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We propose to overcome oxygen deficiency and light attenuation
problems in photodynamic therapy (PDT), by separating photo-
excitation and singlet oxygen delivery of the PDT process into
two distinct operations to be carried out sequentially, at different
locations. We now demonstrate the viability of this approach, using
2-pyridone derivative which yields a relatively stable endoperoxide.
The initial storage endoperoxide obtained is transformed enzymati-
cally into a more labile compound when placed in hypoxic cell
cultures, and releases singlet oxygen significantly faster. The potential
of this approach in advancing PDT beyond its current limits is exciting.

More than 100 years after its initial discovery," clinical applica-
tions of photodynamic Therapy (PDT) are still highly limited.
The fact that two of the critical components of PDT, namely
oxygen and light, are very difficult to bring together inside a
tumour, regardless of the wavelength of the irradiation are the
two main reasons. While recent years witnessed an impressive
rise in the interest in photodynamic action and its control,” the
troublesome issues of light penetration and tumour hypoxia
continue to block further progress.

We are interested in transforming PDT into a broadly
applicable therapeutic protocol.® Our approach to achieve that
is to separate the photosensitization event from the delivery of
singlet oxygen, which is widely believed to be the primary
cytotoxic agent of PDT. Thus, a “storage”” compound for singlet
oxygen has to be designed,” which can react with molecular
oxygen under typical photosensitization conditions, without any
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limitation on the wavelength of irradiation, since it is to be
carried out ex situ, and then, the metastable product has to be
transferred to the tumour site where it would release its cargo,
preferably in response to a cancer related chemical or enzymatic
cue. This approach postulates that singlet oxygen produced
stoichiometrically (as opposed to catalytically through photo-
sensitization) by the chemical transformation of the carrier
molecule, would be sufficient to trigger apoptotic response in
cancer cells. While to the best of our knowledge, there is no data
concerning the value of intracellular quantum yields of singlet
oxygen generation by any photosensitizer, a reasonable comparison
of the photochemically generated singlet oxygen versus that from
endoperoxide decomposition is to be found in one of our earlier
studies.’” Using a bimodular compound (thus, ensuring equal
concentrations of the photosensitizer and the endoperoxide), it
was shown that the initial relative rate of the singlet oxygen
generation by photosensitization is only 60-fold faster compared
to the endoperoxide-released singlet oxygen, even in oxygen-
saturated DMSO. The quantum yield of the intracellular photo-
sensitized singlet oxygen generation is expected to rapidly approach
zero, as cellular hypoxia becomes more severe.

As for the singlet oxygen storage in the first stage, we
considered various options such as arenes, 2-pyridone and furan
derivatives. They all form endoperoxides of varying thermal
stabilities when reacted with singlet oxygen generated by photo-
sensitization. Most of these endoperoxides release singlet oxygen
when they undergo cycloreversion. A few years ago, we demon-
strated that photothermally generated singlet oxygen from
anthracene endoperoxides attached to gold nanorods clearly
led to apoptosis in cancer cell cultures.*® Since endoperoxide
decomposition rates generating singlet oxygen show a wide
variation depending on the kind of arene, and substituent-
related stereoelectronic factors, we believe that it is possible to
control and alter singlet oxygen generation rates by structural
(chemical) changes which can be induced in vivo. This could
regenerate singlet oxygen, in principle, where it is needed with-
out oxygen or light (Fig. 1).
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Fig.1 2S-PDT may circumvent the problems of light attenuation and
oxygen deficiency in tumours, which currently limit clinical applications of
PDT. Photosensitization (Stage 1) is carried out ex situ, or in vitro, so the
wavelength of excitation is not relevant, as long as the cycloaddition
reaction proceeds with good yields. The endoperoxide product (storage
compound) is then to be transferred to the target, where it is bioreduc-
tively changed (Stage Il) into a more labile version of itself, at that point
rapidly releasing singlet oxygen in the hypoxic region of a tumour.

Cellular targets

2-Pyridone endoperoxides were previously studied by us®”
and others® and known to be reliable sources for singlet oxygen.
The cycloreversion is slower when the pyridone ring is substituted,
and electron withdrawing substituents also decrease the reaction
rate.”” A relatively straightforward approach to stabilize pyridine
endoperoxides would be placing an acyl substituent on the
pyridone nitrogen. It would be crucial to choose this substituent
such that it could be removed under conditions unique to the
tumour microenvironment. For example, hypoxia activated
prodrugs® or hypoxia probes’ make use of the reductive environ-
ment of the hypoxic tumour cells with the catalytic activity of
nitroreductase enzymes.® Nitroreductase was found to be upregu-
lated and active in cancer cells under hypoxic conditions.’ It
is well known that formation of a labile 4-aminobenzyloxy
moiety, triggers a rapid bond cleavage via azaquinone methide
elimination.'® With these considerations, we targeted the synthesis
of N{(pNZ)-2-pyridone endoperoxide 1, with an expectation that the
cycloreversion of the pNZ-protected endoperoxide should be slower
(Fig. 2) compared to the parent compound due to the electron-
withdrawing effect of the carbamate group. The pNZ protecting
group can easily be removed under bioreductive conditions of
tumour hypoxia."" Synthesis procedures and additional data are
available in the ESL}

In order to validate our design, we studied the rate of
cycloreversion of endoperoxide 1 at 37 °C. Cycloreversion reac-
tion can be followed by "H NMR (ESI). We determined that
the half-life of the pNZ-endoperoxide 1 was 5.5 times larger
compared to the parent pyridone endoperoxide 2, which is to be
produced by the action of nitroreductase on 1 under hypoxic
conditions. This difference in the reaction rates is large enough
to have a differential impact in their activity against the cancer
cells. We also determined singlet oxygen mediated cytotoxicity
of the target endoperoxide under normoxic and hypoxic condi-
tions; MCF7 breast cancer cells were placed in a humidified
modular incubator chamber containing 0.5% O,, 5% CO, and
94.5% N, (v/v).
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Fig. 2 Hypoxia mediated activation of the endoperoxide 1. pNZ-
protected 2-pyridone-endoperoxide 1 cycloreverts to the parent
compound 3 with half-life of 7.1 hours at 37 °C. In cell cultures under
hypoxic conditions, a pNZ group is reductively eliminated. The resulting

pyridone endoperoxide 2, decomposes more than 5-fold faster to release
singlet oxygen.

Control cells were incubated under identical conditions for
the same duration, but in normoxia. Subsequently, a hypoxic
group of cells were incubated 24 h further under conditions of
hypoxia, whereas, the normoxic group of cells was kept under
normoxic conditions for the same period of time. Both the
normoxia group and the hypoxia group (at the end of the
pre-hypoxia period) of the cells were treated with varying
concentrations of endoperoxide 1. The hypoxia group of cells
was incubated further under conditions of hypoxia with endo-
peroxide 1; while the normoxia group of cells was incubated
further under conditions of normoxia with endoperoxide 1 for
24 h. Glutathione (GSH) is a chemical and physical quencher
of singlet oxygen" and protects against its cytotoxic damage.
r-Buthionine-sulfoximine (BSO) is an inhibitor of GSH
synthesis, targeting y-glutamylcysteine synthetase.'® Inhibition
of its activity by BSO, sensitizes breast cancer cells to oxidative
stress. Treatment of MCF7 cells with 100 pM BSO has been
shown to reduce the glutathione content by approximately
55%."* Therefore, we utilized BSO to inhibit GSH activity in
MCF?7 cells. For this reason, in another set of experiments, we
also treated MCF7 cells with varying concentrations of endo-
peroxide 1 in the presence of 100 uM BSO under conditions of
hypoxia, in order to better demonstrate selectivity to be
achieved in hypoxic conditions in a BSO/singlet oxygen dual
action scheme, mimicking multi-drug combination therapeutic
protocols. The results of each of the groups (normoxia, hypoxia
and hypoxia + BSO) were normalized to untreated negative
control samples in either normoxic, hypoxic or hypoxic + BSO
conditions (100% in Fig. 3). Therefore, the effects of hypoxic
conditions or BSO treatment (without endoperoxide 1 treat-
ment) alone on the cells could be eliminated, and the results
revealed by the MTT assay data were just due to the action of
endoperoxide 1. While there is some cytotoxicity of endoper-
oxide 1 even under normoxic conditions (at higher dose)
(Fig. 3), the cytotoxicity is more pronounced under hypoxic
conditions. At 66.7 uM endoperoxide 1 concentration, the cell
death percentage is 23.1% under normoxia, whereas under
hypoxia the cell death jumps to 34.2%, and with the BSO

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Cell viabilities of MCF7 breast cancer cells were evaluated with

the MTT assay after 24 hours of treatment with varying concentrations of
compound 1 under either normoxia or hypoxia (with or without BSO); and
normalized cell numbers are shown (mean 4 SD). (B) ICsq values of
compound 1 under either normoxic or hypoxic (with or without BSO)
conditions are shown. Blue bar corresponds to normoxic conditions, red
bar corresponds to hypoxic conditions; whereas orange bar corresponds
to hypoxic conditions with 100 pM BSO.

addition the cell death reaches 50.2% (Fig. 3). We determined
the ICs, values of endoperoxide 1 under either normoxic or
hypoxic conditions (with or without BSO) to be (IC5o[normox]:
162 uM, IC50[hypox]: 91 uM, ICso[hypox + BSO]: 34 uM) (Fig. 3).
We also had to eliminate any complications that may arise from
a possible cytotoxicity of the compound 3 and any other
reduction by-product. We demonstrated that (Fig. S11, ESIt)
the control compound 3 had negligible toxicity either under
hypoxic or normoxic conditions, even at very high concentra-
tions of 1.6 mM. Also, no toxicity of compound 1 was observed
with normal cells in the concentration range studied (Fig. S23,
ESIY).

Flow cytometry is also useful in assessing differential cyto-
toxicity of the endoperoxide 1 under hypoxic and normoxic
conditions (Fig. S20, ESIT). As singlet oxygen induces apoptosis,
human suspension cancer cells (K562) were incubated with
FITC-Annexin V (specifically targets and identifies apoptotic
cells) and then the changes in the percentage of apoptotic
fractions following endoperoxide 1 treatment were analysed.
The number of cells labelled with Annexin V is greater under
hypoxia, compared to normoxia (25.3% vs. 16.0% at 25 pM).
This is yet another demonstration of higher cytotoxicity of the
endoperoxide 1 under hypoxic conditions. In addition to the
detection of apoptosis via Annexin V, cell viabilities of K562
cells were evaluated also with the MTT assay after 24 hours of
treatment with varying concentrations of endoperoxide 1 under
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either normoxic or hypoxic conditions (Fig. S12, ESIY), utilizing
a procedure similar to the one explained for MCF7 cells.

MTT assays and flow cytometry focus on the end point of the
activity, and a time dependent response to the endoperoxide 1
should be more revealing for this study. This is important
because processes like the establishment of the hypoxic condi-
tions, reductive elimination of a pNZ group, release of singlet
oxygen, and the initiation of apoptotic response have to take
place sequentially, and it may be possible to observe a com-
bined effect of these processes by recording time-dependent
cellular impedance. To that end, cellular impedence analysis
was performed: after a day of incubation under normoxic
conditions, the hypoxic group of cells was incubated 24 h
further under conditions of hypoxia (without endoperoxide 1
treatment); whereas, the normoxic group of cells was kept
under normoxic conditions for the same period of time. At
the end of this period, both groups of cells were treated with
varying concentrations of endoperoxide 1. The hypoxia group of
cells was further incubated under conditions of hypoxia with
endoperoxide 1; while the normoxia group of cells was incu-
bated further under conditions of normoxia with endoperoxide
1. The cell indices were measured by electrical impedance over
an additional period of up to 24 hours. The results of each of
the groups (hypoxia and normoxia) were normalized to relevant
untreated control samples under either hypoxic or normoxic
conditions, and the results were shown as a ‘“percent of con-
trol” (¢ = 0 h corresponds to time of addition of endoperoxide;
thus, 0 h values were used for the time point for temporal
normalization). This approach provides a method for spatial
and temporal dynamic view of the cell populations under the
action of singlet oxygen as it is released by compounds 1 or 2
cycloreversions under normoxic or hypoxic conditions, respec-
tively. The temporal profile of the effects of compound 1 on
cancer cells (Fig. 4) demonstrates potent cytotoxicity under
hypoxic conditions, and at 50 pM concentration of the com-
pound 1, there is a significant dip in cell viability between 4 and
12 h region under hypoxia. The corresponding change under
normoxic conditions is minimal. Real-time impedance-based

-4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

Fig. 4 Cellular impedance analysis based cell viability assessment of
MCF7 cells, as a function of time. Blue lines correspond to normalized
cell numbers of MCF7 cells treated with endoperoxide 1 under hypoxic
conditions (f: 50 uM, e: 25 uM, d: 12.5 uM). Red lines correspond to cells
kept under identical conditions of incubation with endoperoxide 1, but
under normoxic conditions (c: 50 uM, b: 25 pM, a: 12.5 puM). Control
corresponds to cells incubated without endoperoxide 1 treatment, under
either normoxic or hypoxic conditions.
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Fig. 5 Singlet oxygen generation by endoperoxide 1 under normoxic and
hypoxic conditions in vitro was analysed using DCFH,-DA in Hela cells.
(A) Cells treated with 1 and incubated under normoxic conditions. (B) Cells
treated with 1 and incubated under hypoxia. (C) Cells treated with NaNs,
together with 1. (D) Cells that were treated with NaN3z together with 1,
under hypoxic conditions (scale bar, 100 um).

analysis enables the observation of the time dependency of
cytotoxicity due to compound 1. Singlet oxygen generation by
endoperoxide 1 under normoxic and hypoxic conditions in vitro
were analysed via a ROS sensor 2,7'-dichlorofluorescein diacetate
(DCFH,-DA), which generates green emission upon oxidation
(Fig. 5). HeLa cells which were treated with compound 1 and
incubated under hypoxic conditions demonstrated a bright green
emission (Fig. 5B), in contrast to those kept under normoxia
(Fig. 5A). The results show a noteworthy difference of ROS
generation between the hypoxic and normoxic groups, and con-
firm the proof of principle concerning the hypoxia triggered
intracellular singlet oxygen release. Since DCFH,-DA detects a
variety of reactive oxygen species, a group of HeLa cells kept under
hypoxia and a group of HeLa cells kept under normoxia were
treated with NaNj;, a known singlet oxygen quencher, together
with endoperoxide 1, in order to prove that the generated ROS is
indeed singlet oxygen. Cells treated with NaNj; as well as endoper-
oxide 1 demonstrated very weak emission, both under normoxic
and hypoxic conditions (Fig. 5C and D), showing that endoper-
oxide 1 produces singlet oxygen as the primary cytotoxic
agent. Control groups resulted in no emission (Fig S22, ESIY),
confirming that compound 1 was responsible for the generation
of singlet oxygen. Our microscopy results as well as our findings of
the temporal effects of compound 1 clearly present a significant
difference of singlet oxygen generation between hypoxic and
normoxic conditions, thus confirming hypoxia triggered intra-
cellular singlet oxygen release.

In conclusion, we presented an exciting new approach to
circumvent persistent problems of PDT, while maintaining the
advantages of a short-lifetime cytotoxic agent which is known to
integrate very well into cellular apoptotic pathways. The fact
that singlet oxygen release is conditional on the presence of
hypoxic tumour states clearly enhances the potential of the
approach. Just like hypoxia activated drugs, an endoperoxide
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can be transformed into a more labile form enzymatically
through reductive elimination of the protecting group, which
may also be an electronic/steric deactivator. The idea can easily
be adapted to other cancer related parameters. We believe that
this work represents a satisfactory proof-of-principle for a two-
stage PDT (2S-PDT), a new therapeutic paradigm, where the
benefits of PDT would be accessible without oxygen, or light in
the second stage. Our work to establish this paradigm is in
progress.
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