cm2

 using 
a lamp manufactured in Military University of Technol-
ogy (Warsaw, Poland) as the light source and the light 
intensity was set to 140 mW. After 120 h cancer cell 
viability was described by MTT. Applied wave lengths 
were within the range of the Soret band, and the depth 

Figure 1. Structures of diarginine (PP(Arg)2) and dialanine 
(PP(Ala)2(Arg)2) derivatives of protoporphyrin IX.
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of the Soret band penetration was sufficient for cell line 
studies.

Evaluation of the MCF-7 and MDA-MB231 cell 
viability under the influence of the PDT effect. Cells 
were seeded according to the procedure described above. 
The maximal non-toxic photosensitizer doses were ap-
plied to the examined cells 6 hours after seeding (for 
PP(Arg)2 and PP(Ala)2(Arg)2 with the dose of: 40 and 
130 µg/ml for MCF-7 and 50 and 130 µg/ml for MDA-
MB231, respectively). 24 hours later photosensitizer was 
flushed out. After 48 hours the seeded cells were irradi-
ated with energy doses of (l = 410 nm): 5, 10, 30; 50; 
80 and 120 J/cm2. 120h after irradiation, further actions 
were performed in accordance with the procedure de-
scribed above.

Statistical analysis. MTT assay experiments were 
carried out in 6 parallel samples and repeated twice, and 
the data was normalized for comparison. Multi Way 
Analysis of Variance (MANOVA) was performed in or-
der to estimate the significance of main effects (energy 
dose, type of photosensitizer, time after irradiation and 
type of cancer cell line) and their interactions with vi-
ability of the investigated cancer cells. To estimate the 
significant differences among the parameters, the Tukey 
post-hoc test was performed, in which the significance 
level was set at P < 0.05. In the case of photosensitizer 
concentration studies, the one-way analysis of ANOVA, 
followed by the Dunnett post-hoc test was performed. 
The significance level was set at *P < 0.05 as a statisti-
cally significant difference in comparison to the control 
sample. The calculations were made with Statistica 9.0 
StatSoft, Inc. USA.

Measurements of the transmembrane mitochon-
drial potential changes by Laser Scanning Confocal 
Microscope. A mitochondrial indicator, MitoLightTM 

(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-
carbocyanine chloride) was used to evaluate the chang-
es in transmembrane mitochondrial potential in MCF-7 
and MDA-MB231 under influence of different factors. 
In healthy cells (polarized mitochondria) the dye accu-
mulates and forms J-aggregates giving red fluorescence. 
In apoptotic cells (depolarized mitochondria) monomeric 
dye gives green fluorescence (the dye stays in the cy-
toplasm) (Misiewicz et al., 2003; Misiewicz et al., 2004; 
Misiewicz-Krzemińska et al., 2009; Reers et al., 1991; 
Smiley et al., 1991).

Cells of the investigated line were seeded to 8-well 
microplates at a density of 1.5 × 104 cells/ml. PDT ex-
periments were carried out with cancer cells where con-
centrations of PP(Arg)2 and PP(Ala)2(Arg)2 determined in 
MTT assay were 40 and 130 µg/ml for MCF-7 and 50 
and 130 µg/ml for MDA-MB231, respectively; the en-
ergy doses of 10 and 30 J/cm2 were used. The change 
of mitochondrial transmembrane potential after irradia-
tion time of 24 and 48 h was studied. For this purpose 
the medium was removed, cells were washed twice with 
PBS, and 200 µl of freshly made MitoLight solution 
(1 µl/ml dye) was added to each well. Incubation time 
was 15 min at 37°C in a humidified atmosphere contain-
ing 5% CO2. the next, dye solution was removed and 
20 µl of PBS was added. The changes of mitochondrial 
transmembrane potential of the studied cancer cell line 
under the influence of PDT was investigated with La-
ser Scanning Confocal Microscope Olympus IX70 FV 
500, while the fluorescence intensity analysis was per-
formed with Fluo View 3.4c. To excite fluorescence of 
dye monomers and aggregates, a blue dye laser was used 
(Argon laser 488 nm). To observe monomeric fluores-
cence (green fluorescence) a 505–525 nm filter was used. 

Meanwhile, red fluorescence from aggregates was col-
lected through a BP560 filter.

RESULTS

The effect of energy dose on cell viability depend-
ing on the type of cancer cell line was examined first. 
The influence of energy doses (5, 10, 30, 50, 80 and 120  
J/cm2) on cancer cell viability MCF-7 and MDA-MB231 
120h after irradiation is shown in Table 1. Statistical 
analysis shows that neither energy dose nor type of cell 
line are statistically significant factors.

The influence of PP(Arg)2 and PP(Ala)2(Arg)2 con-
centration without irradiation on viability of MCF-7 
and MDA-MB231 cancer cells in darkness for 120h 
(this time correlates with 120h after irradiation in PDT 
experiments) is shown in Table 2. Statistical analysis 
showed that photosensitizer concentration, type of pho-
tosensitizer, type of cell line and their interactions are 
significant factors. The results indicate that the higher 
the photosensitizer concentration the lower the viabil-
ity of MCF-7 and MDA-MB231 cells (significant differ-
ences). Moreover, mean viability of examined cell lines 
was lower under influence of PP(Arg)2 and higher in 
the case of PP(Ala)2(Arg)2. Post-hoc analysis gives sig-
nificant differences between the results for PP(Arg)2 and 
PP(Ala)2(Arg)2. PP(Arg)2 caused greater cell viability de-
crease on MDA-MB231 than on MCF-7 line, however, 
PP(Ala)2(Arg)2 caused a greater one on MCF-7 than on 
MDA-MB231. Statistical analysis revealed significant dif-
ferences between results of: PP(Arg)2 on MDA-MB231 
and: PP(Ala)2(Arg)2  on MDA-MB231, PP(Ala)2(Arg)2 on 
MCF-7 , PP(Arg)2 on MCF-7 and of: PP(Ala)2(Arg)2 on 
MDA-MB231 and PP(Arg)2 on MCF-7.

Additionally it was shown that mean viability under 
the influence of the examined photosensitizers was lower 
in almost the whole concentration range in the case of 
MDA-MB231 (significant differences between results for 
MCF-7 and MDA-MB231).

Experiments show that photosensitizers without irra-
diation interact with studied cancer cells in darkness. It 
was also noticed that small concentrations of photosen-
sitizers stimulate growth of cancer cells in comparison 
to controls (Nowak-Stępniowska et al., 2011). Moreover 
for each of the examined photosensitizers (PP(Arg)2, 
PP(Ala)2(Arg)2) it was possible to determine signifi-
cant concentration border beyond which cell viability 
decreased. On the basis of results significant maximal 
non-toxic concentrations of PP(Arg)2 and PP(Ala)2(Arg)2 
were determined and are presented in Table 3 (maximal 

Table 1. The influence of energy dose on cell viability rate de-
pending on the cell line 120 hours after irradiation. Values are 
means  ±  S.D. (standard deviation).

MCF-7 MDA-MB231

Energy dose [J/cm2] Cell viability rate
[%]

Cell viability rate
[%]

5 103 ± 6 103 ± 7

10 102 ± 6 103 ± 9

30 102 ± 5 101 ± 7

50 100 ± 4 100 ± 10

80 99 ± 6 98 ± 10

120 97 ± 6 98 ± 6
*significant differences in comparison to the control were set at 
P < 0.05
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non-toxic concentration in comparison to the control — 
Dunett post-hoc test).

Taking into consideration the determined maximal 
non-toxic concentrations of photosensitizers, both breast 
cancer cell lines MCF-7 and MDA-MB231 were found 
to be more sensitive to PP(Arg)2 than PP(Ala)2(Arg)2.

In Figures 2–5 the influence of photodynamic reac-
tion using PP(Arg)2 and PP(Ala)2(Arg)2 on viability of 
MCF-7 and MDA-MB231 cells is shown depending on 

time after irradiation. PDT reaction was carried out in 
conditions described by MTT: wide range non-toxic en-
ergy dose (Table 1) and maximal non-toxic concentra-
tions of examined photosensitizers (Tables 2 and 3) were 
used. Statistical analysis showed that energy dose, type of 
photosensitizer, time after irradiation and their interac-
tions are significant factors.

On the plots it can be seen that the higher the energy 
dose the lower the significant cell viability of MCF-7 and 

Table 2. The effect of PP(Arg)2 and PP(Ala)2(Arg)2 concentration on cell viability rate for 120h. Cells were incubated with photosen-
sitizer for 24h in darkness (Materials and Methods). Values are means  ±  S.D. (standard deviation).

MCF-7 MDA-MB231

Concentration of photo-
sensitizer [mg/ml]

PP(Arg)2
Cell viability rate

[%]

PP(Ala)2(Arg)2
Cell viability rate

[%]

PP(Arg)2
Cell viability rate

[%]

PP(Ala)2(Arg)2
Cell viability rate

[%]

10 104 ± 8 108 ± 10* 110 ± 9 103 ± 6

20 102 ± 6 108 ± 8* 104 ± 7 104 ± 9

30 100 ± 5 102 ± 5 101 ± 6 102 ± 7

40 100 ± 9 102 ± 6 101 ± 4 100 ± 10

50 94 ± 8* 100 ± 4 100 ± 5 100 ± 10

60 91 ± 12* 102 ± 8 91 ± 10* 99 ± 10

70 92 ± 10* 102 ± 2 88 ± 9* 99 ± 8

80 89 ± 9* 100 ± 2 84 ± 10* 99 ± 8

90 84 ± 10* 100 ± 4 80 ± 13* 99 ± 8

100 83 ± 11* 100 ± 4 74 ± 9* 99 ± 10

110  ± 83 ± 8* 100 ± 4 67 ± 8* 100 ± 9

130 79 ± 8* 100 ± 3 60 ± 12* 100 ± 11

150 74 ± * 89 ± 11* 56 ± 7* 80 ± 8*

200 65 ± 9* 85 ± 9* 52 ± 9* 73 ± 10*

400 58 ± 10* 52 ± 8* 45 ± 6* 70 ± 8*

800 52 ± 11* 33 ± 7* 38 ± 3* 52 ± 8*

1600 40 ± 13* 12 ± 2* 35 ± 5* 36 ± 8*
*P < 0.05 significant differences in comparison to control.

Figure 2. PP(Arg)2-mediated PDT effect on MCF-7 cell viability 
rate: () 24 h, () 48 h and () 120 h after irradiation. 
The maximal non-toxic concentrations were applied. Cells were 
incubated with photosensitizer for 24 h in darkness (Materials 
and Methods). The energy dose control probes were shown in Ta-
ble 1. The PP(Arg)2 control probes were shown in Table 2. Values 
are means  ± S.D. (standard deviation).

Figure 3. PP(Ala)2(Arg)2-mediated PDT effect on MCF-7 cell vi-
ability rate: () 24 h, () 48 h and () 120 h after irradiation. 
The maximal non-toxic concentrations were applied. Cells were in-
cubated with photosensitizer for 24 h in darkness (Materials and 
Methods). The energy dose control probes were shown in Table 
1. The PP(Ala)2(Arg)2 control probes were shown in Table 2. Values 
are means  ± S.D. (standard deviation).



Vol. 59       607Cytotoxicity of PP(Arg)2- and PP(Ala)2(Arg)2-based photodynamic therapy

Figure 4. PP(Arg)2-mediated PDT effect on MDA-MB231 cell vi-
ability rate: () 24 h, () 48 h and () 120 h after irradiation. 
The maximal non-toxic concentrations were applied. Cells were 
incubated with photosensitizer for 24h in darkness (Materials and 
Methods). The energy dose control probes were shown in Ta-
ble 1. The PP(Arg)2 control probes were shown in Table 2. Values 
are means  ± S.D. (standard deviation).

Figure 5. PP(Ala)2(Arg)2-mediated PDT effect on MDA-MB231 cell 
viability rate: () 24 h, () 48 h and () 120 h after irradiation. 
The maximal non-toxic concentrations were applied. Cells were 
incubated with photosensitizer for 24h in darkness (Materials and 
Methods). The energy dose control probes were shown in Table 1. 
The PP(Ala)2(Arg)2 control probes were shown in Table 2. Values 
are means  ± S.D. (standard deviation).

Figure 6. The changes of transmembrane mitochondrial potential in MCF-7 cell line under the influence of PP(Arg)2- and 
PP(Ala)2(Arg)2-mediated PDT 24 hours after irradiation. 
Cells were stained with apoptosis detection kit MitoLightTM. On the left side there are images (magnification x 1200) of the following: 
green, red fluorescence and fluorescence of both signals put together. Green fluorescence represents dye monomers in apoptotic cells 
with a depolarized mitochondrial membrane, the red one — dye aggregates bound to the polarized mitochondrial membrane in healthy 
cells. On the right side there are plots of green and red fluorescence intensity of the representative cell.
(A) control probe which also represents green and red fluorescence level of other control probes (cells without photosensitizer and 
not irradiated, cells under influence of PP(Arg)2 and PP(Ala)2(Arg)2, cells only irradiated with: 10 and 30 J/cm2). (B) PP(Arg)2 (40 mg/ml)-
mediated PDT 24 hours after irradiation of 10 J/cm2. (C) PP(Arg)2 (40 mg/ml)-mediated PDT 24 hours after irradiation of 30 J/cm2. (D) 
PP(Ala)2(Arg)2 (130 mg/ml)-mediated PDT 24 hours after irradiation of 10 J/cm2. (E) PP(Ala)2(Arg)2 (130 mg/ml)-mediated PDT 24 hours after 
irradiation of 30 J/cm2.
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MDA-MB231 after PDT using photosensitizers and in 
the case of each examined time after irradiation (signifi-
cant differences). It was noticed that mean cell viability 
of both lines was lower in the case of PP(Ala)2(Arg)2-
based PDT than PP(Arg)2-mediated PDT. Differences 
between results for PP(Arg)2- and PP(Ala)2(Arg)2-based 
PDT were statistically significant (post-hoc analysis).

Moreover, mean viability of MDA-MB231 after 
PDT for 24 h, 48 h and 120 h after irradiation was 
lower than for MCF-7. Significant differences were 
observed among results of 24 h, 48 h and 120 h for 
both PDT on MCF-7 and on MDA-MB231. Differ-
ences between interactions results of MCF-7 and 
MDA-MB231 cells were found to be significant in the 
cases: PDT for 24 h on MDA-MB231 and PDT for 
24 h,48 h on MCF-7; PDT for 48 h on MDA-MB231 
and PDT for 24h,120h on MCF-7; PDT for 120 h on 
MDA-MB231 and PDT for 24 h,48 h,120 h on MCF-
7 (post-hoc analysis).

Taking into consideration the determined maximal 
non-toxic concentrations of examined photosensitizers 
on both cell lines, PP(Ala)2(Arg)2 exhibits the lowest tox-
icity in darkness and PP(Arg)2 the highest one. Statistical 
analysis exhibits significant differences among results of: 
PP(Arg)2-PDT on MDA-MB231 and PP(Arg)2-PDT on 
MCF-7, PP(Ala)2(Arg)2-PDT on MCF-7, PP(Ala)2(Arg)2-
PDT on MDA-MB231 and of: PP(Ala)2(Arg)2-PDT 
on MDA-MB231 and PP(Arg)2-PDT on MCF-7, 
PP(Ala)2(Arg)2-PDT on MCF-7 (post-hoc analysis).

To sum up, photodynamic effect using PP(Ala)2(Arg)2 
in examined conditions was more effective in decreasing 
cell viability of MCF-7 and MDA-MB231 in comparison 
to PP(Arg)2-mediated PDT.

Significant cell viability decrease under influence of 
PDT using 80 and 120 J/cm2 and examined photosen-
sitizers especially on MDA-MB231 line suggest necrotic 
cell death. However, the lowest used energy dose of 5 
J/cm2 does not give satisfying results what MTT results 
also showed (Nowak-Stępniowska et al., 2011). Taking 
into consideration these causes, the changes of trans-
membrane mitochondrial potential were carried out only 
for chosen, lower energy doses.

In Figures 6–9 there were shown images of trans-
membrane mitochondrial changes of MCF-7 and MDA-
MB231 cells under influence of PDT evaluated with la-
ser scanning confocal microscope (on the left). There are 
attached plots of green and red fluorescence intensity of 
the representative cell to the images (on the right side). 
Green fluorescence represents mitochondrial membrane 
depolarization (monomeric dye).

Transmembrane mitochondrial potential changes un-
der influence of photodynamic effect using PP(Arg)2 
(Fig. 6b and c), PP(Ala)2(Arg)2 (Fig. 6d and e) on 
MCF-7 cell line 24 h after irradiation was shown in Fig. 
6. Figure 6a presents results of control probe. Control 
cells have polarized membrane and dye aggregate giv-
ing dominant red fluorescence and trace green one. In 
experiments, the changes of the red fluorescence in-
tensity in comparison to control probes were not ob-
served (Fig. 6b–e). Thus, green fluorescence intensity 
decides about changes of transmembrane mitochondrial 
potential. PP(Ala)2(Arg)2-based PDT 24 h after irradia-
tion give greater green fluorescence (Fig. 6b–e) than 
PP(Arg)2 on MCF-7 cell line. In case of PP(Arg)2- and 
PP(Ala)2(Arg)2-mediated PDT green fluorescence inten-
sity was greater using energy dose of 10 J/cm2 than 30 
J/cm2. 48 hours after irradiation (Fig. 7b and c) green 

Figure 7. The changes of transmembrane mitochondrial potential in MCF-7 cell line under the influence of PP(Arg)2- and 
PP(Ala)2(Arg)2-mediated PDT 48 hours after irradiation. 
Cells were stained with apoptosis detection kit MitoLightTM. On the left side there are images (magnification x 1200) of the following: 
green, red fluorescence and fluorescence of both signals put together. Green fluorescence represents dye monomers in apoptotic cells 
with a depolarized mitochondrial membrane, the red one – dye aggregates bound to the polarized mitochondrial membrane in healthy 
cells. On the right side there are plots of green and red fluorescence intensity of the representative cell. (A) control probe which also 
represents green and red fluorescence level of other control probes (cells without photosensitizer and not irradiated, cells under influ-
ence of PP(Arg)2 and PP(Ala)2(Arg)2, cells only irradiated with: 30 J/cm2). (B) PP(Arg)2 (40 mg/ml)-mediated PDT 48 hours after irradiation of 
30 J/cm2. (C) PP(Ala)2(Arg)2 (130 mg/ml)-mediated PDT 48 hours after irradiation of 30 J/cm2.

Table 3. Maximal significant non-toxic concentrations of inves-
tigated photosensitizers depending on the cell line for 120 h.

Cell line/photosensitizer MCF-7 MDA-MB231

PP(Arg)2 [mg/ml] 40 50

PP(Ala)2(Arg)2 [mg/ml] 130 130
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fluorescence intensity was lower in case of PP(Arg)2- 
and PP(Ala)2(Arg)2-based PDT 24 hours after irra-
diation and for PP(Ala)2(Arg)2-based PDT greater one 
than for PP(Arg)2-mediated PDT. It shows that mem-
brane depolarization was proceeding.

Generally, PP(Ala)2(Arg)2-based PDT 24 hours after 
irradiation give greater green fluorescence (Fig. 8b–e) 
on MDA-MB231 line than PP(Arg)2-based PDT. For 
PP(Ala)2(Arg)2-mediated PDT green fluorescence in-
tensity is equal for 10 and 30 J/cm2 and in the case of 
PP(Arg)2-based PDT one is greater for 10 J/cm2 than 30 
J/cm2.

48 hours after irradiation green fluorescence inten-
sity in the case of PP(Arg)2-based PDT is lower than 
24 h after irradiation and for PP(Ala)2(Arg)2-mediated 
PDT greater than 24 h after irradiation (Fig. 9b and 
c). The greatest apoptosis induction was observed for 
the greatest change of transmembrane mitochondrial 
potential occurring 24 h after irradiation. Additionally, 
it was noticed that 48 hours after irradiation cells of 
the MDA-MB231 line have just been more damaged 
under influence of lower energy doses in comparison 
the MCF-7 cells, according to the MTT results — 
lower cell viability in the case of MDA-MB231 line.

DISCUSSION

It is known that not only high cytotoxicity is impor-
tant in PDT, but also mechanism of cell death. Large 
protein mass from destroyed necrotic cancer cells cause 
fast and irreversible blocking of renal tubules imply-
ing life threatening side effects (Graczyk, 1999). How-
ever, an apoptosis allows to destroy cancer cells causing 
small inflammatory under influence of PDT (Buytaert et 
al., 2007; Oleinick et al., 2002; Robertson et al., 2009). 
That is why, it is essential to destroy cancer cells mainly 
via apoptotic mechanisms with some part of necrosis to 
strengthen the inflammatory induction (Oleinick & Ev-
ans, 1998; Plaetzer et al., 2003). Furthermore, porphyrin 
photosensitizers due to mitochondrial localization can 
successfully destroy cancer cells via apoptosis (Agonis et 
al., 2011; Kessel et al., 1997; Kessel & Luo, 1998; Kes-
sel & Luo, 1999; Moan et al., 1989; Morgan & Oseroff, 
2001; Oleinick & Evans, 1998; You et al., 2006).

In vitro experiments show interactions between live 
cell and damaged one due to PDT. In cascade reaction 
damaged cell can induce apoptosis in undamaged cells. 
Defining the border to which this reaction is beneficial 
(border between damaging diseased cell and healthy one) 

Figure 8. The changes of transmembrane mitochondrial potential in MDA-MB231 cell line under the influence of PP(Arg)2- and 
PP(Ala)2(Arg)2-mediated PDT 24 hours after irradiation. 
Cells were stained with apoptosis detection kit MitoLightTM. On the left side there are images (magnification x 1200) of the following: 
green, red fluorescence and fluorescence of both signals put together. Green fluorescence represents dye monomers in apoptotic cells 
with a depolarized mitochondrial membrane, the red one – dye aggregates bound to the polarized mitochondrial membrane in healthy 
cells. On the right side there are plots of green and red fluorescence intensity of the representative cell. (A) control probe which also 
represents green and red fluorescence level of other control probes (cells without photosensitizer and not irradiated, cells under influ-
ence of PP(Arg)2 and PP(Ala)2(Arg)2, cells only irradiated with: 10 and 30 J/cm2). (B) PP(Arg)2 (50 mg/ml)-mediated PDT 24 hours after irra-
diation of 10 J/cm2. (C) PP(Arg)2 (50 mg/ml)-mediated PDT 24 hours after irradiation of 30 J/cm2. (D) PP(Ala)2(Arg)2 (130 mg/ml)-mediated 
PDT 24 hours after irradiation of 10 J/cm2. (E) PP(Ala)2(Arg)2 (130 mg/ml)-mediated PDT 24 hours after irradiation of 30 J/cm2.
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is important task for scientists (Graczyk, 1999; Ochsner, 
1997; Oleinick et al., 2002).

For that reason there is a need to optimize the phys-
icochemical parameters of PDT for different types of 
cancers to ensure successful PDT.

In this work the photodynamic effect using 
PP(Arg)2 and PP(Ala)2(Arg)2 towards breast can-
cer cell lines MCF-7 and MDA-MB231 was exam-
ined. A representative compound of new generation 
PP(Ala)2(Arg)2 — dialanine derivative of protoporphy-
rin IX was investigated as a potentially more effective 
drug in comparison to the PPIX to PDT (Graczyk & 
Konarski, 1995, Graczyk & Konarski, 1997; Graczyk, 
1999). The cell viability under influence of PDT de-
pending on time after irradiation (controls: non-toxic 
energy doses and photosensitizer concentrations) and 
then cell death mechanism by transmembrane mito-
chondrial potential — early stage of apoptosis were 
studied (Misiewicz et al., 2003; Misiewicz et al., 2004; 
Misiewicz-Krzemińska et al., 2009).

MTT test was used to evaluate the energy dose 
and photosensitizer concentrations: PP(Arg)2 and 
PP(Ala)2(Arg)2 cytotoxicity on breast cancer cells. Then 
maximal non-toxic concentrations of examined photo-
sensitizers in PDT experiments were investigated. Breast 
cancer cell growth in comparison to the control depend-
ing on type of photosensitizer and cell line was observed 
(Nowak-Stępniowsk et al., 2011).

Results showed that modified derivative of PPIX — 
PP(Ala)2(Arg)2 was more effective than PP(Arg)2 on 
examined cancer lines. Generally, the cells of MDA-
MB231 line were more sensitive to the PDT treatment 
than the MCF-7 ones. Lower energy dose used in PDT 
can induce apoptotic cell death is shown in the literature 
(Oleinick et al., 2002). The high energy doses used in-
duce mainly necrotic mechanisms what is not expected 
as a result of PDT because of acute inflammatory reac-
tion and blocking of renal tubules in the case of applica-

tion to humans (Graczyk, 1999; Nowak-Stępniowska et 
al., 2011).

The changes of transmembrane mitochondrial poten-
tial depending on type of photosensitizer, energy dose 
and cancer cell line were examined. The biggest changes 
of transmembrane mitochondrial potential under influ-
ence of PP(Arg)2- and PP(Ala)2(Arg)2-mediated PDT 
were observed 24 h and 48 h after irradiation on studied 
cell lines.

It was generally shown that the photodynamic effect 
using PP(Ala)2(Arg)2 was more successful in comparison 
to the PP(Arg)2 due to generally greater cancer cell vi-
ability decrease and also greater transmembrane mito-
chondrial potential depolarization — an early stage of 
apoptosis.

To sum up, the photodynamic therapy using an diala-
nine derivative of protoporphyrin IX can be a success-
ful method of breast cancer treatment or complementary 
one used after surgery.

REFERENCES

Agonis P, Berg K, Cengel KA, Foster TH, Girotti AW, Gollnick SO, 
Hahn SM, Hamblin MR, Juziene A, Kessel D, Korbelik M, Moan 
J, Mroz P, Nowis D, Piette J, Wilson B, Gołąb J (2011) Photody-
namic therapy of cancer: an update. Cancer J Clin 61: 250–281.

Bartsch H, Dally H, Popanda O, Risch A, Schmezer P (2007) Genetic 
risk profiles for cancer susceptibility and therapy response. Recent 
results. Cancer Res 174: 19–36.

Bissonauth V, Shatenstein B, Ghadirian P (2008) Nutrition and breast 
cancer among sporadic cases and gene mutation carriers: An over-
view. Cancer Detect Prev 32: 52–64.

Broeks A, Braaf LM, Huseinovic A, Nooijen A, Urbanus J, Hogervorst 
FB (2007) Identification of women with an increased risk of de-
veloping radiation-induced breast cancer: a case only study. Breast 
Cancer Res 9: R26.

Brown SB, Brown EA (2004) The present and future role of photody-
namic therapy in cancer treatment. Lancet Oncol 5: 497–508.

Buytaert E, Dewaele M, Agostinis P (2007) Molecular effectors of mul-
tiple cell death pathways initiated by photodynamic therapy. Biochim 
Biophys Acta 1776: 86–107.

Figure 9. The changes of transmembrane mitochondrial potential in MDA-MB231 cell line under the influence of PP(Arg)2- and 
PP(Ala)2(Arg)2-mediated PDT 48 hours after irradiation. 
Cells were stained with apoptosis detection kit MitoLightTM. On the left side there are images (magnification x 1200) of the following: 
green, red fluorescence and fluorescence of both signals put together. Green fluorescence represents dye monomers in apoptotic cells 
with a depolarized mitochondrial membrane, the red one – dye aggregates bound to the polarized mitochondrial membrane in healthy 
cells. On the right side there are plots of green and red fluorescence intensity of the representative cell. (A) control probe which also 
represents green and red fluorescence level of other control probes (cells without photosensitizer and not irradiated, cells under influ-
ence of PP(Arg)2

 and PP(Ala)2(Arg)2, cells only irradiated with: 10 J/cm2). (B) PP(Arg)2 (50 mg/ml)-mediated PDT 48 hours after irradiation of 
10 J/cm2. (C) PP(Ala)2(Arg)2 (130 mg/ml)-mediated PDT 48 hours after irradiation of 10 J/cm2.



Vol. 59       611Cytotoxicity of PP(Arg)2- and PP(Ala)2(Arg)2-based photodynamic therapy

Castano AP, Demidova TN, Hamblin MR (2005a) Mechanisms in pho-
todynamic therapy: part two-cellular signaling, cell metabolism and 
modes of cell death. Photodiagn Photodyn Ther 2: 1–23.

Castano AP, Demidova TN, Hamblin MR (2005b) Mechanisms in 
photodynamic therapy: part three-photodensitizer pharmacokinetics, 
biodistribution, tumor localization and modes of tumor destruction. 
Photodiagn Photodyn Ther 2: 91–106.

Gibson SL, Hilf R (1985) Interdependance of luence, drug dose and 
oxygen on hematoporphyrin derivative induced photosensitization 
of tumor mitochondria. Photochem Photobiol 42: 367–373.

Graczyk A (1999) Photodynamic diagnosis and treatment of cancer. 1st edn, 
pp 21–159. Bellona, Publishing House, Warszawa (in Polish).

Graczyk A, Konarski J (1995) Complex salts of hematoporphyrin and 
its derivatives, their synthesis and therapeutic agents. Patent 5.45.599 
US.

Graczyk A, Konarski J (1997) Complex salts of hematoporphyrin and 
its derivatives, their synthesis and therapeutic agents. Patent 5.39.960 
EPO.

Henderson BW, Dougherty TJ (1992) How does photodynamic thera-
py work? Photochem Photobiol 1: 145–157.

Kessel D (2004) Photodynamic therapy: from beginning. Photodiagn Pho-
todyn Ther 1: 3–7.

Kessel D, Dougherty TJ (1999) Agents used in photodynamic therapy. 
Contemp Pharmacother 10: 19–24.

Kessel D, Luo Y (1998) Mitichondrial photodamage and PDT-induced 
apoptosis. J Photochem Photobiol 42: 89–95.

Kessel D, Luo Y (1999) Photodynamic therapy: a mitochondrial in-
ducer of apoptosis. Cell Death Differ 6: 28–35.

Kessel D, Luo Y, Deng Y, Cheng CK (1997) The role of subcellular 
localization in initiation of apoptosis by photodynamic therapy. Pho-
tochem Photobiol 65: 422–426.

Kübler AC (2005) Photodynamic therapy. Med Laser Appl 20: 37–45.
Loizidou M, Marcou Y, Anastasiadou V, Newbold R, Hadjusavvas A, 

Kyriacou K (2007) Contribution of BRCA1 and BRCA2 gerline 
mutations to the incidence of early-onset breast cancer in Cyprus. 
Clin Genetics 71: 165–170.

Mchsner M (1997) Photophysical and photobiological processes in the 
photodynamic therapy of tumors. J Photochem Photobiol B 39: 1–18.

Misiewicz I, Skupińska K, Kasprzycka-Guttman T (2003) Sulforaphane 
and 2-oxohexyl isothiocyanate induce cell growth arrest and apop-
tosis in L-1210 leukemia and ME-18 melanoma cells Oncol Rep 10: 
2045–2050.

Misiewicz I, Skupińska K, Kowalska E, Lubiński J, Kasprzycka-Gutt-
man T (2004) Sulforaphane-mediated inducer of a phase 2 detoxi-
fyng enzyme NAD(P)H: quinone reductase and apoptosis in human 
lymphoblastoid cells. Acta Biochim Pol 51: 711–721.

Misiewicz-Krzemińska I, Skupińska K, Graczyk A, Kasprzycka-Gutt-
man T (2009) Influence of protoporphyrin IX amino acid substitu-
ents on affinity to human breast adenocarcinoma MCF-7 cells. Bio-
tech Histochem 84: 1–7.

Moan J, Berg K, Kvam E et al. (1989) Intracellular localisation of pho-
tosensitizers. Ciba Found Symp 146: 95–107.

Morgan J, Oseroff AR (2001) Mitochondria-based photodynamic anti-
cancer therapy. Adv Drug Deliver Rev 49: 71–86.

Nowak-Stępniowska A, Wiktorska K, Małecki M, Romiszewska A, 
Padzik-Graczyk A (2011) Cytotoxicity of PP(Arg)2 and Hp(Arg)2- 
mediated photodynamic therapy and early stage of apoptosis induc-
tion in prostate carcinoma in vitro. Acta Biochim Pol 4: 495–505.

Ochsner M (1997) Photophysical and  photobiological processes in the
 photodynamic therapy of tumors. J Photochem Photobiol B 39: 1–18.
Oleinick NL, Evans HE (1998) The photobiology of photodynamic 

therapy: cellular targets and mechanisms. Rad Res 150 (Suppl): 146–
156.

Oleinick NL, Morris R, Belichenko I (2002) The role of apoptosis in 
response to photodynamic therapy: what, where, why how. Photo-
chem Photobiol Sci 1: 1–21.

Palmero EI, Ashton-Prolla P, da Rocha JC, Vargas FR, Kalakun L, 
Blom MB et al. (2007) Clinical characterization and risk profile of 
individuals seeking genetic counseling for hereditary breast cancer in 
Brazil. J Gen Counseling 16: 363–371.

Plaetzer K, Kiesslich T, Verwanger T, Krammer B (2003) The modes 
of cell death induced by PDT: an overview. Med Laser Appl 18: 
7–19.

Plumb JA (2003) Cancer cells culture: methods and protocols. Langdon SP 
eds, pp 165–169. Human Pres INC, Totowa, New Jork.

Raymond R (1999) Photodynamic therapy in historical perspective. 
Contemp Pharmacother 10: 1–14.

Reers M, Smith TW, Chen LB (1991) J-Aggregate formation of a car-
bocyanine as a quantitative fluorescent indicator of a membrane po-
tential. Biochem 30: 4480–4486.

Robertson CA, Hawkins D, Abrahamse H (2009) Photodynamic ther-
apy (PDT): a short review on cellular mechanisms and cancer re-
search applications for PDT. J Photochem Photobiol B 96: 1–8.

Schuitmaker JJ, Baas P, van Leengoed HLLM, van der Meulen FW, 
Star WM, van Zandwijk N (1996) Photodynamic therapy: a promis-
ing new modality for the treatment of cancer. J Photochem Photobiol 
B 34: 3–12.

Sharman WM, Allen CM, van Lier JE (1999) Photodynamic therapeu-
tics: basic principles and clinical applications. Therapeutic Focus 11: 
1359–6446.

Smiley ST, Reers M, Mottola-Hartshorn C, Lin M, Chen A, Smith TW, 
Steele GD Jr, Chen LB (1991) Intracellular heterogeneity in mito-
chondrial membrane potentials reveled by J-aggregate-forming lipo-
philic cation JC-1. Proc Natl Acad Sci 88: 3671–3675.

Sternberg ED, Dolphin D (1998) Porphyrin-based photosensitizers for 
use in photodynamic therapy. Tetrahedron 54: 4151–4202.

Suresh S (2007) Biomechanics and biophysics of cancer cells. Acta Bio-
mat 3: 413–438.

You Y, Gibson SL, Detty MR (2006) Phototoxicity of core-modified 
porphyrin and induction of apoptosis. J Photochem Photobiol B 85: 
155–162.


