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Metal complexes constitute an attractive class of compounds for applications in medicinal
chemistry and chemical biology due to features such as unusual reactivities, tunable ligand
exchange kinetics, stereochemical diversity, structural complexity, the availability of
radioisotopes, and distinct physicochemical properties.[1] However, it is remarkable that
although the discovery of the antiproliferative activity of cis-[PtCl2(NH3)2] dates back
almost half a century,[2] cisplatin and its derivatives remain the most important metal-based
anticancer drugs used in the clinic at the present day.[3] In the quest for a new generation of
metal-containing anticancer agents we here wish to report a class of rhenium(I) complexes
as highly potent visible-light-triggered anticancer organometallics.

We discovered that rhenium(I) indolato complexes 1-3 provoke a strong light-induced
antiproliferative activity in cancer cells (Figure 1). This is unexpected since the related class
of rhenium(I) tricarbonyl polypyridine complexes (e.g. 4) are well-established nontoxic
luminescent probes routinely applied for biological imaging.[4] Thus, replacing just the 2,2′-
bipyridine in 4 for 2-(2′-pyridyl)indolato and its derivatives (1-3) completely changes the
physicochemical and biological properties of such rhenium(I) complexes by abolishing
luminescence and instead causing light-induced anticancer activity.[5]

Figure 2 displays the structure of a benzylated derivative of rhenium(I) complex 1 in which
rhenium is coordinated in a bidentate fashion to a pyrido[2,3-a]pyrrolo[3,4-
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c]carbazole-5,7(6H)-dione[6] ligand through a deprotonated indole, in addition to three CO
and one pyridine ligand.

Astonishingly, whereas in the dark complex 1 does not exert any significant cytotoxicity in
HeLa cancer cells with an EC50 (half maximum effective concentration) value of around
100 μM, when irradiated with visible light (λ ≥ 505 nm) the 50 % cellular survival dropped
to 100 nM, representing a remarkable light effect by three orders of magnitude (Figure 3).
This light-triggered antiproliferative activity is due to an induction of apoptosis as revealed
by the activation of the executioner caspases 3 and 7 and an increasing number of cells in
the sub-G1 phase upon green light exposure in the presence of 1 (see Supporting
Information).

The wavelength-dependent bioactivity of complexes 1-4 is shown in Figure 4. Whereas the
luminescent 2,2′-bipyridine complex 4 does not display any photoinduced cytotoxicity even
under exposure to UV-light (λ ≥ 330 nm), complexes 2 and 3 induce cell death upon
irradiation with UV and blue light, and complex 1 is even capable of activating cell death
with green light (λ ≥ 505 nm). Thus, the stepwise expansion of the pyridocarbazole
chromophore from complex 3 to 1 shifts the light-induced antiproliferative activity to longer
wavelengths which is desired for phototherapy because it allows a deeper tumor penetration.
This trend parallels the longest wavelength absorption band of the complexes 1-4 as shown
in Figure 5.

To gain insight into the mechanism of action of these novel photoactivatable rhenium
organometallics, we investigated changes in the cellular morphology upon exposure to
complex 1 in the presence of visible light. Accordingly, HeLa cells were preincubated with
1 at 1 μM and thereafter irradiated with a standard LED light source (7 W) for 15 min. As
documented by fluorescence and phase contrast microscopy in Figure 6, a very rapid
response of the cells to phototherapy was observed. Already half an hour after exposure to
visible light, a pronounced blebbing of the plasma membrane occurred followed by the
formation of large blebs after an additional hour. Interestingly, a similar surface remodeling
with an appearance of blebs on the outer membrane was reported by Moan et al. after the
treatment of NHIK 3025 cancer cells with the well-established singlet oxygen
photosensitizer haematoporphyrin.[7]

Since the microscopy study suggested that the organorhenium complex 1 might induce
apoptosis through the production of singlet oxygen, we determined the light-induced
formation of singlet oxygen with complexes 1-4 and, revealingly, found a correlation
between the irradiation-dependent production of singlet oxygen of the rhenium complexes
and their photocytotoxicities (Figure 7). We next reasoned that if indeed singlet oxygen is
responsible for the induction of apoptosis, an antioxidant should suppress the light-induced
cell death. This is in fact the case as shown in Figure 8. Preincubation of HeLa cells with the
membrane-located natural antioxidant α-tocopherol (vitamin E)[8] ahead of the
administration of complex 1 (1 μM) and light exposure, resulted in a dose-dependent increase
of cell survival with reaching 26 ± 15 % at 50 μM and 67 ± 16 % at 200 μM α-tocopherol
compared to a cell survival of just 4 ± 4 % in the absence of the antioxidant (Figure 8).

Taken together, these experiments not only explain the photocytotoxicity of rhenium
complex 1 but also indicate a location inside the membrane. In this case, lipid peroxidation
and/or other types of oxidative cell membrane damage constitute a probable explanation for
the observed cellular effects.[10] This assumption is supported by the absent
photocytotoxicity of complex 4 despite its ability to produce singlet oxygen upon exposure
to UV-light because its positive charge will prevent a localization at the plasma membrane
(Figures 4 and 7). Finally this emphasizes the importance of the neutral character of
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complexes 1-3 for the photocytotoxic effect. In fact, membrane localization is a common
feature of the most successful photosensitizers used in photodynamic therapy (PDT).[11] The
advantage of membrane localization is a very rapid and direct activation of apoptosis
without the need for intermediate signal transduction pathways that might be inactivated in
certain neoplastic cells.

Since one promising field of application in photodynamic therapy is the treatment of skin
cancer, we finally examined the light induced antiproliferative effect of complex 1 in
melanoma spheroids.[12] Accordingly, 1 (5 μM) was incubated with the spheroids for 1 h
before irradiation. To increase the effect, irradiation was repeated on the next day and
images were taken 24 h after the second stimulation. The results shown in Figure 9 exhibit
that the photocytotoxicity already demonstrated in 2D culture experiments is maintained in
3-dimensional organized cells, as indicated by an increase in dead cells (red fluorescence)
and loss of spheroid integrity on the edges.

Obvious advantages of photodynamic therapy, such as a spatially controlled cytotoxicity and
a low risk of resistance development, have made it an attractive alternative to conventional
chemotherapy during the last two decades.[13] With this study we introduced a novel class of
photosensitizers quite different to the well established scaffolds based on porphyrins,
porphycenes or phthalocyanines but still fulfilling the main criteria suitable for
photodynamic therapy, which include the light-dependant generation of singlet oxygen, no
cytotoxicity in the dark, stability under physiological conditions, and an excitation
wavelength in the upper range of visible light. According to our knowledge, these are the
first examples of rhenium complexes with a proven in vitro light-induced anticancer
activity.[14,15] Finally, it is worth noting that the here disclosed visible-light-induced
anticancer rhenium(I) complex 1 is based on a metallo-pyridocarbazole scaffold previously
used for the design of metal-containing protein kinase inhibitors.[16] Work is ongoing in our
laboratory to combine photodynamic therapy activity with the inhibition of protein kinases
involved in cancer, thus creating complementary, dual anticancer activity in a single
compound.[17]

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
From luminescent to light-induced anticancer Re complexes. See Supporting Information for
the synthesis of the new complexes 1-3.
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Figure 2.
Crystal structure of the N-benzylated derivative of Re complex 1. ORTEP drawing with 50
% probability thermal ellipsoids. Solvent is omitted for clarity.
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Figure 3.
Visible-light-induced antiproliferative activity of rhenium complex 1 in HeLa cancer cells.
Experimental details: 1 h after the addition of 1, cells were irradiated for 60 min with λ ≥
505 nm. The cytotoxicity was determined after additional 22 h by MTT assay. Standard
deviations result from two independent experiments with overall 18 data points for each
compound concentration.
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Figure 4.
Wavelength-dependent photoactivity of Re complexes 1-4 in HeLa cells. Complexes (1 μM)
were incubated for 1 h before irradiation (15 min for λ ≥ 330 nm, 60 min for λ ≥ 415 nm
and λ ≥ 505 nm) and 24 h after compound administration cell survival was determined by
the MTT assay. The presented data are based on the average of 18 measurements.
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Figure 5.
UV/Vis-absorbance of Re complexes 1-4 measured in DMSO (60 μM).
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Figure 6.
Morphological changes of HeLa cells upon exposure to visible light in the presence of
organorhenium complex 1. HeLa cells were incubated with 1 (1 μM) for 1 h before
irradiation with a 7 W LED light source (15 min). a) 1 h after administration of 1; b) 60 min
after irradiation without 1; c) 30 min and d) 120 min after irradiation in the presence of 1. To
highlight alterations of the cell membrane (red fluorescence) and the nuclei (blue
fluorescence), cells were stained with the fluorescent dyes Alexa Fluor 594 wheat germ
agglutinin and 4′,6-diamidino-2-phenylindole. Show are overlays of fluorescence and phase
contrast images taken with a 63× lens setting.
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Figure 7.
Singlet oxygen production of rhenium complexes 1-4 (50 μM) in PBS/DMSO 1:1. Singlet
oxygen was determined according to a method by Kraljić and El Mohsni (ref. 9) using the
redox-sensitive dye p-nitrosodimethylaniline (50 μM) in the presence of imidazole in the
dark and after 30 min irradiation with cut-on filters of different wavelengths. The bars
indicate the average values of six data points.
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Figure 8.
Influence of α-tocopherol on the photoinduced cytotoxic effect of complex 1. HeLa cells
were cultured in the presence of α-tocopherol for 24 h and afterwards treated with complex
1 (1 μM) for 1 h followed by irradiation with λ ≥ 505 nm for 30 min. Cell survival was
determined the next day by the MTT method. Error bars indicate standard deviations of 18
data points determined in two independent experiments.
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Figure 9.
Photodynamic treatment of 1205Lu melanoma spheroids embedded in collagen with 5 μM of
complex 1. Complex 1 was added to the spheroids 1 h before irradiation with a 7 W LED
light source for a duration of 60 min. After one day, irradiation was repeated and another 24
h later spheroids were stained for live (green fluorescence) and dead (red fluorescence) cells,
documented by fluorescence microscopy (4× or 10× lens setting). a) Irradiated DMSO
control; b) 5 μM 1, no irradiation; c) 5 μM 1, irradiated.
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