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Abstract: The photosensitized generation of singlet oxygen
within tumor tissues during photodynamic therapy (PDT) is
self-limiting, as the already low oxygen concentrations within
tumors is further diminished during the process. In certain
applications, to minimize photoinduced hypoxia the light is
introduced intermittently (fractional PDT) to allow time for
the replenishment of cellular oxygen. This condition extends
the time required for effective therapy. Herein, we demon-
strated that a photosensitizer with an additional 2-pyridone
module for trapping singlet oxygen would be useful in
fractional PDT. Thus, in the light cycle, the endoperoxide of
2-pyridone is generated along with singlet oxygen. In the dark
cycle, the endoperoxide undergoes thermal cycloreversion to
produce singlet oxygen, regenerating the 2-pyridone module.
As a result, the photodynamic process can continue in the dark
as well as in the light cycles. Cell-culture studies validated this
working principle in vitro.

Photodynamic therapy has, for some time, been considered
a promising method for the treatment of various cancers.[1]

The therapeutic procedure involves the photosensitized
generation in tumor tissues of singlet oxygen, which is
cytotoxic and has a short lifetime, increasing the chances of
selective action. There are other aspects of photodynamic
therapy (PDT) which makes it appear truly promising, such as
an enhanced immune response following a PDT session.[2]

Nevertheless, clinical application of PDT seems to limited
mostly to superficial lesions.[3] One reason for the limited
application of the method is the fact that PDT requires
oxygen, but most tumors develop regions of severe hypoxia
where photosensitized singlet oxygen generation would not
be expected.[4] More problematic is the fact that PDT itself, by

rapidly using intracellular oxygen reserves, creates acute
hypoxia.[5] Many studies suggest that fractional (intermittent)
delivery of light might be a better approach to PDT.[6] Thus,
between irradiation periods, time is allocated for the replen-
ishment of intracellular oxygen.

Considering the fact that singlet oxygen is the ultimate
cytotoxic agent required for effective PDT, we thought of
using chemically generated singlet oxygen for the dark period
of fractional PDT, where photosensitized generation is not
possible. In fact, it would be highly interesting to combine
a photosensitizer and a chemical source of singlet oxygen in
a single molecule.

The endoperoxides of 2-pyridone and derivatives have
been recognized as reliable chemical sources of singlet oxygen
as they undergo clean (no side reactions) cycloreversion
reactions to release singlet oxygen with very high yields.[7–9] In
fact, it has been already reported that singlet oxygen
produced by the thermal decomposition of 2-pyridone
endoperoxides lead to cell death by a process resembling
apoptosis in cancer cell cultures.[10] In addition, phthalocya-
nine[11] and porphyrin endoperoxide[12] derivatives were
reported where the endoperoxides are obtained by self-
photosensitization. Thus, it is evident that a rationally
designed bifunctional photosensitizer/2-pyridone conjugate
may be an optimal agent for a novel approach to fractional
photodynamic therapy. 2,6-Dibromo (and iodo) distyryl
BODIPY derivatives (BODIPY= boron–dipyrromethene)
were shown[13–16] to be promising long-wavelength sensitizers
of molecular oxygen. In addition, the versatility of the
chemistry of BODIPY derivatives has led to the employment
of these molecules more and more frequently in the develop-
ment of novel strategies towards the improvement of PDT.[17]

Based on these considerations, we designed a bifunctional
compound to meet the requirements for enhanced fractional
photodynamic therapy. The operation principle for the
generation of singlet oxygen is shown in Figure 1. When
excited at l = 650 nm, the upper dye molecule in the figure
(Pyr 6) is expected to generate singlet oxygen, and some of it
will be “stored” in the form of a 2-pyridone endoperoxide
(EPO 7). When the irradiation is turned off, as it would be in
fractional PDT (for the replenishment of intracellular
oxygen), the 2-pyridone-endoperoxide (EPO 7) will undergo
thermal cycloreversion producing singlet oxygen in the
absence of light.

The syntheses of the target compounds are shown in
Scheme 1. The key step is the functionalization of 2-pyridone
with an arylaldehyde group. The aldehyde functionality
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provides easy access to BODIPY structures, and in this case
we were able to obtain compound 4 in good yields.
Bromination with N-bromosuccinimide (NBS) affords com-
pound 5. In 5, the presence of the heavy bromine atoms
facilitated intersystem crossing, which is essential for photo-
sensitized singlet oxygen generation. Next, to shift the
absorption maximum of the BODIPY chromophore to
a region more relevant for PDT, compound 5 was reacted

with p-methoxybenzaldeyde to form compound 6. The
distyryl–BODIPY compound 7 was formed after irradiation
of 6 in the presence of methylene blue. Compound 7 has an
absorption maximum at l = 667 nm at the red region of the
visible spectrum, with an extinction coefficient of
74200 cm¢1m¢1.

We first set out to demonstrate the reversibility of the
transformation between the pyridone (PYR 6) and the
endoperoxide (EPO 7). Fortunately, the 1H NMR spectra of
the two compounds have well-resolved characteristic signals
for both the PYR and EPO forms. Partial 1H NMR data are
shown in Figure 2. The triplet at d = 6.25 ppm is attributable
to a proton on the pyridone ring and the AB system between
4.6 and 4.9 ppm, an indicator of endoperoxide formation, is
attributable to N-CH2 protons. Spectrum A is the partial
1H NMR spectrum (showing the d = 4.4–6.4 ppm region) of
compound 6, or the PYR form.

Figure 1. Singlet oxygen generation achieved first by irradiation of
bifunctional compound 6 at l = 650 nm, and subsequently by thermal
cycloreversion in the dark. The cycles can be repeated indefinitely.

Scheme 1. Synthesis of the target pyridone (6) and endoperoxide (7)
derivatives. DCM = dichloromethane; TFA = trifluoroacetic acid; TEA=
triethylamine; p-chloroanil = tetrachloro-p-benzoquinone.

Figure 2. Top: Partial 1H NMR spectra (CDCl3 ; 37 88C) demonstrating
the reversibility of the interconversion between compound 6 (PYR) and
compound 7 (EPO). Spectrum A shows the partial NMR spectrum of
the sample (PYR 6) recorded at 0 min. Spectrum B is that of the
sample after irradiation at l=650 nm for 15 min in the NMR tube,
forming EPO 7 (a very weak stream of oxygen was bubbled through
the sample throughout the experiment). The other spectra were
recorded at 15 min intervals in the dark at 37 88C. Bottom: Relative
percentages of 6 and 7 present during the conversion between the two
forms. The conversion process was monitored by measuring the
integrated peak areas for the characteristic NMR signals of each form.
Relative percentages of both forms (corresponding to the upper NMR
spectra) are given in the table under the plot.
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The 1H NMR spectrum of EPO 7 in the same region is
presented in Figure 2 (top) as the other reference spectrum
(spectrum B). This spectrum is obtained by irradiation of
compound 6. When the irradiation was stopped and the
solution kept in the dark at 37 88C, the spectra gradually
evolved from spectrum B to F. At that point, the NMR tube
was irradiated again for a short time, which clearly regen-
erated unmistakable resonance signals for the endoperoxide
(such as the AB system around d = 4.75 ppm). Thus, it is clear
that interconversion between the two forms occurred as long
as there was dissolved oxygen present during the irradiation.

The formation of singlet oxygen was further studied using
the selective singlet-oxygen trap molecule 1,3-diphenyliso-
benzofuran (DPBF). Under irradiation with an LED array at
l = 650 nm, halogenated distyryl–Bodipy sensitizes ground-
state molecular oxygen to generate singlet oxygen. The trap
molecule reacts with the singlet oxygen, resulting in a decrease
in the absorbance of DPBF at l = 416 nm. As mentioned
earlier, during this light cycle the molecule is transformed
from the PYR form into the EPO form. When the irradiation
at l = 650 nm is switched off, the EPO form gradually
cycloreverts to the PYR form, generating simultaneously
singlet oxygen in the dark cycle. The results of this experiment
and that of the control, which is the trap compound DPBF (in
DMSO) subjected to the dark and light cycles, are shown in
Figure 3.

The performance of the bifunctional photosensitizer was
also studied in HeLa (human cervical cancer cell line) cell
cultures. Our expectation was that EPO 7 would be a more
effective cytotoxic agent compared to a simple photosensi-
tizer in when employed in the dark–light cycle regime (as is
done in fractional PDT). Since the apoptotic response is time-
dependent, a more fair comparison would be to compare the
effects of PYR and EPO. Since both compounds had very
limited water solubility, the non-ionic surfactant cremo-
phor EL was used to deliver the agents within a micellar

structure. Micelles were prepared following literature proce-
dures.[17c] The size distribution of the micelles was studied by
using dynamic light scattering, which showed that the average
size of the micelles carrying embedded 7 or 8 is about 50 nm.
HeLa cells were incubated with complete DulbeccoÏs modi-
fied EagleÏs medium (DMEM) under environmental condi-
tions of 37 88C, 5% CO2, and 60% humidity. Cells were
exposed to varying concentrations of the compounds in
cremophor EL micelles (9 nm–2.5 mm) and illuminated with
a red light source (l = 655 nm LED array, 324 mmolm¢2 s¢1

photon flux) for 10 min in every one hour, which was repeated
24 times. Thus, the total illumination time was exactly 4 h.
This 24 h period of light–dark cycles was then followed by
a 24 h incubation period in the dark (total 48 h). The control
group of cells were incubated in the dark for 48 h under
identical environmental conditions. MTT assays were per-
formed to assess cell viability and cytotoxicity (Figure 4). It

was found that even low doses of compound 7 (EPO) results
in a significant decrease of the cell viability. The CC50 values
(50 % cytotoxic concentration) of the compounds both in the
dark and after irradiation were estimated by fitting a model
with nonlinear regression. The CC50 value of compound 7
(EPO) was found to be significantly less than that of 6 (PYR)
after intermittent illumination of both (approximately 8.6 nm
versus 49.0 nm). This result validates our design as it suggests
that initial EPO cycloreversion results in a large difference in
singlet oxygen generation when followed by the application of
a light–dark cycle. Additionally, when considering the
reported CC50 values, EPO 7 is, as expected, much more
active as a photosensitizing cytotoxic agent compared to
previously reported Bodipy-based long-wavelength photo-
sensitizers which do not have reversible singlet-oxygen
storage modules.[1f]

In this proof-of-principle study, we have prepared a bifunc-
tional photosensitizer to improve fractional PDT. We dem-
onstrated that continuous release of singlet oxygen from the

Figure 3. Decrease in the absorbance (at l =416 nm) of the trap
compound DPBF in the presence (blue line) and the absence (green
line; i.e. trap compound DPBF alone) of the EPO/PYR agent (6/7). The
reaction was carried out at 37 88C in DMSO. White bars correspond to
the periods of irradiation (L, light cycles) which was carried out using
a red LED array irradiating at l = 650 nm for 30 s. Black bars (D, dark
cycles) correspond to the dark periods, where both solutions were kept
in the dark for 30 min. A gentle stream of oxygen was bubbled through
the reaction and control samples. There is a slight decrease in the
absorbance of the control in the light cycle as expected, but no
significant change takes place in the dark.

Figure 4. Cell viabilities as determined by MTT assays. Data labeled as
“light” refers to results obtained when indicated concentrations of
micelle-delivered agents PYR (6) and EPO (7) were exposed to cycles
of light (l=655 nm, 10 min) and dark (50 min) with a total of 4 h of
light exposure, followed by 24 h of incubation in the dark. The label
“dark” indicates compounds which had been incubated in the dark
only for 48 h.
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photosensitizer can be achieved in both light and dark cycles,
leading to significant differences in cytotoxic activity in cell
culture studies compared to conventional PDT agents. We
propose that when the system is applied in vivo, while the
oxygen levels in the tumor tissues are replenished for the next
round of photosensitized singlet oxygen generation, thermal
cycloreversion will continue to produce singlet oxygen in
dark, without consuming molecular oxygen. Considering the
fact that tumor hypoxia and PDT-induced hypoxia are major
problems hindering the broader applicability of PDT, we are
confident that bifunctional PDT agents will have a promising
future.
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[17] a) S. Kolemen, M. Işık, G. M. Kim, D. Kim, H. Geng, M.
Buyuktemiz, T. Karatas, X. F. Zhang, Y. Dede, J. Yoon, Angew.
Chem. Int. Ed. 2015, 54, 5340 – 3344; Angew. Chem. 2015, 127,
5430 – 5434; b) S. Erbas-Cakmak, E. U. Akkaya, Angew. Chem.
Int. Ed. 2013, 52, 11364 – 11368; Angew. Chem. 2013, 125, 11574 –
11578; c) Y. Cakmak, S. Kolemen, S. Duman, Y. Dede, Y. Dolen,
B. Kilic, Z. Kostereli, L. T. Yildirim, A. L. Dogan, D. Guc,
Angew. Chem. Int. Ed. 2011, 50, 11937 – 11941; Angew. Chem.
2011, 123, 12143 – 12147; d) S. G. Awuah, S. K. Das, F. D’Souza,
Y. You, Chem. Asian J. 2013, 8, 3123 – 3132; e) J. F. Lovell, T. W.
Liu, J. Chen, G. Zheng, Chem. Rev. 2010, 110, 2839 – 2857.

Received: December 7, 2015
Published online: January 22, 2016

Angewandte
ChemieZuschriften

2928 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 2925 –2928

http://dx.doi.org/10.1039/cs9952400019
http://dx.doi.org/10.1021/cr900300p
http://dx.doi.org/10.1016/S1470-2045(04)01529-3
http://dx.doi.org/10.1038/nrc1071
http://dx.doi.org/10.1038/nrc1071
http://dx.doi.org/10.1039/C2CS35216H
http://dx.doi.org/10.1021/ja0528533
http://dx.doi.org/10.1021/ja0528533
http://dx.doi.org/10.1038/nrc1894
http://dx.doi.org/10.1038/nrc1894
http://dx.doi.org/10.1038/sj.bjc.6604059
http://dx.doi.org/10.1038/sj.bjc.6604059
http://dx.doi.org/10.1038/sj.bjc.6600864
http://dx.doi.org/10.1177/153303460500400308
http://dx.doi.org/10.1016/j.jphotobiol.2010.07.002
http://dx.doi.org/10.1016/j.jphotobiol.2010.07.002
http://dx.doi.org/10.1016/S0161-5890(03)00083-X
http://dx.doi.org/10.1002/anie.201500478
http://dx.doi.org/10.1002/ange.201500478
http://dx.doi.org/10.1039/C4AN01934B
http://dx.doi.org/10.1021/ja105937q
http://dx.doi.org/10.1021/ja105937q
http://dx.doi.org/10.1038/nmat2509
http://dx.doi.org/10.1038/nature04871
http://dx.doi.org/10.1038/nature04871
http://dx.doi.org/10.1038/ncomms6834
http://dx.doi.org/10.1038/ncomms6834
http://dx.doi.org/10.1038/sj.bjc.6602527
http://dx.doi.org/10.1038/sj.bjc.6602527
http://dx.doi.org/10.1016/j.jphotobiol.2009.04.001
http://dx.doi.org/10.1016/j.jphotobiol.2009.04.001
http://dx.doi.org/10.1038/bjc.1996.51
http://dx.doi.org/10.1038/bjc.1998.231
http://dx.doi.org/10.1038/bjc.1998.231
http://dx.doi.org/10.1158/1078-0432.CCR-07-1561
http://dx.doi.org/10.1158/1078-0432.CCR-07-1561
http://dx.doi.org/10.1002/lsm.20951
http://dx.doi.org/10.1039/b923630a
http://dx.doi.org/10.1039/b414845b
http://dx.doi.org/10.1039/b414845b
http://dx.doi.org/10.1039/c2cc35621j
http://dx.doi.org/10.1039/c2cc35621j
http://dx.doi.org/10.1021/ar010086g
http://dx.doi.org/10.1021/jm4016137
http://dx.doi.org/10.1021/jm4016137
http://dx.doi.org/10.1042/BJ20042067
http://dx.doi.org/10.1016/j.cellbi.2008.08.008
http://dx.doi.org/10.1016/j.cellbi.2008.08.008
http://dx.doi.org/10.1039/c2ob26236c
http://dx.doi.org/10.1039/c1pp05014a
http://dx.doi.org/10.1111/j.1751-1097.1997.tb03195.x
http://dx.doi.org/10.1016/j.jphotochem.2013.03.003
http://dx.doi.org/10.1039/C4CP05025H
http://dx.doi.org/10.1002/chem.201405450
http://dx.doi.org/10.1021/jm901823u
http://dx.doi.org/10.1021/jm901823u
http://dx.doi.org/10.1021/ol2014076
http://dx.doi.org/10.1021/cr078381n
http://dx.doi.org/10.1039/c2ra21404k
http://dx.doi.org/10.1039/C4RA08654F
http://dx.doi.org/10.1021/jm4012142
http://dx.doi.org/10.1039/b908485a
http://dx.doi.org/10.1002/anie.200702070
http://dx.doi.org/10.1002/ange.200702070
http://dx.doi.org/10.1002/ange.200702070
http://dx.doi.org/10.1002/anie.201411962
http://dx.doi.org/10.1002/anie.201411962
http://dx.doi.org/10.1002/ange.201411962
http://dx.doi.org/10.1002/ange.201411962
http://dx.doi.org/10.1002/anie.201306177
http://dx.doi.org/10.1002/anie.201306177
http://dx.doi.org/10.1002/ange.201306177
http://dx.doi.org/10.1002/ange.201306177
http://dx.doi.org/10.1002/anie.201105736
http://dx.doi.org/10.1002/ange.201105736
http://dx.doi.org/10.1002/ange.201105736
http://dx.doi.org/10.1002/asia.201300855
http://dx.doi.org/10.1021/cr900236h
http://www.angewandte.de

