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ABSTRACT: Strained ruthenium (Ru) complexes have
been synthesized and characterized as novel agents for
photodynamic therapy (PDT). The complexes are inert
until triggered by visible light, which induces ligand loss
and covalent modification of DNA. An increase in
cytotoxicity of 2 orders of magnitude is observed with
light activation in cancer cells, and the compounds display
potencies superior to cisplatin against 3D tumor spheroids.
The use of intramolecular strain may be applied as a
general paradigm to develop light-activated ruthenium
complexes for PDT applications.

hotoactivation is an elegant method to convert nontoxic

prodrugs to active cytotoxic species in a spatially and
temporally controlled manner. This provides a mechanism to
discriminate between malignant tissues of tumors and the
surrounding healthy tissues, potentially reducing the dose-
limiting side effects incurred with standard chemotherapies.
Photodynamic therapy (PDT) uses this light-targeted ap-
proach, and has been successfully applied in the treatment of
various cancers, notably of the lung, esophagus, and skin."”
Commonly, PDT requires a photosensitizer such as a
porphyrin to generate singlet oxygen ('O,), which is the actual
toxic moiety. This requirement for oxygen has limited the
utility of PDT, due to the hypoxic nature of many tumors.
Improved PDT agents are required, and the challenge is to
develop compounds that are thermally inert, but can be
triggered by low energy, visible light to generate toxic species as
potent as standard chemotherapeutics. Other desired features
include ease of synthesis and retention of activity in the
presence of biological reducing agents such as glutathione
(GSH), which inactivate platinum (Pt) drugs.3 Structural
motifs that are distinct from those of square planar platinum
compounds would be advantageous, in that they could
potentially address cancer types that are resistant to cisplatin
and its analogues. This has motivated investigation of multiple
metal centers with alternative geometries as potential light-
activated therapeutics.” However, a key characteristic that is
lacking in the existing metal-based PDT agents is a flexible
design strategy that allows for facile modification of chemical
structure without loss of activity.

Ru(Il) complexes are three-dimensional, in contrast to the
square planar Pt(II) compounds, and each of the ligands may
be readily changed to modify the structure of the complex.
Most importantly, these compounds are particularly attractive

for photoactivated biological applications, as they possess
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tunable photophysical properties, absorb strongly in the visible
region (. ~ 450 nm), and are kinetically inert.” While most
Ru(1I) polypyridyl complexes are also quite photostable, it is
known that complexes with distorted octahedral geometry
photodecompose via ligand dissociation. This is a result of
population of low-lying *d—d* states, which can be thermally
accessed from the *MLCT (metal-to-ligand charge transfer)
excited state.”” We have utilized these steric and electronic
features to create Ru(I) complexes that are potential PDT
agents. The compounds are stable in the dark, but react rapidly
upon photoexcitation with visible (>450 nm) light to eject a
ligand and cross-link DNA. The compounds maintain good
reactivity in the presence of GSH, are nontoxic in the dark, and
are cytotoxic upon light activation, providing greater potency
than cisplatin.

Three complexes with key structural differences were
explored to test the strain-mediated photoactivation approach
(Chart 1). The complexes were synthesized and characterized

Chart 1. Structures of Metal Complexes Included in This
Study

/20N
N N
HN, o 1% U = I
Pt 7 N_¢ N\ 7 N_ ¢ N\ 7 N_7 N\
7z N
HyN cl =N_ N= =N_ N= =N_ N=
Ru Ru Ru
(bpy)2 (bpy)2 (bpy)2
Cisplatin L] 2 3

as a racemic mixture of A and A enantiomers. Ru(bpy),phen
(1), a known low affinity DNA binder,® was used as an
unstrained control. To distort the geometry about the
octahedral metal center, polypyridyl ligands with methyl
substituents were incorporated into the Ru(II) complexes;
these groups are directed toward the other coordinating
ligands, causing steric clashes. The complexes were readily
prepared under low light conditions by refluxing the precursor
Ru(bpy),Cl, with the desired ligand in ethylene glycol. They
were purified by silica gel flash chromatography, and converted
to chloride salts for testing.

Addition of the methyl groups to either bpy (2,2"-bipyridyl)
or the DNA intercalating ligand dpq (dipyrido[3,2-f:2,3"-h]-
quinoxaline)” results in complexes that undergo photochemical
reactions upon exposure to light. Irradiation of 2 and 3 in either
acetonitrile or buffer with >450 nm light using a 200 W
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projector and cutoff filters resulted in substitution of solvent
molecules for the polypyridyl ligand. The photochemical
reaction was conveniently followed by UV/vis absorption
spectroscopy, as shown in Figure 1.
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Figure 1. Photoejection of 2 in buffer (10 mM phosphate buffer, pH

7.5) followed by UV/vis absorption. Inset shows the photoejection
kinetics, with complete reaction in less than 10 min.

The photoejection is both rapid and selective, with a t;,, of 2
min for 2 and clear isosbestic points at 351, 389, and 476 nm,
highlighting the selectivity of the photolabilization. Electrospray
ionization mass spectrometry (ESI-MS) experiments identified
the ejection of the 6,6-dimethyl-2,2"-bpy ligand from
compound 2, while compound 3 ejects the 2,9-dimethyl-dpq
ligand. The reaction goes to completion for 2, as shown in
Figure S13. The reaction kinetics are 30-fold faster for 2 than
for 3 (see Figures S2 and S3), likely due to the rigidity of the
dpq ligand, which could enhance rechelation, interfering with
the stepwise dissociative bond breaking mechanism that
releases the ligand.éb’w_12 In contrast to both 2 and 3, the
control compound 1 is photostable under the irradiation
conditions used. Finally, in the dark, all complexes are stable in
aqueous solution at concentrations of 50 mM for months at
room temperature.

DNA damage was analyzed by gel electrophoresis, as shown
in Figure 2. Cisplatin kinks DNA and causes unwinding,
reducing its mobility on agarose gels'> and impeding
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Figure 2. Agarose gel electrophoresis of 40 yg/mL pUCI9 plasmid
(10 mM phosphate buffer, pH 7.5) with light-activated Ru(II)
compounds and cisplatin. The supercoiled plasmid form migrates at
2000 bp, relaxed circle form is ~4000 bp, and linear form is just below
3000 bp. Dose response profiles: (A) 1; (B) 2; (C) 3. Lanes 1 and 12,
DNA molecular weight standard; lane 2, linear pUC19; lane 3, relaxed
circle (Cu(phen), reaction with pUC19); lanes 4—11, 0, 7.5, 15, 30,
60, 120, 240, and SO0 yM compound. (D) Effect of GSH on DNA
cross-linking. Lanes 1 and 14, DNA molecular weight standard; lane 2,
pUC19; lane 3, pUC19 + 40 mM GSH. Cisplatin (30 uM, lanes 4—8)
and compound 2 (30 uM, lanes 9—13) were dosed with GSH: lanes
4-8 and 9—13, 0.01, 0.1, 1, 10, 40 mM GSH.
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intercalation of ethidium bromide (EtBr).'* Cu(phen),
produces single strand breaks, generating relaxed circular
plasmid DNA."> Exposure of ruthenium compounds 1-3 to
visible light (200 W, 1 h) in the presence of pUCI19 plasmid
produces both these distinct effects: DNA photocleavage (in
the case of compound 1), and DNA photobinding, which may
be cross-linking (in the case of 2). Compound 3 exhibits a
combination of these two mechanisms. Light-induced DNA
single strand breaks produced by 1 are clear from the
conversion of supercoiled DNA to relaxed circular form
(Figure 2A). DNA photobinding is clear for 2 and 3, as the
supercoiled DNA migrates more slowly through the gel and
EtBr intercalation is diminished with increasing concentration
of the Ru(II) complexes (Figure 2B,C). An additional form is
observed with high concentrations of 3 that migrates more
quickly that the relaxed circular form (see Figure 2C, lanes 8—
10). In the absence of light, no DNA damage or binding is
observed, as shown in Figure S6.

Nucleophilic sulfur-containing molecules such as GSH are
key agents in the detoxification of cisplatin, and are present in
millimolar concentrations in cells.’> Cisplatin binds to GSH
rapidly, inactivating the drug and inhibiting reaction with DNA.
In contrast, prodrug compounds 2 and 3 show no interaction
with GSH over a period of days, as observed by UV/vis
spectroscopy (see Figure S4). In addition, the photoactivated
DNA cross-linking Ru(bpy), species retains its ability to
damage DNA, even at high GSH concentrations. Figure 2D
shows the cross-linking of plasmid DNA by cisplatin and light-
activated compound 2 in the presence of increasing amounts of
GSH. Cisplatin exhibits significantly reduced cross-linking
efficacy with increasing levels of GSH, as indicated by greater
mobility of the DNA on the agarose gel. In contrast, the active
form of 2 causes greater DNA binding than cisplatin. These
results are consistent with the expectation that the “softer” acid
Pt(1I) metal complex is more reactive with “soft” nucleophilic
thiols and suggests that the Ru(II) complexes will not be
significantly detoxified by cellular sulfur compounds. These
results are supported by cell viability experiments where
cisplatin or compound 2 were co-dosed with increasing
concentrations of GSH (see Figure S19). GSH reduces
cytotoxicity for cisplatin, but not for 2.

To determine the potency of the Ru(II) complexes, cell
cytotoxicity studies were performed in HL60 leukemia cells and
AS49 lung cancer cells (see Figure 3 and Table 1). Cells were
incubated with compounds for 12 h in the dark before
irradiation with >450 nm light (410 W) for 3 min. Dark
controls were run in parallel. Cell survival was quantified 72 h
later through the use of an ATP luciferase assay, and confirmed
by Trypan Blue staining and manual counting. As expected,
cisplatin exhibited the same activity under light and dark
conditions. Control compound 1, which causes single strand
DNA breaks, exhibited only slightly enhanced activity upon
irradiation. In contrast, photoreactive compounds 2 and 3
showed significant light-triggered toxicity. After irradiation,
both compounds 2 and 3 produced single uM ICy, values, as
shown in Table 1. The complexes are more potent than
cisplatin when light activated, but are nontoxic in the dark, with
dark IC, values over 100 M for 3 and no dark toxicity
observed up to a concentration of 300 M for 2.'°

The 100—200-fold difference in light and dark ICs, values
provides a large potential therapeutic window to allow for
selective targeting of cells by exposure to light. To the best of
our knowledge, this is the largest phototoxicity index reported
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Figure 3. Cytotoxicity dose responses of metal complexes in HL60
cells: (A) cisplatin; (B) 1; (C) 2; (D) 3. Dark conditions (circles, blue
line); irradiated samples, 3 min >450 nm light (squares, red line). (n =
3).

for a metal complex activated by visible light. In addition, the
light activated Ru(II) complexes cause essentially complete cell
death, which is often a challenge with light activated cytotoxic
systems.

While most initial drug screening is performed in two-
dimensional cell culture, it is known that monolayers do not
effectively model the characteristics of three-dimensional solid
tumors in vivo.'” In contrast, 3D tumor spheroids provide a
system that approximates the complexity of in vivo tumors."®

These spheroids mimic the pathophysiology of tumors,
including hypoxic/necrotic regions, changes in cell shape, high
proportions of quiescent cells, alterations in gene expression
profiles, and diminished permeability to drugs. As a result,
spheroids exhibit the phenomena of multicellular resistance
(MCR), which is manifest in the diminished efficacy of
chemotherapeutics to levels similar to in vivo activities.'*!
Thus, to characterize the light-activated ruthenium compounds
under more challenging and biologically relevant conditions,
efficacy was assessed in a 3D tumor model by forming tumor
spheroids with A549 cells.

Spheroids of ca. 600 pym in diameter were dosed with
compounds and then either kept in the dark or irradiated with
>450 nm light for 3 min (Figure 4). Significant light-selective
cytoxicity was observed for 2, with an IC, value of 21 uM,
while no cell death was observed up to 300 #M in the absence
of light. Under the same conditions, the ICs, for cisplatin fell to
42 pM in the spheroid model, and the PDT drug ALA
(aminolevulinic acid) had no effect. The activity of 3 was more
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Figure 4. Cytotoxicity dose responses in AS49 tumor spheroids. (A)
Compound 2: dark conditions (circles, blue line); irradiated samples, 3
min >450 nm light (squares, red line). (B) Cisplatin, dark conditions
(circles, blue line). ALA, irradiated samples, 3 min >450 nm light
(squares, red line). (n = 3.).

diminished than 2 in the spheroid, with a light-activated ICg, of
64 uM. It is likely that a greater light dose is required for full
activation of 3 in the 3D model than is provided in the 3 min of
irradiation.

This retention in potency for 2 in 3D tissue culture is
promising, and the compounds exhibited twice the potency of
cisplatin in both monolayer and tumor spheroids. The MCR
index value is low for 2, similar to cisplatin (see Table 1). This
is especially noteworthy, considering that the MCR value for
cisplatin is much lower than for many other chemo-
therapeutics."

In conclusion, we have synthesized strained Ru(II)
polypyridyl complexes that utilize the steric clash of their
ligands to promote visible light mediated ligand expulsion.
While unreactive in the dark, these compounds are transformed
upon light activation into potent cytotoxic species. As potential
PDT agents, these compounds offer key advantages, including
ease of synthesis, high solubility, low dark toxicities, and
resistance to inactivation by thiol reagents. The DNA damaging
mechanism appears to mimic the activity of cisplatin, which
would make them potentially amenable to a variety of cancer
types, and studies in 3D tumor spheroids demonstrate greater
potency than cisplatin. It is anticipated that intramolecular
strain may be used as a general mechanism that can be applied
to the development of a family of light activated compounds to
act as targeted chemotherapeutics. We are currently combining
this design strategy with a modular coordination chemistry
approach to develop new systems with optimized photophysical
and biological properties.

B ASSOCIATED CONTENT
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Additional synthetic details for 2 and 3, experimental
procedures for the photochemical and biological studies,
spectra for photoejection experiments and ICy, plots. This

Table 1. Cytotoxicity IC;, Values in 2D and 3D Cellular Assays”

phototoxicity
light ICyy [uM] dark ICy, [uM] index, PI”

compound HL60 AS49 AS549 spheroid HL60 AS549 AS549 spheroid HL60 AS549 MCR index”
Cisplatin 3.1 (x0.2) 34 (+0.6) nd? 3.1 (x0.1) 3.5 (+£0.6) 42 (£3.6) 1 1 124

1 81 (+1.9) 40 (+4) >300 240 (+9) 250 (£5) >300 3 6.3 >7.5

2 1.6 (£0.2) 1.1 (+0.3) 21.3 (+2.3) >300 150 (£7) >300 >188 136 19.4

3 2.6 (£1.0) 1.2 (+0.1) 64.6 (+4.7) 108 (+1.9) 250 (+5) >300 42 208 54
ALA 162 (£3.2) 21 (43.5) >300 >300 87.8 (£5.5) >300 >18 42 >14

“ICs, values are averages from three measurements. YThe phototoxicity index (PI) is the ratio of the dark and light ICg, values. “The multicellular
resistance (MCR) index is the ratio of the spheroid and monolayer culture ICy, values. 9n.d.= not determined; see dark ICy, value.
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material is available free of charge via the Internet at http://
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