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Abstract—The purpose of the present study was to explore the potential application of cyanines in photodynamic treatment.
The photophysical features of four cyanines (KF570, HM 118, FBF-749, and ER-139) were investigated by elemental and
spectral analyses. Two malignant cell lines (MCF-7/WT and MCF-7/DOX) were used to test the potential for use in the
photodynamic therapy. The cytotoxic effects of these dyes were determined by the MTT assay after 4 and 24 h of incubation
with the cyanine. KF570 and HM 118 were irradiated with red light (630-nm filter) and FBF-749 and ER-139 with green
light (435-nm filter). The results showed that the cyanine HM 118 demonstrated a major phototoxic effect. It was also noted
that the efficiency of photodynamic therapy was higher in the doxorubicin-resistant cell line (MCF-7/D0OX).
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Photodynamic therapy (PDT) is a promising tech-
nique for the treatment of neoplastic and nonmalignant
diseases (severe acne, actinic keratosis, rosacea). PDT
involves the combination of two agents, a photosensitizer
and the proper light, which, when combined, initiate
cancer cell destruction [1-4]. Mainly porphyrins and
their derivatives, chlorins, and core-modified porphyrins
are currently applied in PDT. The success of any new
drug as a photosensitizer for PDT depends on its photo-
physical and photochemical properties [5]. Thus
Photofrin® is generally used in the treatment of a variety
of cancers and in other applications. However, a major
disadvantage of Photofrin is that it is a mixture [6].
Authors suggest that the different Photofrin components

Abbreviations: MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide; PC, phosphatidylcholine; PDT, photody-
namic therapy.

* To whom correspondence should be addressed.

can affect different parts of the diseased tissue and bind to
different cellular components (e.g. cell membranes,
mitochondria, proteins, and other organelles) [6].
Cyanines appear to have interesting properties, and they
have been studied as potential PDT dyes during the last
decade. They are a complex group of dyes containing
numerous subgroups featuring cationic and anionic com-
pounds [7-10].

Although not every cyanine has a place in the range
of the “phototherapeutic window” (600-1000 nm), they
can be applied in superficial malignant changes, in com-
bination with laparoscopy, or in PDT in combination
with electroporation. Cyanine dyes have received less
attention, remaining, to the best of our knowledge, to be
investigated with regard to their application in PDT.
Some authors introduced indocyanine green to photody-
namic practice [11, 12]. Santos et al. also proposed
squarylium cyanine dyes as potential photosensitizers
[5]. Another cyanine dye, MC540, was used for the
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selective purging of ocular leukemia, lymphoma, and
neuroblastoma cells [13, 14]. According to the above
investigations, cyanines seem to have interesting proper-
ties. Depending on the experimental conditions and cell
sensitivity, the cytotoxic molecular species induced by
PDT may trigger cell apoptosis or provoke necrosis [2,
15].

The main goal of this study was the identification of
a potentially potent photosensitizer from the group of
cyanines. These compounds were chosen from the group
of previous tested dyes in potential application in photo-
graphic process. These four dyes indicated light-sensitive
properties. The current study verifies potential photody-
namic treatment with cyanines.

Table 1. Chemical structure of studied cyanines

KULBACKA et al.

MATERIALS AND METHODS

Cyanine dyes. Two carbocyanines (KF570 and
HM118), a merocyanine (FBF-749), and a pyridin-thia-
zolidine (ER-139) were investigated. The structures and
full names are presented in Table 1. All these compounds
were synthesized by P. Nowak at the Institute of Physical
and Theoretical Chemistry, Wroclaw University of
Technology.

Cell culture. The studies were performed on doxoru-
bicin-sensitive (MCF-7/WT) and doxorubicin-resistant
(MCF-7/D0OX) human breast adenocarcinoma cell lines.
The cell lines were a kind gift from the Department of
Tumor Biology, Comprehensive Cancer Center, Maria
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Sklodowska-Curie Memorial Institute in Gliwice. The
cells were grown in DMEM (Sigma, USA) with addition
of 10% fetal bovine serum (Biowhittaker) and supple-
mented with antibiotics (penicillin/streptomycin;
Sigma). The cells were maintained in a humidified
atmosphere at 37°C and 5% CO,. For the experiments the
cells were removed by trypsinization (0.025% trypsin and
0.02% EDTA; Sigma) and washed with PBS.

Biophysical studies. Aqueous solutions of the investi-
gated compounds in micromolar concentrations were
prepared from stock solutions (2 mM) of these com-
pounds in DMSO (Sigma). Liposomes were prepared by
sonication of an aqueous suspension of lipid (phos-
phatidylcholine from bovine brain). Absorption and fluo-
rescence spectra were recorded using Perkin Elmer
Lambda Bio 20 and LS 50B spectrophotometers, respec-
tively.

Cytotoxicity assay. The MTT (3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma)
assay was used to test mitochondrial metabolic function.
Cells were seeded into 96-well microculture plates at
1:10* cells/well and allowed to attach overnight. After
incubation with various concentrations of the cyanines,
the assay was performed according to the manufacturer’s
protocol. The absorbance was measured using a multi-
well scanning spectrophotometer at 570 nm (Multiskan
MS microplate reader). The result was expressed as the
percentage of viable cells relative to untreated control
cells. The cytotoxicity test was performed after 24 h of
incubation with cyanines.

Photosensitization in vitro study. The phototoxic
effect of the four dyes was determined after 4 and 24 h of
incubation with 1 uM concentration of applied com-
pounds. Then the cultures were irradiated and culture
medium was exchanged. KF570 was irradiated with
630 nm; HM 118 was irradiated with 630 and 530-550-nm
and FBF-749 and ER-139 with 435 nm. PDT dose was
6 J/cm?. After 24 h post irradiation the MTT assay was
performed.

Confocal microscopy: cyanine localization. Micro-
cultures were trypsinized from the culture dishes and
grown on cover glasses. The cells were incubated with the

Table 2. Spectroscopic parameters for investigated cyanines
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compounds (0.5 pM) for 2 h. Then the cells were washed
in PBS, fixed in 4% buffered formalin (Polysciences,
Inc.) and washed in PBS. The cells were examined under
a confocal scanning laser microscope (Carl Zeiss GmbH,
Germany). The dyes’ emission was observed using a 575-
754 nm excitation filter for KF570, 530-754 nm for
HM118, 475-565 nm for FBF-749, and 420-565 nm for
ER-139.

Statistical analysis. Statistical analysis was per-
formed using Statistica v.8.0 commercial software. The
significance of differences between mean values of differ-
ent groups of cells was assessed by Student’s #-test. Values
of p <0.05 were taken to imply statistical significance.

RESULTS

Biophysical studies. Two absorption bands can be
observed in the absorption spectra of aqueous solutions of
the two carbocyanines (KF570 and HM118) and the
merocyanine (FBF-749). The absorption bands, which
were located at shorter and at longer wavelengths, corre-
sponded to dimer (H-aggregates) and monomer forms of
these compounds, respectively (Table 2). For the carbo-
cyanines (KF570 and HM118), the ratio of dimer and
monomer absorption intensities (4y/A4,,) increased with
increasing dye concentration (Fig. 1). However, in the
case of the merocyanine (FBF-749) the Ap/Ay, ratio was
independent of dye concentration. The spectrum of the
fourth compound (pyridin-thiazolidine (ER-139) in
aqueous solutions exhibited only one absorption band.

The presence of phosphatidylcholine (PC) lipo-
somes in the system had an influence on the absorption
spectra of the carbocyanine dyes (KF570 and HM118).
Increasing PC liposome concentration caused a decrease
in the dimer absorption band intensity and a simultane-
ous increase in the monomer absorption band intensity.
Moreover, a shift of both absorption bands to longer
wavelength with increasing PC liposome concentration
can be observed as a result of the decreasing polarity of
the environment of the incorporated carbocyanine mole-
cules in the liposome bilayer. In the fluorescence spectra

Dimer absorption | Monomer absorption | Excitation wave- Fluorescence Stokes shift,
Cyanine maximum (A, maximum (A,,), length (), nm maximum (A, nm
nm nm nm
KF570 472 502 473 518 16
HM118 505 540 520 564 24
FBF-749 444 466 450 484 18
ER-139 - 436 420 491 55
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Fig. 1. Plot of the ratio of dimer and monomer absorption intensi-
ties (Ap/Ay) vs. dye concentration: KF570 (circles), HM118 (tri-
angles), and FBF-749 (squares).

507

N W H
o o o
1 1 1

Fluorescence intensity, arbitrary units

—_
o
1

560 580 600 620 640
Wavelength, nm

Fig. 2. Emission spectra of cyanine HM118 with the presence of
PC liposomes. PC concentration: 0 (7), 50 (2), 100 (3), 200 (4),
400 (5), 600 (6) uM. A, = 520 nm.

for these compounds (Figs. 2 and 3), an increase in
monomer emission band intensity and simultaneous shift
of the emission maximum to longer wavelength with
increasing PC liposome concentration can be observed
(for cyanine HM118 A,,, = 564 nm without PC, A, =
576 nm with PC (600 uM); for cyanine KF570 A, =

518 nm without PC and A,,, = 531 nm with PC (600 uM)).
The ratio of monomer emission intensities F/F, (F the
monomer emission intensity in the presence of lipid, F,
the monomer emission intensity without lipid) versus
lipid concentration is shown in Fig. 4. For the carbocya-
nines (KF570 and HM118) the F/F, ratio increased with
increasing lipid concentration. In the case of the mero-
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Fig. 3. Emission spectra of cyanine KF570 with the presence of
PC liposomes. PC concentration: 0 (7), 50 (2), 100 (3), 200 (4),
400 (%), 600 (6) uM. A, =473 nm.
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Fig. 4. Plot of the ratio of F/F; vs. PC liposome concentration:
KF570 (circles), HM 118 (triangles), and FBF-749 (squares).
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cyanine (FBF-749), the presence of PC liposomes did
not influence the F/F, ratio.

Cytotoxicity and photocytotoxicity assay. The results
of cyanine cytotoxicity are presented in Fig. 5. All the
examined compounds were nontoxic to the cell lines,
especially in the case of MCF-7/DOX, and at all concen-
trations. Because of this, we settled on one concentration
of 1 uM for the photodynamic reaction. The effect of
PDT with cyanines is presented in Fig. 6, a and b. We
obtained the highest effectiveness of the therapy in the
case of the cyanine HM118. Based on our previous study
with Photofrin, we also decided for irradiation in the
range of the “optical window” (630 nm) [16-22].
Similarly to porphyrin-based sensitizers, this compound
also has very weak absorbance in this range. As presented
in Fig. 6, this compound was more active 24 h after ther-
apy for both wavelengths. However, this compound was
more active after 630-nm sensitization and the cell viabil-
ity reached a value of 15.7% for MCF-7/DOX (p =
0.000002), and 23.3% for MCF-7/WT (p = 0.000014).
Surprisingly, HM118 was more efficient as a photosensi-
tizer in MCF-7/DOX cells when irradiated in the “opti-
cal window”.

Intracellular distribution of cyanines. The localiza-
tion of the investigated cyanines is presented in Fig. 7. We
found stronger distribution of HM118, FBF-749, and
ER-139 in the sensitive cell line. HM118 accumulated
mainly in the cytoplasm and nuclei and FBF-749 and
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ER-139 appeared generally in the cytoplasm, which sug-
gests the primary target of PDT. KF570 showed very weak
fluorescence in both cell lines. In the resistant cell line, all
the investigated dyes accumulated with low intensity.

DISCUSSION

Photosensitizers from the group of cyanines have
been developed as potential PDT agents during the last
decade [7, 14, 23-26]. In the present study we demon-
strated the photo-dependent effects of four cyanine dyes.
The investigated carbocyanines (KF570 and HM118) as
well as the merocyanine (FBF-749) in aqueous solution
appeared in two forms: as dimers (H-aggregate) and as
monomers. Increase in carbocyanine concentration
caused a shift in the dimer—monomer balance to the ben-
efit of the dimer form; in the case of merocyanine the
dimer—monomer balance was not dependent on the dye
concentration. However, PC liposomes exhibited a de-
aggregative property only in the case of the carbocya-
nines. Pyridin-thiazolidine (ER-139) in aqueous solution
appeared only in one form (probably a monomer) regard-
less of concentration and practically did not fluoresce.
Wilk et al. loaded cyanines (IR-768, IR-780, and IR-783)
in biodegradable nanocapsules and obtained better char-
acteristics, being more potent [27]. Other authors investi-
gated the effects of photodynamic therapy with indocya-

- m KF570
=@ HM118
O FBF-749

. ® ER-139

0.5 0.2 0.1
MCF-7/DOX

0.05

Fig. 5. Cytotoxicity of KF570, HM118, FBF-749, and ER-139 after 24 h. The MTT assay was performed for concentrations of 1, 0.5, 0.2,
0.1, and 0.05 uM. Results are expressed as means = SD from three independent experiments; * p < 0.05.
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Fig. 6. Photocytotoxicity efficiency after the photodynamic reaction. Photodynamic reaction was determined after 4 h (a) and 24 h (b) of incu-

bation with cyanines. Results are expressed as means = SD from three independent experiments;
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FBF-749

Fig. 7. Intracellular distribution of the cyanines in MCF-7/WT (upper panel) and MCF-7/DOX cells (lower panel).

nine combined with low-dose chemotherapy (cisplatin)
on MCF7 cells. Their findings imply that low doses of
cisplatin may be even more effective than the currently
used doses if appropriately combined with PDT. PDT
with indocyanine caused damage to Bcl-2 and the up-
regulation of Bax [28]. Nowak-Sliwinska et al. tested
Photofrin II, Verteporfin, and Merocyanine 540 on
S91/13 cell line. MC540 turned out to be the least effec-
tive photosensitizer against S91 melanoma cells in vitro
[14]. However Lydaki et al. presented results of MC540 in
a selective killing of leukemic cells Reh-6 and HL-6014

[29]. Marchal et al. performed therapy with Foscan on
MCEF-7 cells. These authors observed an increase in cas-
pases-7 and -6 activation, which was strongly associated
with the expression of GRP78. They also suggested that
Foscan accumulation in the ER improves the photoacti-
vation of the caspase-7 apoptotic pathway, which is weak-
ly related to mitochondrial damage [30].

In the current photodynamic study, HM118 demon-
strated a major phototoxic effect. The efficiency of PDT
was stronger in the doxorubicin-resistant cell line (MCF-
7/D0OX) than in MCF-7/WT cells. We observed stronger

BIOCHEMISTRY (Moscow) Vol. 76 No. 4 2011
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intracellular distribution of HM118, FBF-749, and ER-
139 in MCF-7/WT cells. KF570 was taken up very weak-
ly in both cell lines. However, we detected weaker dye dis-
tribution of all the examined cyanines in the resistant
cells. Alexandratou et al. applied zinc phthalocyanine
(ZnPc) and observed primary and intermediate ROS
action with subcellular localization. They investigated the
early mechanism of the cellular response to oxidative
stress in HFFF2 cells. The ZnPc localized to mitochon-
dria after a longer incubation time. These authors suggest
that the fluorescence of phthalocyanines may indicate the
sites of direct photodamage [31].

The major intention of the present study was to com-
pare the efficiencies of the photodynamic reaction using
cyanines against two human breast adenocarcinoma cell
lines. The concentration of the applied dye, the light
dose, and the mechanism of the photosensitizer action
determine the level of biological damage. Summarizing
our study, cyanines have good potential as photosensitiz-
ing agents in biological systems, particularly in systems
involved in multidrug resistance. However, this basic
research requires further investigation into photothera-
peutic applications.

This study was supported by Polish Ministry Funds
(NR RO05 043 03) and by Statutory Funds of Wroclaw
Medical University supported by the Polish Ministry of
Science and Higher Education.
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