An Anticancer Agent with Inexplicable Potency in Extreme Hypoxia:
Characterizing a Light-Triggered Ruthenium Ubertoxin
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ABSTRACT: Tumor hypoxia renders treatments ineffective that are directly (e.g., radiotherapy and photodynamic therapy)
or indirectly (e.g., chemotherapy) dependent on tumor oxygenation. This study introduces a ruthenium compound as a light-
responsive anticancer agent that is water soluble, has minimal dark cytotoxicity, is active at concentrations as low as 170 pM
in ~18.5% 02 normoxia and near 10 nM in 1% Oz hypoxia, and exhibits phototherapeutic indices as large as >500,000 in
normoxia and >5,800 in 1% O2 hypoxia using broadband visible and monochromatic blue light treatments. These are the
largest values reported to date for any compound class. We highlight the response in four different cell lines to improve rigor

and reproducibility in the identification of promising clinical candidates.

Tumor hypoxia presents a major barrier in cancer ther-
apy,! being highly correlated with poor outcomes in pa-
tients. Hypoxia enhances chemoresistance of cancer cells
through a variety of mechanisms. First, hypoxia can nega-
tively impact both the delivery and uptake of drugs. Second,
some chemotherapeutics actually require oxygen to gener-
ate the reactive oxygen species (ROS) that ultimately lead to
cytotoxicity. Third, many cancer drugs are preferentially ac-
tive against highly proliferating cells, and the nutrient dep-
rivation caused by hypoxia reduces cellular proliferation
and thus the efficacy of such agents. Finally, hypoxia can in-
duce cellular adaptations at the transcriptional level that
further compromise the efficacy of chemotherapy by pro-
moting cell survival and upregulating certain resistance
pathways.

In a similar vein, radiotherapy and other ROS-dependent
treatment modalities such as photodynamic therapy (PDT)
can be rendered ineffective by hypoxia. PDT combines a
photosensitizer, light, and oxygen to destroy tumors and tu-
mor vasculature. Its inherent selectivity for cancer tissues
(through spatiotemporal delivery of light) and ability to in-
duce an antitumor immune response?3 make PDT an attrac-
tive adjuvant or alternative therapy for patients that have
exhausted other options. Given that some of the most ag-
gressive and drug-resistant cancers are characterized by
hypoxia and that PDT requires oxygen, there is motivation
to develop light-triggered compounds that exploit oxygen-

independent mechanisms for their cytotoxic effects against
cancer cells.* As a result, the concept of photochemotherapy
(PCT) has emerged as an alternative to PDT.

The idea behind PCT is that molecules can be designed to
undergo stoichiometric photoreactions to generate reactive
intermediates and/or products that should ultimately re-
sultin cell death in the absence of oxygen.>-8 The pioneering
concept preceded any standardized methods for evaluating
photocytotoxic effects in hypoxia. Developing such methods
has been challenging, especially with regard to maintaining
hypoxia during the irradiation step and also due to the ab-
sence of compounds that are substantially hypoxia-active.
However, progress in this area is materializing®-18 as the po-
tential of PCT and the possibility that PCT agents could
overcome the issues of hypoxia begin to be realized.

The systems proposed for PCT usually contain a metal ion
and are often based on Ru(Il) coordinated to at least one
strain-inducing ligand. The resulting complexes are dis-
torted and readily undergo photoinduced ligand loss from
triplet metal-centered (3MC) excited states. The assumption
is that the ligand-deficient Ru(II) center and/or the liber-
ated ligand may be cytotoxic. The idea that solvated Ru(II)
centers could potentiate cell death through DNA interac-
tions in a manner analogous to the mechanism of action of
cisplatin was first suggested for distorted bis-heteroleptic



dimmine systems.>-8 Photosubstitution as a means of effect-
ing cytotoxicity has also been extended to Ru(Il) tris-het-
eroleptics containing a labile monodentate ligand.1°-2! How-
ever, these seminal studies did not evaluate photocytotoxi-
city in hypoxia for the reasons outlined.

Inspired by the idea of dual-action PCT-PDT agents,?223
we (in collaboration with the Glazer Group) designed sev-
eral families of Ru(II) bis-heteroleptic complexes that com-
bined two strain-inducing ligands (6,6'-dimethyl-2,2'-bi-
pyridine, dmb) with a third imidazo[4,5-f][1,10]phenan-
throline (IP) ligand tethered to an aromatic or polyaromatic
R groups.®1024 We reasoned that an appropriate R group
would facilitate the formation of singlet oxygen (102) in the
presence of oxygen, and the increased steric bulk at the
Ru(Il) center afforded by two strain-inducing ligands (ra-
ther than just one) would lead to even lower-lying 3MC
states and thus favor photoinduced ligand loss (in the ab-
sence of oxygen). Although we did achieve some of the larg-
est phototherapeutic indices (PIs) under hypoxia with visi-
ble light, these were still less than 20 and certainly nowhere
near what would be needed to generate clinical interest in
these PCT agents.>10

Chart 1. Molecular Structures of Complexes 1 and 2.
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Herein, we explore two novel Ru(II) complexes (1 and 2)
of the type rac-[Ru(LL)2(IP-4T)](Cl)2, where LL=6,6"-dmb
or 2,9-dimethyl-1,10-phenanthroline (2,9-dmp) and IP-4T
is IP appended with 2,2":5',2":5",2"-quaterthiophene
(Chart 1). We investigate whether the two compounds can
generate 102 and also undergo photoinduced ligand loss un-
der cell-free conditions. We also determine whether they
have the capacity to elicit potent photocytotoxic effects in
both normoxia and importantly in hypoxia against a num-
ber of unrelated cancer cell lines. This preliminary study
also probes whether the identities of the strain-inducing lig-
ands have a role to play in determining the overall photocy-
totoxicity. Surprisingly, we find that photoinduced ligand
loss likely does not contribute to the photocytotoxicity ex-
erted by these compounds.
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Figure 1. Photosubstitution of 1 and 2 (10 puM starting concen-
tration) in water using 20 mW cm-2 broadband visible light. In-
dicated photosubstitution quantum yields (®ps) are differen-
tial, i.e,, integrate spectral overlap between donor broadband
light source and acceptor metal complex.

Complexes 1 and 2 were prepared under low-light condi-
tions as racemic mixtures by reacting the precursor
Ru(LL)2(Cl)2 (LL=6,6"-dmb or 2,9-dmp) with IP-4T in eth-
ylene glycol with microwave irradiation at 180 °C. The com-
pounds were isolated at their (PFs)- salts and purified with
silica gel flash chromatography. They were then subjected
to ion-exchange chromatography to form their correspond-
ing Cl- salts, which underwent a final purification by size-
exclusion chromatography. The details can be found in the
Supporting Information (Figures S1-S11, Charts S1-S2).

The IP-4T ligand was incorporated for ROS generation
owing to the relatively high 02 quantum yield of the 4T
unit,2526 while addition of the methyl groups to either bpy
(2,2"-bipyridyl) or phen (1,10-phenanthroline) leads to
complexes that undergo dissociation of this ligand upon ir-
radiation with visible light.>2” When combined around the
Ru(II) center, IP-4T and the strain-inducing 6,6'-dmb or 2,9-
dmp ligands do indeed partition their excited state reactiv-
ity between the two pathways.

When exposed to visible light, compound 1 has a '0:
quantum yield of 43% while 2 exhibits an efficiency near
65%. Both compounds also undergo photoselective ligand
loss of 6,6'-dmb or 2,9-dmp (Figure 1, S12-519) regardless
of whether oxygen is present. Their photosubstitution
quantum yields are <1% (0.47% for 1 vs. 0.28% for 2). De-
spite low quantum efficiencies for this process, continued
illumination leads to substantial photolysis through a pro-
cess whereby 2 appears to have slower kinetics than 1. This



photosubstitution profile is consistent with 2 having the
larger 102 quantum yield.

The proposed cell-free photophysical model of 1 and 2 in-
volves excitation to singlet excited states that undergo rapid
intersystem crossing to form their corresponding triplet ex-
cited states (Scheme 1). Some fraction of these triplet states
dissipate their excess energy through photochemical sub-
stitution reactions or nonradiative decay involving the 3MC
channel, while another sensitizes 102 from the lowest-lying
3IL/3ILCT states localized to the quaterthiophene. Since 102
production is catalytic, this pathway regenerates the
ground state of 1 or 2, which can then be re-excited to start
the process again. In principle, the solvated complexes can
also absorb photons and participate in subsequent photo-
chemical or photosensitization reactions.?® Of note, the
3ILCT state could also undergo electron transfer reactions
that are typical of Type I photoprocesses or novel modes
that are unique to oligothiophenes.??

Scheme 1. Competing excited state relaxation
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Having shown that 1 and 2 can sensitize 10z and undergo
photosubstitution, their (photo)cytotoxicity was examined
in four different cell lines under both normoxia (18.5% 02)
and hypoxia (1% O2). The detailed set-up for measuring dis-
solved Oz in the assays is illustrated in Figure S20.
(Photo)cytotoxicity is reported as the effective concentra-
tion to reduce the cell viability by 50% (ECso) according to
our established protocol,’-12 and the fold-enhancement in
activity afforded by the light is reported as the PI. Various
cell lines were tested to increase the rigor of the study: hu-
man melanoma (SKMEL28), highly pigmented mouse mela-
noma (B16F10), human lung (A549), and human breast
(MCF7) cancer cells. The data is shown in Figure 2, S21, and
S22 and tabulated in Tables S1 and S2. Light treatments
were delivered at a fluence of 100 ] cm-2 and irradiance of
18-24 mW cm~2 using single wavelength blue (453 nm),
green (523 nm), or red (633 nm) LEDs with a bandwidth of
approximately 19-43 nm or broadband visible (400-700
nm) LEDs. The spectral output of the light sources is shown
in Figure S23, and their overlap with the absorption spectra
of 1 and 2 is shown in Figure S24. The number of photons
absorbed by the compounds based on this output is tabu-
lated in Table S3.

Compounds 1 and 2 are relatively nontoxic in the dark to-
ward the selected cell lines, with ECso values 250 uM regard-
less of cell line or oxygen tension. Compound 2 was less cy-
totoxic than 1 under all conditions, with ECso values for 2
ranging from 78 to 94 uM in normoxia and 72 to 87 uM in
hypoxia. The corresponding dark ECso values for 1 were 50—
76 puM in normoxia and 55-74 uM in hypoxia. A549 and
B16F10 cell lines were slightly more sensitive to the com-
pounds in the dark compared to SKMEL28 and MCF7 cells,
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Figure 2. Summary of cytotoxicity (dark) and photocytotoxi-
city (100 ] cm-2, ~20 mW cm-2) as (a) best-fit log (ECs0+SEM)
values and (b) phototherapeutic indices (PI; dark ECso/light
ECso) for compounds 1 and 2. Cell lines are listed in order of
A549,B16F10 (B16), MCF7 (MC), and SKMEL28 (SK). Unfilled
symbols=1% Oz; filled symbols=18.5-21% Ox.

but there was little difference in the two oxygen conditions
for a given cell line and compound.

Both compounds are extremely photocytotoxic toward
cancer cells in normoxia in the wavelength range where
they absorb visible light, and are inactive with red light.
Compound 2 yielded an ECso value of 170 pM with visible
lightand a P1>10% (PI=527,000) with the SKMEL28 cell line.
The ECso values for 2 were subnanomolar (170-786 pM)
with PIs of ~10° (119,500-527,000) for the cell lines that
proved to be more resistant. Compound 1, although less ac-
tive than 2, exhibited visible ECso values ranging from about
15-30 nM in the four cell lines in normoxia, with PI values
>103 (P1=2400-3800). This light-triggered cytotoxicity is
unprecedented for PCT agents in normoxia tested under
similar conditions.

Similar trends were obtained with blue light, and both
compounds were still very photocytotoxic with green light
at the activation wavelength currently being used for
TLD1433 in the clinical trial.3%31 Compound 2 gave green
ECso values that were low nanomolar and PlIs on the order
0f 103-10% and as high as 67,000. While the activity of 1 was
attenuated, it was still in the nanomolar regime (ECs0=30-
140 nM; PI=534-2300) and more potent than many plat-
forms.

Notably, compound 2 retained its photocytotoxicity to-
ward three of the four cell lines in 1% hypoxia, with a visible
ECso value of 13 nM and PI of 5900 against SKMEL28 cells.
In A549 and B16F10, these values were still in the



nanomolar regime (ECso~140 nM) and PIs in the 500-550
range. While these values were wavelength and cell-line de-
pendent, 2 was equally effective with green light in the
SKMEL28 cell line and still gave PIs 260 in A549 and
B16F10. To our knowledge, 2 is the most potent hypoxia-
active compound to date.

Overall, compound 1 was less active than compound 2 in
both normoxia and in hypoxia and was completely inactive
in hypoxia in three of the four cell lines. From this, it is clear
that the identities of the strain-inducing coligands play a
pivotal role in bioactivity although their liberated forms do
not appear to be the source of cytotoxicity. Whether liber-
ated ligands are responsible for the observed cytotoxicity in
other systems has been a source of debate,32-3¢ and the rea-
sons for their varied bioactivity is reviewed elsewhere.?8 In
our assay conditions, the free 6,6'-dmb and 2,9-dmp ligands
were inactive in both normoxia and hypoxia (Figure S25,
Table S4).

Compound 2 (despite extremely high potency under al-
most all conditions) was inactive in hypoxia in one of the
four cell lines. This observation underscores the importance
of testing the hypoxic response in multiple cell lines. In this
limited study, we learned that SKMEL28 is the most sensi-
tive cell line in hypoxia and MCF7 is the least. Therefore, an
excellent test for the robustness of the response in 1% hy-
poxia is the MCF7 cell line, and a good test for the sheer
magnitude of the response that is possible is SKMEL28 (at
least for this compound class). We hesitate to speculate on
the reason for the inactivity of 2 toward MCF7 cells in hy-
poxia without knowing the operative cellular mechanism(s)
and whether it is distinct for this cell line. There could be a
fundamental difference in cellular uptake/adhesion and/or
localization, and this could in turn impact the operative
mechanism(s). We do know that the lack of a hypoxic pho-
totoxic response in MCF7 is reproducible and that the dark
cytotoxicity is not affected. Expanded cell line studies with
a larger number of hypoxia-active compounds are under-
way to gain a better understanding.

In summary, compound 2 demonstrates that the 2,9-dmp
strain-inducing coligand is superior to 6,6'-dmb when com-
bined with the IP-4T ligand and Ru(II). The relatively small
difference in 102 quantum yields (43% for 1 vs. 65% for 2)
cannot account for their large differences in potency in
normoxia and the fact that 1 is almost inactive in hypoxia
(except for in SKMELZ28). Likewise, the cell-free photosub-
stitution quantum yields do not explain the extremely high
potency of 2, given that the process is both less efficient and
much slower for the 2,9-dmp ligand. From this we conclude
that stoichiometric ligand dissociation does not contribute
substantially to the observed photocytotoxic effects.

This new class of light-responsive, hypoxia-active agents
incorporating the a-oligothienyl group may involve excited
state pathways distinct from the 102 and photosubstitution
pathways. The IP-4T ligand appears to be crucial for this in-
explicable activity, but it is clear that the coligands attached
to Ru(Il) play a modulatory role. While Type I electron
transfer pathways could be responsible and are not new
concepts, the sheer magnitude of photocytotoxicity in both
normoxia and hypoxia suggests reactivity that is unique to
the longer oligothiophenes when they are incorporated into
Ru(Il) complexes with appropriate coligands. Strategic

expansion of this family will use structure-activity relation-
ships to gain mechanistic insight into these hypoxia-active
agents, and detailed biological studies will aim to under-
stand why certain cell lines are more sensitive than others
to these compounds in hypoxia.
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