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ABSTRACT

Halogenated squaraine dyes are characterized by long
wavelength absorption (>600 nm) and high triplet yields
and therefore represent new types of photosensitizers that
could be useful for photodynamic therapy. We have analyzed
the cytotoxicity and genotoxicity of the bromo derivative 1, the
iodo derivative 2 and the corresponding nonhalogenated dye 3
in the absence and presence of visible light. At concentrations
of 1–2 lM, 1 and 2 reduced the cloning efficiency of AS52
Chinese hamster ovary cells to less than 1% under conditions
that were well tolerated in the dark. Similarly, the pro-
liferation of L5178Y mouse lymphoma cells was inhibited by
photoexcited 1 and 2 with high selectivity. The squaraine 3 was
much less efficient. Both 1 and 2 induced only few mutations in
the gpt locus of the AS52 cells in the presence of light and were
not mutagenic in the dark. No mutagenicity with and without
irradiation was observed in Salmonella typhimurium TA100
and TA2638. However, both 1 and 2 plus light increased the
frequency of micronuclei in AS52 cells. The results indicate
that halogenated squaraines exhibit photobiological properties
in vitro that are favorable for photodynamic therapeutical
applications.

INTRODUCTION

Photodynamic therapy (PDT) is fast developing as a treatment for

both neoplastic and nonneoplastic diseases. PDT involves the

inactivation of living cells by the combined action of light and

a photosensitizer (1–4). The photosensitizer is excited to the singlet

state by light of the appropriate wavelength. After intersystem

crossing to the triplet state, the sensitizer can interact with oxygen

via energy transfer processes, generating singlet oxygen (Type II

reaction). Alternatively, the sensitizer in its triplet state can

participate in electron transfer processes or hydrogen atom

abstraction, leading to radical intermediates (Type I reaction) (5).

Both Type I and Type II reactions can damage cellular constituents

(lipids, proteins, DNA) and eventually cause cell death (6–8).

The photosensitizer that has been studied most extensively is the

hematoporphyrin derivative (HpD) (Photofrin�), which has been

approved for clinical use in a number of cancers in the United

States, Japan, Canada and the Netherlands. Several other

sensitizers have been examined for their use in PDT to improve

both the photophysical properties and the selectivity for certain cell

types or subcellular targets, e.g. phthalocyanins, purpurins

(chlorins), porphycenes, pheophorbides and porphyrins synthe-

sized endogenously after treatment with aminolevulinic acid (1–

4,9–15). The search for effective second and third generation

sensitizers has become an important area of current photobiological

research for a more wide application of this therapy both in

oncology and in nononcological diseases.

We have recently reported that halogenated squaraine dyes 1 and

2 possess favorable sharp and intense absorption above 600 nm

and exhibit significant triplet quantum yields (16). Furthermore,

these dyes were found to generate singlet oxygen, a prominent

cellular cytotoxic agent, in very high yields. Though singlet

oxygen has been implicated as the major species responsible for

the biological activity of a variety of photosensitizers, the damage

arising from singlet oxygen at various cellular targets and the exact

mechanism by which it acts in PDT has been a matter of debate in

recent years (17–20).

With the objective of examining the efficacy of squaraine-based

dyes in PDT, we have investigated the photocytotoxicity and

mutagenicity induced by the halogenated squaraine dyes 1 and 2
both in mammalian cell lines and bacterial strains (Fig. 1). To

further understand their mechanism of photodynamic activity, we

compared their photocytotoxicity with that of the nonhalogenated

squaraine dye 3, which showed negligible triplet yields. Our results

demonstrate that both halogenation and light are essential for the

biological activity of squaraine dyes 1 and 2. These dyes possess

favorable photophysical properties and exhibit high photocyto-

toxicity and little mutagenicity and hence can have potential

applications in PDT.

MATERIALS AND METHODS

Materials. AS52 Chinese hamster ovary cells, which carry the bacterial
gpt gene for analysis of mutations (21) and L5178Y (tk1/2)
mouse lymphoma cells were obtained from W. J. Caspary (Research
Triangle Park, NC). Salmonella typhimurium strains TA100 (hisG46,
rfa, uvrB, pKM101) and TA2638 (hisG428, rfa, pKM101) were kindly
provided by B. N. Ames (Berkeley, CA). Antibiotics were purchased from
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PAA (Cölbe, Germany) and all other chemicals were obtained from Sigma
Chemie (Deisenhofen, Germany). The synthesis of the squaraine dyes 1 and
2 has been described elsewhere (16), whereas the synthesis of 3 was
achieved by the reported procedure (22). A stock solution of 1 mM in
ethanol was used for the studies.

Cell culture. AS52 cells were cultured in nutrient mixture Ham’s F-12
medium supplemented with antibiotics and with 5% fetal calf serum in the
presence of penicillin (100 units/mL) and streptomycin (100 lg/mL).
L5178Y cells were cultured in suspension in Roswell Park Memorial
Institute-1640 medium supplemented with antibiotics, 0.25 mg/mL L-
glutamine, 107 lg/mL sodium pyruvate and 10% heat inactivated horse
serum. Cell cultures were grown in a humidified atmosphere with 5% CO2

in air at 378C. The bacteria were grown in Luria-Bertani (LB) broth at 378C.
Damage of AS52 and L5178Y cells. L5178Y cells were preincubated

for 3–5 min with the squaraine dyes in Ca21 and Mg21 free phosphate-
buffered saline (PBS) (140 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1 mM
KH2PO4, 0.1% glucose, pH 7.4) and then irradiated on ice (106 cells/mL)
with visible light from a 1000 W halogen lamp (Philips PF811) at a distance
of 33 cm for 15 min, corresponding to 338 kJ/m2 between 400 and 800 nm.
The squaraine dyes were removed by two centrifugation steps and the
cells resuspended in full medium at 1 or 2 3 105 cells/mL. Exponentially
growing AS52 cells attached to culture dishes were exposed similarly
before washing with PBS, detachment by trypsin, centrifugation and
resuspension in cell culture medium.

Damage of bacteria. Approximately 2 3 1010 bacteria were suspended in
40 mL minimal medium (10 g/L K2HPO4, 200 mg/L MgSO4, 2 g/L citric
acid, 50 g/L glucose, pH 7.0). Squaraine dye was added and cells were
illuminated on ice for 5 min with visible light from a 1000 W halogen lamp at
a distance of 33 cm, corresponding to 112.5 kJ/m2 between 400 and 800 nm.

Cytotoxicity testing in AS52 and L5178Y cells and bacteria. After
exposure as described above, L5178Y cells (1.0 or 2.0 3 105 cells/mL)
were kept under growth conditions in full medium for 48 h and counted
again. The number of cells in untreated controls, which corresponded to
approximately four cell doublings, was defined as 100% survival.

In the case of the AS52 cells, 1000 cells were suspended in 25 mL
culture medium and plated on five petri dishes (60 mm). The number of
colonies was counted after 8 days (Giemsa staining) and divided by the
number of plated cells to obtain the cloning efficiency.

Aliquots of the bacteria exposed to the squaraine dyes plus visible light
for various concentrations and illumination times were plated on nutrient
agar. The number of colonies formed after exposure in the dark in the
absence of a dye was defined as 100% survival.

Mutagenicity in AS52 cells. The assay followed basically the protocol of
Tindall et al. (21). AS52 cells were cultured in cleansing medium (culture
medium complemented with 11 lg/mL thymidine, 219 lg/mL xanthine,
22 lg/mL adenine, 1.2 lg/mL aminopterin and 8.8 lg/mL mycophenolic
acid) for 1 week to eliminate spontaneous gpt2 mutants. In all, 0.53 106 cells
were incubated in recovery medium (containing 1.2 lg/mL thymidine, 11.5
lg/mL xanthine and 3 lg/mL adenine) for 48 h. Cells were exposed to
squaraine dyes plus light as described above and subsequently cultured for 1
week (expression time). During this time, exponential growth of the cells was
maintained. Totally, 2 3 105 cells per flask were diluted in 10 mL culture
medium and plated in petri dishes (94 mm). After 2 h, 6-thioguanine was
added to each plate (final concentration 2.5 lg/mL) for selection. Separately,
200 cells were suspended in 5 mL culture medium and plated in petri dishes
(60 mm) without 6-thioguanine. All plates were incubated for 7–9 days. The

medium was replaced by NaCl solution (0.9%, wt/vol), and the cell colonies
were fixed with methanol (2208C) for 15 min and stained with Giemsa (10%
in H2O) for 15 min to quantify the total numbers and the numbers of
6-thioguanine-resistant colonies.
Mutagenicity in bacteria. The general procedure for the handling and

growth of the strains and for the assay of revertants on Vogel Bonner
minimal medium were those of Maron and Ames (23). After exposure of
the bacteria to the squaraine dyes as described above, 2 3 108 bacteria were
plated per culture dish. Mutant colonies were counted after two days.
Induction of micronuclei in AS52 cells. Exponentially growing AS52

cells were exposed to the squaraine dyes as described above and covered
with fresh medium. After incubation for 24 h at 378C, cells were detached
and ;1 3 105 cells were fixed on a microscope slide by cytospin cen-
trifugation and treatment with methanol for 1 h at 2208C. After staining
with Hoechst bisbenzimide 32258 (5 lg/mL, 2–3 min) in PBS (without
Ca21 and Mg21), 2000 cells were examined for the presence of micronuclei
with a fluorescence microscope.
Statistical analyses. Statistical significance was tested by Student’s t-test

if required.

RESULTS

Cytotoxicity of the squaraine dyes

Cytotoxicity in AS52 Chinese hamster ovary cells. To analyze the

cytotoxicity of the squaraine dyes 1–3 with and without irradiation

with visible light from a halogen lamp, the cloning efficiencies of

Chinese hamster ovary AS52 cells exposed to various concen-

trations of the dyes were determined (Fig. 2). The irradiation in the

absence of the dyes had no measurable effect on the cloning

efficiency (data not shown). The presence of 1 lM of the bromo

derivative 1 reduced the colony forming ability to 6% of that of

untreated control cells, whereas in the dark 90% of the cells

remained unaffected at this concentration (Fig. 2A). However,

a significant toxicity in unirradiated cells was observed at higher

concentrations of 1. In principle, similar observations were made in

the case of the iodo derivative 2 (Fig. 2B); however, this dye

showed less cytotoxicity in the dark when compared with the

bromo derivative 1. The cytotoxicity of the nonhalogenated

squaraine dye 3 is shown in Fig. 2C. Compared with 1 and 2,

both the phototoxicity and the toxicity in the dark was reduced.

Nevertheless, the compound is clearly phototoxic, in spite of its

negligible triplet quantum yield (16).

Cytotoxicity in L5178Y mouse lymphoma cells. To examine the

cytotoxicity of the squaraine dyes in a hematopoietic cancer cell

line growing in suspension, L5178Y mouse lymphoma cells were

exposed to various concentrations of the dyes with and without

irradiation, and the proliferation of the cells in full medium was

determined subsequently after extensive washing (24) (Fig. 3). In

the absence of the dyes, the irradiation with visible light had no

detectable effect on the cell proliferation measured after 24 and 48 h

(data not shown). The presence of the bromo derivative 1 or the

iodo derivative 2 reduced the number of cells counted after 48 h

to less than 10% of the controls even at concentrations as low as

0.5 lM (Fig. 3A,B). The cytotoxicity in the dark was very low for

the iodo derivative and more pronounced for the bromo derivative,

as observed for the AS52 cells. The nonhalogenated dye 3 was

much less phototoxic than the halogenated derivatives, whereas its

cytotoxicity in the dark was comparable with that of the iodo

derivative (Fig. 3C).

Cytotoxicity in S. typhimurium TA100 and TA2638. The

phototoxicity of the squaraine dyes in two strains of bacteria,

viz. S. typhimurium TA100 and TA2638, is shown in Fig. 4. The

two strains differ in their capability to repair DNA damage because

Figure 1. Structures of squaraine dyes 1–3. Absorption maxima and
coefficients of the single-deprotonated forms in 20% vol/vol ethanol–water
mixture are indicated in parentheses.
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TA100, in contrast to TA 2638, is deficient in the uvrB gene

required for nucleotide excision repair. The results indicate that the

colony formation was reduced with decreasing efficiency by

squaraine dyes 2 . 1 . 3. Strain TA100 was only slightly more

sensitive than TA2638, indicating that nucleotide excision repair

has little influence and that therefore DNA damage is not a major

mechanism responsible for the cell inactivation. No cytotoxic

effects were observed when the bacteria were exposed to the

squaraine dyes in the dark (data not shown).

Mutagenicity of the squaraine dyes

Mutagenicity in AS52 Chinese hamster ovary cells. The muta-

genicity induced by the squaraine dyes 1 and 2 was measured in

AS52 cells which carry bacterial guanine phosphoribosyl-trans-

ferase (gpt) gene as a selection marker that confers sensitivity to

6-thioguanine. Figure 5 shows the mutagenicity induced by the

squaraine dyes 1 and 2 in these cells. Both derivatives did not

induce mutations in the dark. Under irradiation conditions, there

was a ‘‘borderline’’ mutagenicity, which for the iodo derivative 2
was only observed at the highest, already very cytotoxic

concentration.

Mutagenicity in S. typhimurium TA100 and TA2638. The

results of a his2 reversion test (Ames test) carried out with the

two Salmonella indicator strains TA100 and TA2638 are shown in

Fig. 6. Both squaraine dyes 1 and 2 did not induce mutations in

a broad concentration range tested.

Micronuclei induced by the squaraine dyes

The induction of micronuclei, which contain chromosomal frag-

ments of whole chromosomes separated from the nucleus, is a very

Figure 2. Cytotoxicity of the squaraine dyes 1–3 in AS52 Chinese hamster
ovary cells. Data give the cloning efficiencies (% of controls) after
treatment for 15 min at 08C with various concentrations of the squaraine
dyes with and without visible light from a halogen lamp (337.5 kJ/m2

between 400 to 800 nm). Data points represent the mean of 3–10
independent experiments (6SD).

Figure 3. Cytotoxicity of the squaraine dyes 1–3 in L5178Y mouse
lymphoma cells. Data give the number of cells (% of controls) counted 48 h
after treatment for 15 min at 08C with various concentrations of the
squaraine dyes with and without visible light (337.5 kJ/m2 between 400
and 800 nm). Data points represent the mean of 2–4 independent experi-
ments (6SD).
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sensitive indicator of genotoxicity in vivo and in vitro (25–27), in

particular for compounds that induce DNA strand breaks or mitotic

nondisjuction of chromosomes. Figure 7 shows the numbers of

micronuclei induced by the squaraine dyes 1 and 2 in AS52

cells. Under irradiation conditions, an increase of the micronuclei

frequency was detectable for both the bromo and the iodo

derivatives. Cytotoxicity prevented a scoring of micronuclei at

concentrations higher than 0.7 lM for squaraine 1 and 0.3 lM
for squaraine 2. In the dark, the bromo derivative 1 induced

micronuclei at concentrations higher than 0.3 lM. In contrast, the

iodo derivative 2 did not induce micronuclei in the dark over the

whole concentration range tested.

DISCUSSION

The results demonstrate that the halogenated squaraine dyes 1 and

2 and the (much less pronouced) nonhalogenated dye 3 exhibit

efficient cytotoxicity upon photoexcitation in two different types of

mammalian cell lines. The cytotoxicities of the compounds in the

dark are much lower. The highest therapeutic index—given by the

ratio of concentrations that are equally cytotoxic in the dark and

upon irradiation—is observed for the iodo derivative 2. Upon

irradiation with visible light, but not in the dark, all three dyes 1–3
were found to be also cytotoxic in bacteria.

According to the absorption spectra, the single deprotonated

forms of all three dyes prevail at physiological pH in aqueous

medium and the pK values of 1 and 2 are similar (16).

Mechanistically, the cellular damage may be mediated by singlet

oxygen, which previously has been shown to be generated from the

photoexcited single-deprotonated forms of squaraine dyes 1 and 2
in high quantum yields (0.13 and 0.47 in methanol, respectively)

(16). (The yields from the double deprotonated forms, which are

present to some extent at physiological pH as well, were less than

0.01.) However, the difference of the photocytotoxicity observed

between 1 and 2 (Figs. 2–4) is much smaller than expected from

the 3.6-fold higher singlet oxygen quantum yield of 2 and its 1.5-

fold higher absorption coefficient (16). Deviating photophysical

parameters in the subcellular compartment that is relevant for the

cytotoxicity may be responsible. In addition, direct abstraction of

hydrogen atoms or electrons from cellular constituents (Type I

reaction) may also play a role, as indicated by the phototoxicity of

the nonhalogenated dye 3, which does not generate singlet oxygen

due to its negligible triplet yield (16). Excited singlet states might

be considered as intermediates in this case. For the halogenated

dyes (SqX), the homolysis upon excitation (3SqX ! Sq_þ X_)
or dehalogenation of the radical anion of the dyes (SqX_2 ! Sq_þ
X2) are alternative reactions giving rise to radical intermediates

which subsequently can modify cellular constituents. Indeed, 72%

of the iodo derivative 2 and 38% of the bromo derivative 1 are

decomposed within 30 min of irradiation in aqueous solution at

neutral pH, whereas both compounds are rather stable in the dark

(data not shown).

Figure 4. Toxicity of the treatment with squaraine dyes 1 (s), 2 (n) and
3 (h) plus visible light for S. typhimurium strains TA100 (panel A)
and TA2638 (panel B). Aliquots of the bacteria illuminated with visible light
(112.5 kJ/m2 between 400 and 800 nm) in the presence of various
concentrations of squaraine dyes were plated in complete medium. The
number of colonies formed in the dark in the absence of squaraine dyes was
taken as 100% reference. Data points represent the mean of 2–4
independent experiments (6SD).

Figure 5. Induction of 6-thioguanine-resistant mutants in AS52 cells by
various concentrations of squaraine dyes 1 (panel A) and 2 (panel B) in
the absence and presence of visible light (112.5 kJ/m2 between 400 and
800 nm) at 08C. The data points represent the mean of 2–3 independent
experiments (6SD).
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The squaraine dyes 1 and 2 are only weakly mutagenic in the

S. typhimurium his2 reversion assay (Ames test) in the presence

and absence of light and are weakly photomutagenic in the gpt locus

of AS52 Chinese hamster ovary cells. Photogenotoxicity is more

clearly detectable in the micronucleus test for both squaraine dyes

1 and 2. Interestingly, however, only the bromo derivative 1
induces micronuclei in the dark as well. Therefore, the iodo

derivative 2 appears to be a more suitable candidate for PDT

applications. Taken together, the observation that the squaraine

dyes 1 and 2 exhibit high photocytotoxicity but little photo-

genotoxicity in living cells indicates that the reactive species

produced by these dyes preferentially target cellular components

other than DNA. Similar observations have been described for

many other Type II and Type I photosensitizers such as acriflavine,

phthalocyanines and porphyrins, riboflavin (28–32) and also for

pure singlet oxygen (33), whereas photoinduced covalent binding

of compounds to DNA as in the case of psoralens can be associated

with a more pronounced mutagenicity (34,35).

In summary, the results described here suggest that the halogen-

substituted squaraine dyes 1 and 2 are promising sensitizers for

photodynamic therapeutical applications, and the dyes based on

squaraine moieties are worth exploring further for their potential

applications.
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