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ARTICLE INFO ABSTRACT
Article history: Ru(Il) dyads derived from organic units that impart low-lying 3IL excited states combine the most
Received 15 February 2014 attractive features of organic photosensitizers with those of coordination complexes. The result is a
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bichromophoric system with excited-state lifetimes that are significantly longer than those associated
with traditional 3MLCT states. Incorporation of a-oligothiophenes as the organic chromophore leads to
systems that act as dual Type I/Il photosensitizers, opening up the possibility of treating hypoxic tumors
with photodynamic therapy (PDT) and overcoming problems with in vivo dosimetry. These photosensi-
tizers, particularly those that consist of three thiophene units and higher, are remarkable DNA binders
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Abbreviations: PDT, photodynamic therapy; PS, photosensitizer; PS*, excited state photosensitizer; ROS, reactive oxygen species; ! Ag, singlet oxygen; ' O,, singlet oxygen;
0,, 0xygen; ADME, absorption, distribution, metabolism, excretion; bpy, 2,2’-bipyridine; dppn, benzo[i]dipyrido[3,2-a:2’,3'-c]phenazine; 3MLCT, triplet metal to ligand charge
transfer; 3IL, triplet intraligand; DNA, deoxyribonucleic acid; Ru(Il), ruthenium(1l); k,, radiative rate; k,,, nonradiative rate; eV, electron volt; phen, [1,10]phenanthroline; PI,
phototherapeutic index, or photocytotoxicity index; n, number of monomeric units; 27T, bithiophene; 3T, terthiophene; nT, n linked thiophene units; IP-TT, 2-(2',2":5",2""’-
terthiophene)-imidazo[4,5-f][1,10] phenanthroline; nT*, oligothiophene radical cation; O'z’, superoxide; UV, ultraviolet; S,, ground state singlet; S, excited state singlet;
IR, infrared; IP, imidazo[4,5-f][1,10]phenanthroline; GG, guanine-guanine; BRAF V600E, serine/threonine-protein kinase B-Raf valine—glutamate mutation; K}, binding
constant; NP, nucleotide phosphates; pydppn, 3-(pyrid-2'-yl)-4,5,9,16-tetraaza-dibenzo[a, c]naphthacene; GSH, glutathione; SOD, superoxide dismutase; mTHPC, meta-
tetrahydroxylphenylchlorin; ® 5, singlet oxygen quantum yield; NaNs, sodium azide; DMSO, dimethylsulfoxide; DABCO, 1,4-diazabicyclo[2.2.2]octane; ALA, §-aminolevulinic
acid; CPP, cell-penetrating peptide; HIV Tat, human immunodeficiency virus trans-activator of transcription protein; dppz, dipyridophenazine; AB, Alamar Blue reagent; t,,,
PS-to-light time interval; MTDsg, half of the maximum tolerated dose; CW, continuous wave.
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and photocleavers when exposed to light, exhibiting no interference with DNA structural integrity in the
absence of a light-trigger. Such light-responsive agents localize in the nuclei of cells without the need
for a carrier and produce a potent PDT response with minimal dark toxicity. This phototherapeutic effect
translates directly to animals and is superior to the clinical agent Photofrin® in this model. These Ru(II)
dyads can be activated with light in the PDT window, despite very low molar extinction coefficients in

this region, and this phenomenon can be attributed to the efficiency with which these agents operate.
The ability to activate these prodrugs with ultraviolet to near-infrared light marks an unprecedented
versatility that can be exploited to match treatment depth to tumor invasion depth without compromising
potency, giving rise to photosensitizers for multiwavelength PDT.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Limitations associated with current PDT approaches

Photodynamic therapy (PDT) is an elegant method for destroy-
ing unwanted cells and tissue, whereby light is used to activate an
otherwise nontoxic prodrug, termed a photosensitizer (PS) [1]. PDT
is best described as a combination therapy that offers spatial and
temporal selectivity through local interactions between a PS, light,
and oxygen. Briefly, light absorption by the PS produces a reactive
excited state (PS") that can participate in electron (Type [) or energy
(Type 1I) transfer with ground state molecular oxygen (3 3g) to
form superoxide radical anion and cytotoxic singlet oxygen (1 Ay),
respectively. The production of a cytotoxic burst of reactive oxygen
species (ROS), notably singlet oxygen (10,), has proven effective in
eliminating tumors and tumor vasculature while also inducing an
important immune response. The primary advantage of light-based
approaches in treating diseases such as cancer is that guided light
delivery confines drug activity to malignant sites, thereby reduc-
ing collateral damage to surrounding healthy tissue. Consequently,
much higher doses of light-responsive cytotoxic agents can be used
while simultaneously eliminating the off-site, dose-limiting side
effects caused by conventional systemic chemotherapeutics such
as cisplatin [2-4].

Despite the enormous potential that PDT holds, its widespread
use has not been realized owing, among other reasons, to the
inherent limitations associated with the relatively few clinically-
approved organic PSs to date. The phototoxicity elicited by
porphyrin-based PSs [1,5] exhibits an absolute dependence on
0O, which precludes activity in hypoxic tissue and compromises
in vivo clinical dosimetry. In addition, these organic agents suf-
fer from poor water-solubility, prolonged retention in tissues, and
photobleaching. The search for improved PSs—specifically, coor-
dination complexes—that do not rely on oxygen to exert a PDT
effect is a prolific area of focus, evidenced by a surge in literature
reports of such agents in recent years [6-13]. The term photother-
apy has emerged to distinguish these newer oxygen-independent
strategies [12] from traditional oxygen-mediated PDT; however,
PS-mediated phototherapy is a more accurate depiction given that
the term phototherapy was first coined to refer to treatment of
certain human ailments with light (no PS) [1] and continues to be
in widespread use to describe light-only treatments for conditions
such as psoriasis. Herein, our use of the term PDT includes both
oxygen-dependent and oxygen-independent approaches to light
therapy mediated by PSs.

Notwithstanding the identification of numerous metal-based
systems that are thought to have superior characteristics relative
to existing PDT agents, none of these efforts have translated to new
metal-based PDT agents for clinical use in cancer therapy. Plaetzer
etal. have convincingly summarized several fundamental problems
with current approaches to PS design and subsequent translation
to clinical applications in a 2009 article, which is still valid five

years later [14]. In order to position PDT as a first-line strategy or
as an adjuvant therapy in mainstream cancer treatment, PSs must
be developed that are potent and reasonably versatile—and, in the
times of personalized cancer medicine, must also be designed with
aspecificindication in mind. Importantly, PS optimization and clin-
ical development must take place in collaboration with experts in
medical biophysics and clinical oncology.

1.2. Metal complexes as PDT agents

Various researchers in the field of coordination chemistry have
recognized the importance of metals in medicine and have made
significant strides toward introducing PSs with unique molecular
scaffolds that address some of the concerns regarding the poor
chemical characteristics of clinically-approved, purely organic PSs
[6-13]. Typically, the comparisons between these new metal-based
PSs and the organic porphyrin or porphyrin-related systems are
made using isolated DNA gel electrophoresis experiments. Less
often in vitro cell-based experiments are undertaken, and rarely
do the PSs proceed to in vivo animal testing. It is important to rec-
ognize that true comparisons between new metal-based PSs and
existing clinical agents must include evaluation of physicochemical
and pharmacokinetic properties, commonly referred to as ADME:
absorption, distribution, metabolism, and excretion [15]. Neverthe-
less, identification of promising PSs must begin with some rational
strategy for improving the properties of current PSs by exploitation
of the rich chemistry that metals have to offer.

Four main strategies for producing metal complexes as PSs for
PDT have been outlined nicely by Glazer in a recent review [12].
They include: (1) metal complexes that generate !0, and thus act as
conventional Type Il agents, (2) compounds that participate in Type
I, oxygen-independent photoprocesses, (3) systems that act as pho-
tocaging units, releasing biologically active molecules or inhibitors,
and (4) compounds that form photoadducts with DNA (also called
phototherapy agents). While it is recognized that the biological
macromolecular targets of these four classes depend on factors
such as subcellular localization and that protein and lipids could be
viable targets, most researchers have focused on DNA damage as a
rational target (see §3). We wish to add another category to this list:
(5) compounds that act as dual Type I/Il agents, either by switching
in response to oxygen tension or by partitioning excited state reac-
tivity in response to environmental factors or both. Turro et al. [6]
have demonstrated that complexes such as [Ru(bpy),dppn]?*
(bpy =2,2’-bipyridine, dppn =benzo[i]dipyrido[3,2-a:2’, 3/-
clphenazine) act as dual agents owing to low-lying 3MLCT
and 3IL states that both play a role in the excited state trajectory
of this and related complexes. The versatility associated with
dual Type I/l agents offers the opportunity to improve in vivo
dosimetry, particularly for large-volume tumors.

Some metal complexes generate 10, with unity efficiency
[16,17], and these category (1) systems have the advantage of
being photocatalytic, drastically reducing the amount of compound
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required to elicit a therapeutic effect. However, they do not
overcome the major limitation of the organic PSs, namely, the
dependence on molecular oxygen to function. Photocaging release
and photoadduct formation, categories (3)-(4), have the clear
advantage of mimicking cisplatin’s oxygen-independent mecha-
nism of action, but therapeutic doses must be higher as these PSs are
consumed stoichiometrically for the production of reactive species
as mediators of PDT. Additionally, these PSs are inherently unstable
with ambient light exposure, complicating their synthetic prepa-
ration, subsequent biological testing, and shelf-life.

Compounds that act via oxygen-independent, Type I mech-
anisms or dual Type I/Il switching, categories (2) and (5),
respectively, can be photocatalytic or stoichiometric agents or both.
They can in principle act via oxidative or reductive mechanisms,
although oxidative photobiological damage is more prevalent—or
at least more straightforward to identify and hence most docu-
mented [18,19].Itis generally accepted that oxidative DNA damage,
whether to nucleobases or in the form of frank strand breaks, is
subject to efficient DNA repair mechanisms, and thus less effective
for PDT when compared to covalent DNA modification. In practice,
our best Type I agents and dual Type I/l (oxidative) agents out-
perform cisplatin and light-responsive metal complexes that form
photoadducts with DNA using in vitro and in vivo models. Neverthe-
less, we recognize and emphasize that there is no single ideal PDT
agentor class of agents. These categories are best viewed as comple-
mentary approaches, whereby the end-clinical setting will dictate
which approach is best for a given situation. Moreover, there is no
reason why combination PDT, utilizing cocktails of mechanistically
distinct PSs, could not be applied.

2. Metal-organic dyads as improved PS constructs for PDT
2.1. Ru(ll) dyads as Type I/Il PSs

Incorporation of organic chromophores into Ru(Il) scaffolds to
form bichromophoric systems, or dyads, is a convenient strategy
for exploiting the best properties of both organic and inorganic PSs.
The installation of an additional low-lying excited state of organic
triplet character can provide a second mode of photoreactivity,
leading to dual switching behavior in ideal systems, and also serves
to extend the excited state lifetimes of these dyads relative to tra-
ditional Ru(Il) complexes that do not invoke 3IL states. The idea
that tethered organic chromophores could provide a mechanism
for extending the excited state lifetimes of metal complexes was
first demonstrated in the 1970s by Wrighton et al. [20-23]. Later,
this concept of coupling organic triplets to states of similar spin
multiplicity in Ru(Il) complexes was exploited by Ford and Rogers
to lengthen the typical 1-ws 3MLCT lifetimes of these systems by
ten-fold via equilibration with low-lying 3IL states [24]. In dyad
constructs where 3IL states are substantially lower in energy than
their 3MLCT counterparts, excited state equilibration with 3MLCT
states is suppressed and lifetimes become extremely long, due
to unusually low radiative (k;) and nonradiative (k) decay rates
between states of distinctly different configuration. Early systems
with pure 3IL states exhibited excited state lifetimes in excess of
150 s [25-27], and we have extended this concept to include 3IL
lifetimes of up to 240 s [28].

A common organic chromophore that we and others have
exploited for dyad construction is pyrene, which has a triplet state
energy of 2.10eV [29,30]. This energy is well-matched for coupling
to the 3MLCT state of the Ru(ll) moiety and establishing excited
state equilibration between the pyrene-based 3IL state and the
Ru(II) 3MLCT states [25]. Using an ethynyl spacer to link pyrene
to the coordinating 1,10-phenanthroline (phen) ligand lowers the
organic triplet to 1.8-1.9eV [13], depending on the linker position

S
\_/

n

Fig. 1. Basic monomeric unit of «-oligothiophenes, where n=the number of thio-
phene units.

on the phen ring. A drop in 3IL state energy of this magnitude
results in the longest reported lifetimes for Ru(Il) dyads to date
[28]. Furthermore, these dyads with extremely long lifetimes and
correspondingly low values for k, and k- serve as potent PSs of
in vitro PDT. They suffer no loss of function at low oxygen tension,
perform well in the presence of PDT attenuators such as melanin,
and can be activated with red light. They act as clear Type I/Il agents
using DNA photodamage as a probe for oxygen-dependence [13].
In fact, the pyrene-based dyads display nanomolar light cytotoxic-
ities with phototherapeutic indices (PI) larger than any previously
reported for clinical and nonclinical agents alike. This finding
extends to dyads derived from m-expansive organic diimine lig-
ands (dppn) with low-lying 3IL states and long lifetimes. We are
intrigued by these findings and particularly interested in testing
the scope and boundaries of these and related systems. To this
end we turned to organic chromophores with even lower energy
triplets—oligothiophenes (Fig. 1).

2.2. Ru(ll) dyads derived from a-oligothiophenes

a-Oligothiophenes have garnered significant interest over the
last 20 years and continue to be of keen focus, owing to molec-
ular characteristics that become important with higher n. Such
oligomers have utility in nonlinear optical applications, for charge
storage, and in molecular electronics [31]. In particular, the cationic
oxidation states of oligothiophenes represent model systems for
the polaronic and bipolaronic charge carriers responsible for
electrical conductivity in polythiophenes, an important class of
conducting polymers [32]. Even oligothiophenes of smaller n make
interesting analogs of polyenes, are good 10, generators and bio-
photosensitizers, and can reductively quench the 3MLCT excited
states of Ru(Il) complexes [33]. MacDonnell and Wolf[33-35] have
exploited reductive quenching in order to achieve long-lived charge
separation in Ru(Il) dyads with bithienyl-functionalized ligands.
Concepts borrowed from the field of photovoltaics and solar energy
conversion are especially useful in designing systems for pho-
tobiological applications, and we constantly look to the primary
literature in these fields for ideas regarding PS improvement for
PDT.

The triplet states of bithiophene (2T) as well as longer oligomers
with conjugation lengths up to 11 thiophene units (117T) have been
identified. The excited state lifetimes of these oligomers range
from a few tens of microseconds in fluid solution at ambient tem-
perature to hundreds of microseconds at 77K [32]. The triplet
state energy of 3T has been estimated as 1.72 eV [36], with longer
oligomers (4T-11T) having triplet energies that decrease system-
atically to 1.57 eV following 1/n behavior. These oligothiophene
triplets participate in both energy and electron transfer reactions
with appropriate acceptors to form '0, and nT radical cations
(nT*"), respectively [32]. The partitioning of this dual reactivity is
dictated by chain length and environment and can be utilized to
afford dual type I/II PSs for photodynamic applications. The in vivo
phototoxicity of «-terthienyl (3T) and several of its natural and
synthetic derivatives has been attributed to their excellent capac-
ity for generating ROS such as 10, and superoxide (O;‘) [36-38].
Plants of the Asteraceae family have evolved to produce this class
of secondary metabolites as UV-activatable phototoxins for pro-
tection against viruses, bacteria, fungi, nematodes, insects, and the

Please cite this article in press as: G. Shi, et al., Coord. Chem. Rev. (2014), http://dx.doi.org/10.1016/j.ccr.2014.04.012



dx.doi.org/10.1016/j.ccr.2014.04.012

G Model
CCR-111866; No.of Pages 12

4 G. Shi et al. / Coordination Chemistry Reviews xxx (2014) xXX—Xxx

j2+

N
e S

LL)sRu
AN \ |

N n
1a: n=1, LL=bpy 1b: n=1, LL=dmb
2a: n=2, LL=bpy 2b: n=2, LL=dmb
3a: n=3, LL=bpy 3b: n=3, LL=dmb
4a: n=4, I_I_:bpy 4b: n=4, LL=dmb

Fig. 2. Molecular structures of Ru(Il) dyads derived from thiophene (1T) and olig-
othiophenes (2T-4T).

eggs and larvae of insects [39]. It is thought that the ROS generated
by 3T specifically target membrane phospholipids and lipoproteins,
leading to lipid peroxidation and ultimately cell lysis [40].

A triplet state energy for 3T of about 1.72 eV corresponds to a
wavelength of approximately 725 nm, falling in the so-called PDT
window, 600-850 nm, the range of wavelengths that penetrate
tissue most effectively due to low light scattering and minimal
interference by endogenous biomolecules, lipids, and water. Sim-
ilar to what is observed for triplet state energies, the S, — Sy
one-photon absorption of oligothiophenes can be tuned by as much
as 1.2 eV on going from 2T to 5T [41]. Right away one can envision
using red and near-IR light to access the 3IL 3T state directly or
increasing n to move the 'MLCT absorption to lower energy. The
modularity that characterizes coordination complexes provides a
convenient handle for making structural changes to achieve the
most desirable photophysical and photochemical properties.

Compounds reviewed herein emerged from a systematic inves-
tigation of photobiological activity as a function of n [42].
We employed either 2,2’-bipyridine (bpy) or 4,4'-dimethyl-2,2’-
bipyridine (dmb) as coligands in series a and b, respectively (Fig. 2).
Thiophene 1T and oligothiophenes 2T-4T served as organic triplet
units, and these chromophores were incorporated at C2 of the
coordinating imidazo[4,5-f][1,10]phenanthroline (IP) ligand [17].
A noteworthy example is oligothiophene 3T appended to IP, which
yields the functional IP-TT ligand (Fig. 3). This particular con-
struct serves a variety of functions in these dyads, but importantly
affords a low-lying 3IL state that can contribute to dual photore-
activity. This organic triplet is lower in energy than our previous
pyrene-based systems [28,13] and has the added ability to reduc-
tively quench excited Ru(Ill) configurations. Herein we discuss the
photobiological properties of 3a and 3b, make comparisons to
oligothiophene dyads of larger and smaller n, and highlight the
potential of these PSs as highly versatile and potent PDT agents.
A discussion of their photophysical and photochemical proper-
ties and implications these profiles have on their mechanistic
action is beyond the scope of this review. All experimental details
associated with the figures in this review have been reported
[42].

3. DNA as a therapeutic target
3.1. Overview

Maintenance of DNA topology is a highly regulated phe-
nomenon that is tightly controlled during representative processes
that are crucial to cell survival: replication, transcription, recom-
bination, and chromosome segregation at mitosis [43]. Even
the three-dimensional supercoiling that achieves compaction
of the extraordinarily large DNA structure is precise as are
the incremental changes in superhelicity governed by the

topoisomerase enzymes. Consequently, DNA and the enzymes
that control its topology are prime therapeutic targets for anti-
cancer agents [44]| owing to the extreme sensitivity of all cellular
function to the topological state of DNA. Cisplatin covalently cross-
links DNA, most often through intrastrand GG lesions, and the
inflicted structural distortion locally unwinds the DNA helix and
necessarily affects the degree of supercoiling [45-48]. Topoisome-
rase inhibitors such as Topotecan® and Etoposide® interfere with
the activities of Topoisomerase I and II, respectively, by reduc-
ing catalytic turnover of the enzyme in the case of Topotecan®
and by stabilizing the topoisomerase-DNA complex in the case of
Etoposide® [49-51]. In both examples the requisite DNA topolog-
ical changes mediated by these enzymes cease, causing a loss of
control over the degree of superhelicity and cell death.

Covalent DNA cross-linkers and topoisomerase
inhibitors/poisons as anticancer agents suffer from the inabil-
ity to discriminate effectively between healthy and diseased
tissue, thereby leading to dose-limiting systemic toxicity and
secondary mutagenic side-effects [52,53]. Therefore, significant
effort has been expended toward targeted therapies [54,55],
whereby some innate property of a malignant cell or tissue is used
as a biomarker to confer selectivity to a drug. Examples include the
molecular targeting of a specific genetic aberration as well as the
exploitation of chemical or physical properties of diseased tissue
(hypoxia, acidity, ROS, transporter-overexpression) [56]. The idea
that a cytotoxic agent can be turned on by certain molecular inter-
actions or environmental conditions—but not others—is elegant in
theory, but can present salient challenges in practice. Molecular
targeting is prohibitively expensive, and both physicochemical and
molecular targeting put evolutionary pressure on surviving cancer
cells. It has been said that all malignant cancers are governed by
Darwinian dynamics and that targeted therapy simply does not
work [57]. Targeting of the BRAF V600OE mutation in the case of
advanced melanoma lends support to such arguments given that
median response times are notably short at less than 6 months
with lethal drug-resistant disease relapse [58].

The use of light as the external stimulus for confining the
cytotoxic potential of a prodrug both spatially and temporally
to diseased tissue is an attractive alternative that combines the
advantages of conventional therapy (without the side-effects) with
targeted approaches (without the cost or evolutionary pressure).
The challenge here is to develop inactive prodrugs that only inter-
fere with the topological integrity of DNA when activated by light.
Long-lived reactive intermediates are somewhat compatible with
this strategy in that the prodrug could have low cellular or nuclear
uptake and poor DNA affinity while the activated form can be engi-
neered to yield increased cellular/nuclear uptake and enhanced
DNA association [12]. To our knowledge there are no examples
adhering to this level of rational design in vitro or in vivo, although
significant strides have been made toward the design of light-
activated metal complexes that covalently modify DNA [9-12].
The cationic nature of these reported complexes and their inclu-
sion of groove-binding and intercalating diimine ligands facilitate
DNA binding in the absence of a light trigger. Nevertheless, their
in vitro dark toxicities are strikingly low, which could be due
to light sensitization of otherwise slow cellular uptake or fast
efflux.

When short-lived, highly reactive intermediates govern DNA
damage, nuclear targeting and pre-association with DNA become
prerequisites owing to very short diffusion distances of the reac-
tive species. The caveat inherent to this latter approach is that
non-light-triggered interactions with DNA that alter its topology
become a source of dark toxicity. Sensitization of cellular uptake
triggered by light or fast efflux kinetics can play an important role
in suppressing the dark toxicity that would otherwise arise from
strong DNA binding and ensuing topological changes to its tertiary
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3a: [Ru(bpy),(IP-TT)]%*

3b: [Ru(dmb),(IP-TT)]2*

Fig. 3. Molecular structures of the Ru(Il) dyads derived from oligothiophene 3T, which are the major emphasis of this review.

structure. Experimentally, we have found that inclusion of rela-
tively non-lipophilic coligands (for slow dark uptake) combined
with a non-intercalating functional ligand (to minimize significant
dark topological changes to DNA structure) can lead to a strong PDT
effect in cells and in animals with much lower dark toxicity com-
pared to the clinically-approved agent Photofrin®, a light-triggered
PS that exerts its predominant effect primarily at the cell membrane

[1].
3.2. DNA binding

Our group has placed emphasis on octahedral metal complexes
derived from two relatively non-lipophilic ancillary ligands (bpy
and dmb) that noncovalently associate with DNA very strongly
(K, =107 M~1) owing to judicious choice of a third functional ligand.
In this context functional refers to the ligand that imparts DNA
binding and is simultaneously responsible for eliciting potent pho-
tobiological activity. The low-lying 3IL state supplied by the organic
oligothiophene unit is poised to generate singlet oxygen through
Type Il processes or participate in electron-transfer Type I chem-
istry via facile formation of the organic-centered radical cation. Its
high affinity for nucleic acids ensures that maximal damage occurs
at the Ru(II) binding site on the DNA helix upon photoactivation.

For the present series of dyads, association with DNA increases
with increasing n, with K,~10°M-! when n=1 and up to
Kp~108 M~! when n > 3 (Fig. 4). The magnitude of ATy, from ther-
mal denaturation experiments at [PS]/[NP]=0.1 and comparison to
known DNA intercalators such as ethidium bromide suggests that
the oligothiophene-based dyads do not intercalate DNA. Therefore,
we infer that groove binding plays an important role in these PS-
DNA interactions, and the strength of this association exceeds some
of the best known intercalators. High affinity for DNA ensures max-
imal damage to its structure upon photoactivation of the prodrug,
and slow dissociation kinetics positions these PSs for proximal
lesions, which are more deleterious and less likely to be repaired by
the cellular protective machinery. Importantly, the absence of an
intercalating effect for these PSs indicates that topological changes
to the DNA structure in the absence of a light trigger may be mini-
mal. Together, non-intercalative binding, slow cellular uptake/fast
efflux, and photosensitization of cellular/nuclear uptake could be
responsible for their low dark toxicity both in vitro and in vivo.

3.3. Photo-triggered DNA damage

Light-responsive changes to the topological structure of DNA
can be discerned readily by monitoring the electrophoretic mobil-
ity of supercoiled plasmid DNA through an agarose gel [59,60].
The relative migration distances of plasmid increase in the order
of nicked circular (Form II, single-strand breaks), linear (Form III,
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Fig. 4. (a) Optical titration of compound 3a (50 wM) with CT DNA (2-14 uM bases)
in Tris buffer (5 mM Tris-50 mM NaCl) at pH 7.5. (b) Binding isotherm calculated for
absorption changes at 419 nm.

two single-strand breaks on opposite strands or one frank double-
strand break), and supercoiled (Form I, no strand scission). When
DNA intercalation or cross-linking by some exogenous agent leads
to unwinding of the helix and concomitant removal of negative
supercoils, the migration effect is a gradual retardation of Form I
DNA with increasing concentration of agent until the removal of all
superhelical structure causes the plasmid to comigrate with Form
I DNA [44].

Ru(II) dyads derived from «-oligothiophenes do not disrupt the
topological integrity of DNA in the absence of a light trigger. How-
ever, these agents readily photocleave DNA when exposed to visible
light, and the magnitude of this activity increases with increasing
n. Fig. 5 demonstrates the effect of increasing concentration of 3a
on the topology of plasmid DNA. As little as 500 nM PS (lane 4) has
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Fig. 5. Agarose gel electrophoresis of pBR322 DNA (20 wM bases in 5mM Tris,
50mM NaCl, pH 7.5) with light-activated Ru(Il) dyad 3a. Lane 1, linear pBR322;
lanes 2-3, supercoiled pBR322 with and without light, respectively; lanes 4-13,
dose-response profile collected for 0.5-5 M PS. The light dose was 7]Jcm~2 of
visible light (400-700 nm).

a discernible effect on the topological structure of pBR322 DNA,
with single-strand breaks beginning to accumulate. Notably, the
DNA photocleavage induced by 3a produces traces of the more
deleterious double-strand breaks with increasing PS concentra-
tion, confirmed by comigration of the photodamaged DNA with
linearized pBR322 (lane 1). As the concentration of 3a is increased
under these conditions, the PS quenches the fluorescence from the
ethidium bromide DNA stain used for visualization of the bands,
causing bands to fade with increasing concentration of PS. The
potency of photo-triggered DNA damage by dyads derived from
oligothiophenes with n>3 are comparable to some of the most
efficient Ru(Il)-based photocleavers that yield 100% Form Il DNA at
PS-to-nucleotide ratios (r,) as low as 0.2 [6,16]. However, these
systems derived from dppn (dppn = benzo[i]dipyrido[3,2-a:2’,
3’-c]phenazine) and pydppn (pydppn = 3-(pyrid-2’-yl)-4,5,9,16-
tetraaza-dibenzo[a, c]naphthacene) photoactive ligands do not
produce double-strand breaks as observed for the oligothiophene-
based series, illustrated for 3a as the faint Form Il DNA bands
(Fig. 5).

Interestingly, the formation of double-strand lesions induced
by PSs such as complex 3a is amplified in the presence of endoge-
nous reducing agents such as glutathione (GSH). Fig. 7 compares the
photocleavage by 3a in the absence (a) and in the presence (b) of
10 mM GSH, which reflects the relatively high concentration of this
cytoprotective agent in cells [61]. The platinum-based anticancer
drugs such as cisplatin are notoriously susceptible to detoxification
by GSH due to rapid binding and inhibition of DNA cross-linking.
Ru(Il) complexes that covalently cross-link DNA with light activa-
tion (Fig. 6) have shown the remarkable ability to maintain function
in the presence of high concentrations of GSH [9], presumably due
to the expectation that Ru(Il) is less likely to act as a soft acid toward
soft sulfur-containing nucleophiles. The Ru(Il) dyads derived from
oligothiophenes are not only able to maintain their photobiological
activity in the presence of GSH, but importantly, their photody-
namic effect is significantly enhanced by GSH.

Careful inspection of Lane 1 (Fig. 7) indicates that double-strand
breaks are initiated by the oligothiophene-based Ru(Il) complexes
in the nanomolar regime with mM concentrations of GSH (b) but
not in its absence (a). With GSH and 2 .M (r, =0.1) PS, almost all of
the plasmid has incurred double-strand breaks (Lane 4) followed
by complete degradation at concentrations of PS much less than
5 M (rp =0.25). This ability to form double-strand lesions is not
seen at corresponding concentrations of PS in the absence of GSH.

e
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Fig. 7. DNA photocleavage of pBR322 mediated by compound 3a in the absence (a)
and presence of 40 mM GSH (b). The light treatment was 7] cm~2 of visible light
(400-700 nm).

At 2.5 puM (r, =0.25) and higher, linearized plasmid that has been
further degraded (Lanes 5-10) loses its ability to be imaged by the
intercalating dye ethidium bromide or residual luminescence from
the Ru(Il) complex owing to a complete loss of structural integrity.
In the absence of a light trigger, DNA damage is minimal in the pres-
ence of GSH and Form I predominates (Fig. 5, Lane 2). Facilitation
of DNA damage in this series is reduced when n=2, and there is
no effect when n=1. This direct correlation between increasing n
and amplification of phototriggered DNA damage in the presence
of GSH extends to other endogenous reductants that commonly act
as antioxidants [42].

It has been observed that inhibition of cellular antioxidant
pathways increases the sensitivity of cells to PDT [62]. The SOD-
1 and GSH pathways have been implicated in reducing the PDT
effect by clinical agents such as meta-tetrahydroxyphenyl chlorin
(mTHPC). Attenuation of PDT by antioxidants is not unexpected
given that the role of such endogenous species is to scavenge ROS
and other cytotoxic intermediates that serve as prime mediators of
PDT by clinically-approved PSs. Therefore, the facilitation of DNA
photodamage by these Ru(Il) dyads in the presence of significant
concentrations of GSH and various other important antioxidants is
surprising and highlights a potentially unique mechanism of action
for these potent DNA damaging agents.

7N\
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AN N/
Ru{bpy)z Ru(bpy),

Fig. 6. Structures of cross-linking agents that covalently modify DNA.
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Fig. 8. HL-60 cells dosed with compound 3a and viewed by laser scanning confocal
microscopy. The red emission produced by excitation of the PS at 458/488 nm was
collected through a LP510 filter.

3.4. Dual Type I/Il photosensitization

The 10, quantum yields (® ) for the Ru(1l) dyads derived from
oligothiophenes increase with increasing n. When n=1, the quan-
tum efficiency of 10, generation is approximately 50%, increasing
to 75% whenn =2, and unity when n > 3. Given that the PDT effect in
experiments with isolated DNA and in cells increases with increas-
ing n, one might be tempted to implicate singlet oxygen as the
major contributor to photosensitization by this class of PSs. How-
ever, the luminescence quantum yields in the absence of oxygen
for dyads with n >3 are less than 0.1%, suggesting that an alter-
nate, oxygen-independent nonradiative pathway dominates the
excited state dynamics in this class when oxygen tension is low.
This notion is supported by gel mobility shift assays (Fig. 9) car-
ried out in the presence of various scavengers widely accepted as
mediators of PDT, particularly for clinical agents such as Photofrin®,
Visudyne®, Foscan®, Levulan®, and others. Lane 3 represents base-
line DNA photodamage by 3a under the conditions employed, and
lanes 4-6, 7, 8-10, and 11 indicate that the PDT effect is not
abrogated by scavengers of 10,, hydrogen peroxide, hydroxyl rad-
ical, and superoxide anion, respectively. When n is reduced to 2,

Form Il

Form|

1 2 3 4 5 6 7

Fig. 10. Gel electrophoretic analysis (1% agarose gel precast with 0.75 pgmL™!
ethidium bromide, 1X TAE, 8 Vcm~!, 30 min) of PS-mediated pUC19 photocleav-
age in air-saturated and deoxygenated solution: visible irradiation of pUC19 (20 uM
NP in 10 mM Tris-100 mM NaCl, pH 7.4) for 1h with cool white fluorescent tubes,
21W-m?. Lanes 1 (—PS, —hv), 2 (500 wM [Ru(bpy)s ]**, —hv), and 5 (2 wM 2a, —hv) are
controls. Lanes 3 (500 wM [Ru(bpy); ]**, +hv) and 6 (2 wM 2a, +hv) contain samples
that were irradiated in air; lanes 4 and 7 are the corresponding samples irradiated
in argon.

oxygen-independent, Type I photocleavage persists for 2a (Fig. 10,
Lane 7), but further reduction ton=1(1a)yields a traditional Type Il
PS with an oxygen dependence comparable to [Ru(bpy); ]?* (Fig. 10,
Lane 4).

Compounds 3a and 3b act as Type I PSs in the photody-
namic inactivation (PDI) of microorganisms such as S. aureus and
methicillin-resistant S. aureus cultured under hypoxic conditions
and these Type II effects can also contribute to PDI when oxy-
gen levels are high [17]. Dual Type I/Il photosensitization has also
been quantified in glioblastoma U87 cells against the clinical agent
Levulan® (§-aminolevulinic acid, or ALA) for this class of PSs with
n>3 [42], and is responsible for its superior performance over
ALA. Retention of a PDT effect, namely, oxygen-independent, Type
[ activity, in both bacteria and cancer cells represents a significant
improvement over the clinical agents mentioned herein, which
present an absolute dependence on molecular oxygen for function.
The inability of PSs in current clinical use to act as a dual Type I/II
agents precludes PDT treatment of hypoxic tissue, which is a salient
factor in the limited success of PDT in clinical settings with existing
PSs [63]. In fact it has been said that hypoxia might well be the most
validated target in cancer therapy [64].

4. Evaluation in cancer cells
4.1. Nuclear localization
Desirable cellular uptake and localization profiles are fun-

damental to the efficacy of molecular probes and therapeutics
[65,66]. Unfortunately, the rational design of molecules with

Fig. 9. Effect of different ROS scavengers on the DNA photocleavage of pUC19 (20 wM bases) by compound 3a (1 wM). Lane 1, DNA only (—hv); lane 2, DNA only (+hv); lane 3,
PS (—hv); lane 4, PS, 150 mM DABCO (+hv); lane 5, PS, 150 mM NaNj3 (+hv); lane 6, PS, 150 mM histidine (+hv); lane 7, PS 1000/mL catalase (+hv); lane 8, PS 150 mM mannitol
(+hv); lane 9, PS, 150 mM t-butanol (+hv); lane 10, PS, 150 mM DMSO (+hv); lane 11, PS, 1000 U/mL SOD (+hv); lane 12, PS (+hv).
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Fig. 11. DNA light-switch effect produced by 3a (50 wM) binding to CT DNA
(2-14 pM bases) in Tris buffer (5 mM Tris-50 mM NacCl) at pH 7.5.

the appropriate uptake kinetics and subcellular localization
characteristics is not straightforward. In general metal complexes
suffer from low cellular uptake and even poorer nuclear penetra-
tion [12,67]. Some groups have overcome this problem by shuttling
Ru(Il) complexes into cells as cargo assisted by targeting moieties
such as cell-penetrating peptides (CPPs) [67]. HIV Tat peptide and
oligoarginine are examples of CPPs that have been used to facili-
tate cellular uptake of many cargos, including peptides, proteins,
oligonucleotides, plasmids, and peptide nucleic acids [68], as well
as potential small-molecule therapeutics such as Ru(Il) complexes.

An elegant example of this CPP-assisted delivery was described
by Barton et al. [67-69], whereby Ru(ll) dipyridophenazine
(dppz) complexes were targeted to the nucleus through covalent
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Fig.12. HL-60 cells dosed with compound 3a and viewed by laser scanning confocal
microscopy. The red emission produced by excitation of the PS at 458/488 nm was
collected through a LP510 filter.

attachment of p-octaarginine. Without the CPP unit, compounds
such as [Ru(bpy),dppz]?* accumulate in the cytoplasm. While such
strategies have proven effective in producing the desired subcellu-
lar localization in vitro, it comes as no surprise that appending the
basic molecular structure of a potential therapeutic or diagnostic
with carrier units and fluorophores, in turn, alters the pharmacoki-
netic profile of the prodrug. In fact, in many cases the carrier moiety
is more spatially demanding than the active cargo itself.
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Fig. 13. In vitro PDT dose-response curves for complexes 1b (a), 2b (b), 3b (c) and 4b (d) in HL-60 cells. Dark (black) and light (red) culture conditions were identical except
that the PDT-treated samples were irradiated with 7] cm~2 of visible light with a drug-to-light interval of 1 h.
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Fig. 14. In vitro PDT dose-response curves for complex 3b in HL-60 cells. PDT-treated samples were irradiated with (a) 7] cm~2 of visible light with a drug-to-light interval

of 1h or (b) 100] cm~2 of visible light with a drug-to-light interval of 16 h.

Like [Ru(bpy),dppz]?*, Ru(ll) dyads derived from
oligothiophene-functionalized ligands exhibit a light switch
effect that is triggered by DNA binding. As the conjugation length
of the oligothiophene increases so does the emission enhancement
upon interaction of the metal complexes with nucleic acids. From
n=1 to 3, the corresponding increases in emission are roughly
2, 2.5, and 3.5-fold, respectively (Fig. 11). In live cells, these
enhancements are amplified, and confocal microscopy can be used
to track the subcellular localization of the dyads without the use
of an exogenous fluorophore. Dead and dying cells can be easily
distinguished from healthy cells, and the nuclear and nucleoli
uptake by viable cells can be tracked with time (Fig. 8). Nuclear
penetration is relatively fast, taking place in less than 1 h, and
the expanded confocal image (Fig. 12) provides a clearer view
of the process. The pronounced nuclear uptake by these PSs and
their inducible intracellular luminescence represents a significant
improvement in intracellular DNA-targeting without the need for
tethered CPPs or fluorescent tags.

Cellular and nuclear uptake increase as light is shone on the cells
in the presence of the PSs during the course of a typical microscopy
experiment. Some initial photoreactivity at the cell membrane may
be responsible for this photosensitization of PS uptake and perhaps
the same phenomenon occurs at the nuclear membrane, but any
compromise of cell membrane integrity does not lead to cell death
during routine imaging times. Facilitation of cellular and nuclear
uptake with irradiation presents an orthogonal strategy for mini-
mizing collateral damage to healthy tissue during PDT and is worth
further exploration in its own right. Selective uptake and activation
of the PS only in the region of irradiation would offer significant
improvements over existing clinical PDT agents that are retained
in tissues over long periods, resulting in prolonged skin photosen-
sitivity.
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Fig. 15. Electronic absorption comparison of complexes 3a and 3b ([PS]=20 uM)
in aqueous buffer (5 mM Tris-50 mM NaCl, pH 7.4). The molar extinction coefficient
(630 nm) for Photofrin is marked for comparison.

4.2. Invitro PDT

A human leukemia cancer cell line (HL-60) and the Alamar Blue
(AB) cell viability test were used to quantify the in vitro PDT effect
for these Ru(Il) dyads of varying n. The HL-60 cell line is a standard
model used [28,13,9] to assess photodynamic activity by PSs in
live cells. In our conditions, HL-60 cells are dosed with PS con-
centrations of 1 nM to 300 wM (the upper limit due to solubility
constraints). The effective concentration to reduce cell viability by
50% (ECsp) is then assessed with no light treatment and following

—
O
~

—— Dark EC5, > 300 uM
—— Light EC5, = 19 uM

S

> 100 e z =

%

8

>

= 501

@

o

@

2

=

z 0 T T T T T
& 2 A 0 1 2

Log concentration (uM)

Fig. 16. In vitro PDT dose-response curves for complex 3b in HL-60 cells. PDT-treated samples were irradiated with 100]Jcm~2 of (a) visible light or (b) red light with

drug-to-light intervals of 16 h.
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various drug-to-light intervals (¢, ). From the dark and light cyto-
toxicity profiles, a phototherapeutic index (PI) can be calculated
as the ratio of the dark ECsq to the light ECsg, and it represents the
effective therapeutic range of the PS where dark toxicity is minimal.

The dark cytotoxicity of this family is very low (Fig. 13). Others
have cited ECsg values greater than 300 M as virtually nontoxic
[9], and all of the Ru(II) dyads discussed herein (Figs. 2 and 3) have
dark EC5q values that exceed 300 WM. In the case of 1b wheren=1,
there is no PDT effect in cells with a notably short drug-to-light
interval (ty, =1 h). Under identical conditions, n = 2 gives a light tox-
icity of 164 uM (PI>1.8). On going from 2b to 3b, increasing n from
2 to 3, the light toxicity increases ten-fold as does the PI. For 4b
(n=4), the light EC5g value is aslow as 1.5 wM (PI>200). Whenn > 4,
decreased solubility in aqueous media precludes accurate assess-
ment of cytotoxicity parameters so n=5 and larger is not discussed
herein. However, a 200-fold increase in light cytotoxicity with no
corresponding effect on the dark toxicity is a remarkable improve-
ment on going from n=1 to 4 in this family of dyads, and the trend
is analogous for 1a-4a. The desire to focus on the dmb coligand
stems from a slight improvement in water solubility over their bpy
counterparts.

The comparison among 1b-4b (Fig. 13) was carried out with a
notably short pre-PDT incubation period of only 1 h to illustrate the
effectiveness of 3b and 4b. PSs employed for in vitro PDT typically
require much longer drug-to-light intervals (16-24 h) due to slow
cellular uptake, whereby light presumably does not act to facilitate
subcellular localization as is observed in this series. When the PDT
treatment is optimized by increasing the light dose from 7] cm~2
to 100Jcm~2 and the drug-to-light interval to 16 h (Fig. 14b), the
light ECsq value for 3b is 200 nM, and the PI is greater than 1500.
These unusually large therapeutic indices and extremely potent
light cytotoxicities appear to be a general feature of Ru(Il) dyads
characterized by lowest-lying 3IL excited states [28], which are
highly sensitive to trace amounts of oxygen and also exhibit dual
Type I/Il switching behavior [13]. Another phenomenon that we
have recently documented for Ru(Il) dyads possessing low-lying 3IL
states is their capacity for multiwavelength PDT, particularly with
wavelengths for which their molar extinction coefficients are very
low [70]. The absorption spectra for 3a and 3b (Fig. 15) show very
little absorption in the phototherapeutic window (600-850 nm)
where tissue is most transparent. Molar extinction coefficients for
these complexes are on the order of 10 M~1cm~! at 630 nm, where
Photofrin® has an absorption cross-section of 2250 M~cm~1[71].
Nevertheless, it is possible to generate PDT with red light (625 nm),
and the effect is respectable with a light EC59 of 19 wM and a PI
exceeding 15 (Fig. 16). In the glioblastoma U87 cell line, the potency
is even better, with light ECs¢ values as low as 1 wM and PIs that
exceed that of Photofrin®.

While the precise mechanism for cell death remains to be eluci-
dated, the nuclear localization confirmed by microscopy combined
with a size distribution analysis on the PDT-treated cells point
toward apoptosis (Fig. 17). Typically cells undergoing necrosis swell
while cells responding to apoptotic signaling pathways shrink.
Healthy HL-60 cells have mean cell diameters centered around
11 pm, and the PDT-treated cells using PSs 3a or 3b shrink to 4.6 um
before being lost on the image to phagocytosis or as cellular debris.

5. Evaluation in animals: in vivo PDT

The ability of a PS to act effectively and impressively in iso-
lated cells does not a priori translate to a good in vivo PDT agent.
Obviously, absorption, distribution, metabolism, and excretion
(ADME) are crucial factors that govern whether a PS will be syste-
mically toxic to its host. In the case of the Ru(II) dyads derived from
oligothiophenes, however, good in vitro activity does translate to
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Fig. 17. Size distribution of PS-dosed HL-60 cells at 40 h post PDT treatment.
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Fig. 18. No signs of tumor at 52 days post PDT treatment with 3b (53 mgkg~') and
525-nm continuous wave light (192] cm=2).

excellent in vivo PDT in a rodent model. In vivo MTDsq values were
determined for 3a and 3b using a standard dose escalation scheme
inorder to ascertain dark toxicity toward the animals. MTD5q values
represent the maximum tolerated dose, where 50% of the animals
survive the dose. The MTDsq values for 3a and 3b are 36 mgkg!
and 103 mgkg~1, respectively. For comparison, the administered
dose for commonly employed PSs such as Photofrin® in rats is
12.5mgkg~1 [72], and the toxicity in humans is close to 2 mgkg~!
[73].

The relatively low dark toxicity of 3b in particular combined
with its increased water solubility relative to 3a is an attractive
starting point for further development of a viable PDT agent for
human use. When mice are inoculated with colon carcinoma cells
(CT26.WT), subcutaneous tumors form readily. When the subcuta-
neous colon tumors reached 5.0 + 0.5 mm in long-axis diameter,
53mgkg~! of PS 3b was intratumorally injected (Fig. 18). Subse-
quent PDT treatment with 525-nm continuous wave (CW) light
(192 J cm~2) resulted in complete tumor destruction with no evi-
dence of tumors even at 52 days post treatment. The corresponding
Kaplan-Meier curves describing animal survival with PDT treat-
ment using dyads 3a and 3b (Fig. 19) demonstrate that in vivo PDT
with these PSs yields significant improvement in animal survival
over control animals with as little as 2mgkg~! and 5mgkg-! PS,
respectively. These doses are 2-6 times lower than the doses at
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Fig. 19. Kaplan-Meier survival curves for mice bearing tumors post PDT treatment
with 3a (a) or 3b (b) and 525 nm light.
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Fig. 20. Electronic absorption spectra of 3a and several of its structural derivatives
at 20 wM in acetonitrile. The molar extinction coefficient (630 nm) for Photofrin is
marked for comparison.

which Photofrin® are administered in similar pre-clinical models,
and 40-100 times lower than those for Levulan®.

The PDT parameters can be optimized further for treatment in
the PDT window given that these dyads with n> 3 generate red
PDT despite the fact that they do no absorb red light substan-
tially. We have achieved this red PDT effect in animals as well.
Given that the Ru(Il) framework is modular in design, the dyads
are easily modified to alter absorption of light as well as photobi-
ological properties and ADME profiles. Increasing the number of
thiophenes from n=3 as in 3a or 3b to n=4 (4a or 4b) increases
the molar extinction coefficients of the dyads at 630 nm to be on
par with that of Photofrin® (Fig. 20). Similar improvements can be

invoked by altering the ancillary ligands (blue curve), changing the
identity of the central metal ion (orange curve), and adding addi-
tional metals to yield mixed metal complexes (red curve) [74,42].
However, very subtle, and certainly gross, structural changes can
have profound effects on the photobiological activities of the PSs,
and one cannot easily extrapolate the in vivo PDT efficacy from the
simpler in vitro PDT experiments, even 3D tumor spheroid models.
Therefore, we use in vitro PDT to narrow our libraries to acceptable
numbers for animal experiments, but in vivo investigation is crucial
for ascertaining the true potential of a PS for clinical PDT. More-
over, the in vivo dosimetry and the light component of PDT are just
as important as the PS—perhaps, arguably, more important. The PS
may set a maximum threshold of PDT that can be obtained, but its
in vitro potency is rarely achieved in live animal models owing to
problems inherent to in vivo dosimetry. Furthermore, the ideal PS,
light treatment, and protocol will be different for different cancers
and even different among phenotypes of the same cancer. Conse-
quently, identification of promising PSs for PDT necessarily requires
amultidisciplinary approach for further development, and medical
biophysicists and cancer specialists are critical in moving forward.

6. Summary and outlook

Metal-based PSs offer a versatility that is far beyond what can
be achieved with traditional organic systems that are in clini-
cal use for PDT. Their modular architecture can yield a breadth
of photoreactivity with only minor structural modification. The
addition of a few methyl groups, for example, can turn a 0, gen-
erator into a metal complex that covalently modifies DNA through
the formation of photoadducts. More recently, systems have been
documented that are capable of partitioning their excited state
reactivity between oxygen-dependent and oxygen-independent
mechanisms depending on local oxygen tension and environment,
overcoming a significant drawback associated with organic PSs.
While significant effort has been directed toward moving the
absorption of these metal-based PSs into the PDT window, Ru(II)
dyads derived from a variety of w-expansive ligands are surpris-
ingly effective with red light activation despite minimal absorption
in this wavelength region. The striking potency responsible for
this phenomenon has eliminated the one advantage the porphyrin-
based PSs held, namely, activation in the PDT window. The Ru(II)
dyads described in this review demonstrate these points and also
show that nuclear targeting is possible without elaborate carrier
systems. Moreover, the in vitro activity of these metal complexes
translates to in vivo rodent models, with MTDsq values that are
superior to Photofrin®. These dyads are currently undergoing the
final stages of pre-clinical optimization for human Phase 1 studies
this year and will pave the way for a new class of PSs that may
position PDT as a mainstream cancer treatment.
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