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Abstract
Anthracene was attached to light activated, ruthenium-based DNA disruptors to probe
their distribution in cancer cells. The objective of this research is to understand the photophysical
properties (Chapter 2), photoreactivity toward DNA and proteins (Chapter 3), and localization
within cancer cells (Chapter 4) of ruthenium complexes that demonstrate promise as
photodynamic therapy (PDT) agents.

[(AnthbpyMe)(bpy)Ru(dpp)]*” (1) and [(AnthbpyMe).Ru(dpp)]** (2) absorb visible light
with metal-to-ligand charge transfer (MLCT) transitions at 459 nm (16,000 M'cm™) and 461 nm
(21,000 M'em™), respectively. These species exhibit "MLCT emissions at Aem = 661 nm and Aep
= 663 nm for 1 and 2, respectively, while the anthracene show emissions at 450 — 560 nm. The
anthracene unit(s) quench the "MLCT to give quantum yields (lifetime) of ®c, = 0.0059 [398(1)
ns] and @, = 0.0011 [414(1) ns] for 1 and 2, respectively. Voltammetry shows an irreversible

anthracene oxidation at 1.23 — 1.28 V, Ru™™

oxidation at 1.53 — 1.55 V, and quasi-reversible
reduction couples attributed to dpp” ™ at 0.98 V.

DNA gel shift assays demonstrate that complexes 1 and 2 modify DNA in the presence and
absence of 0, upon light activation to convert supercoiled DNA to a mixture of open circular
(OC) DNA and a species that exhibit sa distinctly different migration rate than either OC and
linear DNA. Binding constants, Ky, for complexes 1 and 2, toward DNA are 3.50 x 10°(3.50 x

10* ) and 4.50 x 10°(4.50 x 10%) respectively. SDS-PAGE assays show that the complexes 1 and

2 modify bovine serum albumin (BSA) through an *O,-dependent mechanism upon light

ii



activation.

The localization and PDT potency of the anthracene-Ru-dpp complexes are tested against
F98 cells, which are rat glioma cells that simulate the infiltrative patterns of growth in cancer.
Confocal microscopy demonstrates that complexes 1 and 2 internalize and localize primarily
along the cell membrane and associate with dot-like vesicles within the cytoplasm. Complexes 1

and 2 show ICsg values of 107 uM and 85 uM, respectively, after 15 min of drug exposure and 1

h of PDT-treatment (Appr = 455 nm).
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Chapter 1 Introduction
1.1 Cancer

Cancer is a term describing diseases characterized by uncontrollable growth of abnormal
cells."” Cancer is a consequence of the accumulation of mutations that influence the growth,
control, diffusion, and survival of cells.*’ Traditionally, cancer is viewed as a multistage disease
that is initiated by the alteration of DNA by genotoxic radiation, viruses, and carcinogenic

. 1278
materials.>”

In 2014, it was expected that over 500,000 individuals would die from a cancer-
related disease in the United States.” Currently, cancers are treated by surgery, chemotherapy,
and radiation therapy, which are frequently used in combination.

Although cancer originates from changes in gene expression, disruption of signaling
pathways that regulate cell homeostasis can also trigger multicellular events that transform
healthy cells to cancerous cells. The diagram in Figure 1.1 depicts the interdependent and
extremely complex-signaling pathways that have numerous genes known to be functionally
altered (highlighted in red) resulting in changes in gene expression.” The consequence of altering
genetic material enables cancerous cells to proliferate rapidly and indefinitely and to accumulate
at anatomical sites generating solid masses of cancerous cells known as primary tumors.’

Secondary tumors form when cells from the primary tumor spread and metasticize into different

organs of the body.
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Figure 1.1. Integrated cell signaling pathways of the mammalian cell. Genes that are known to
mutate are highlighted in red when there is a disruption of signal transaction (figure taken with
permission from reference 2).

1.2 Malignant glioma

Although all types of cancer have their own characteristic challenges, malignant brain
tumors are among the most biologically complex, aggressive, highly invasive, and neurologically
destructive cancers. Malignant glioma (MG) brain tumors make up about 1.35% of total

9,10 . : 1,9,11
cancers. >~ Brain cancer cases have a low survival rate (about 29.6%).

Patients typically lose
control of vital processes such as breathing, memory, movement, and cognitive response, and the
often suffer excruciating pain. The inter- and intratumoral heterogeneity and location of MG

tumors deep in the brain present challenges for many of the current treatment regimens, which

warrants the investigation of novel drugs and therapies capable of treating MG tumors.



Glioblastomas (GBM) are classified into primary and secondary categories based on
clinical and genetic features established by the World Health Organization, which are then
further subdivided into classes (I-IV) used to establish the degree of malignancy."'* Grade I
tumors are solid masses that can be surgically removed, while Grade II are low-grade malignant
tumors that follow infiltrative paths and are considered incurable to date. Grade III-1V are high-
grade malignancies that result in death within a year of diagnosis.""'*"*

Malignant glioma (MG) cells, in particular exhibit significant integrated cellular
signaling pathways abnormalities that disrupt proliferation, apoptosis, and infiltrative processes
The abnormalities of cellular signaling pathways exhibited by MG can cause dysregulation of
key cellular processes within the tumor colony, which results in the constant mutation of genetic
material.”'®. Furthermore, these types of cells exhibit inter- and intratumoral heterogeneity,
which is actually a result of normal, evolved defense mechanisms. The complexity of tumor
heterogeneity exhibited by MG poses significant challenges for targeted lock and key therapeutic
interventions to deliver efficient therapeutic potency due to their infiltrative growth and tumor
regression properties as well as their eccentric signaling pathways."”. Thus, there is an urgent
need for new therapeutic interventions that can deliver a burst of reactive cytotoxic agents
through a variety of dynamic mechanisms to circumvent the drug resistance feature commonly
associated with MGs. The desired therapy represents a sort of chemical and biological “shock
and awe” approach.

1.3 Current treatments for malignant glioma
Current regimens to treat MG cases range from small molecule drug development,
locoregional therapy, and targeted therapies.”"> Temozolomide (TMZ) is an attractive

therapeutic molecule for brain cancers due to the ability of the drug to traverse the blood brain



barrier (BBB) with nearly 100% bioavailability after oral uptake.'®'” TMZ was approved in the
US in 1999 to treat MG.'®'” Locoregional therapy is a value-added approach to treat MG cancers
by administering therapeutic drugs during surgery.”'® This therapy circumvents the BBB, while
increasing the intratumoral concentration of the drug lowering its systemic toxicity and
minimizing recurrence, which typically occurs at the primary tumor site.'®
1.4 Photodynamic anti-cancer therapy
Photodynamic therapy PDT is a combinatorial therapy that provides an alternative
approach to treat MG cancers by using anticancer agents that can be light activated. An
advantage of PDT is that guided light delivery can be used to activate PDT agents to treat
diseased cells in a confined region and thereby minimize the harm to health tissue. PDT can be
used in concert with locolregional therapy (surgery) to deliver the drug to the vicinity of tumor
site and followed by activation using non-destructive light irradiation. For the treatment of MG
tumors a laser can be employed to insure the needed pinpoint spatial resolution of the treatment.
PDT relies on uses light-sensitive agents known as photosensitizers (PS)."”** Most PDT
agents are also designed to target and modify vital specific biological substrates, often DNA.**°
The emphasis on DNA goes back to the old assumption that cancer is primary a disease of the
cell nucleus but we now know that this is not true, especially for complex cancers such as MG.
An ideal PDT agent must adhere to the following criteria to optimize preferential accumulation
and cytotoxicity toward diseased tissues:'’
* Known molecular composition
* Photochemically stabilized
* No cytotoxicity in the absence of light

* High diseased tissue recognition capabilities



* Rapid expulsion from the body

* Efficient photoproduction of reactive toxic agents

Promising PDT agents should also achieve photoactivation within the therapeutic window, which
is defined as light between 620 — 850 nm that efficiently penetrates the skin, propagates through

27,28

tissue, and has sufficient energy to produce cytotoxic species. PDT agents for cancer

treatment have not been reported that meet all these criteria.
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Figure 1.2. State diagram for the photosensitization (PS) of *O, by photosensitizer (ES(excited
state), k’s (rate constants) for r (radiative decay), nr (non-radiative decay), isc (intersystem
crossing), en (energy transfer), rxn (reaction), f (fluorescence) and p (phosphorescence), (figure
reconstructed from literature reference 2*).

The principles of the phototoxic process are outlined in Figure 1.2. Starting at the ground
state (GS), photoexcitation promotes an electron and forms an initial singlet excited state ('ES).
The triplet-excited state ("ES) is then populated through intersystem crossing. The key “ES state
can undergo electron/energy transfer processes to generate reactive toxic species according to
four main mechanisms. These processes depend strongly on the photosensitizer having a long-
lived *ES."***"* A Type I mechanism involves proton abstraction and/or electron transfer
between the *ES and native substrates, especially biomolecules (proteins, RNA, DNA), resulting

in the formation of reactive oxygen species (ROS). The Type II mechanism involves the transfer



of energy from °ES into a molecular oxygen, which generates cytotoxic singlet oxygen
('0,)."7%*" A Type III involves direct oxidative damage through electron transfer from native
cellular substrates (enzymes, membranes, proteins, and DNA) to the PS.*” Type III differs from
Type I in that reactive oxygen species are not involved. Type IV is photobinding of the
photosensitizer with biomacromolecules (proteins, RNA, DNA, ect.).””* PS that exhibit an
oxygen independent mechanism are of interest due to their potential to treat aggressive, highly-
invasive, and neurologically-destructive brain cancers (i.e. malignant gliomas) due to the
hypoxic environments commonly associated with these types of tumors. A desirable feature of
next-generation PDT agents is the ability to operate simultaneously in more than one distinct
pathway and thereby deliver a ‘therapeutic burst’ that will overcome the adaptability of MG.
1.5 Polyazine-bridged Ru(Il)-Pt(II) systems as PDT agents

The quest to treat cancer by PDT has led to the development of photoactive metal
complexes that can modify biological substrates to treat diseased tissue with low energy light.
One approach to design a new PDT agent that disrupts biological substrates (DNA, RNA, and
proteins) through multiple pathways is to incorporate PSs that efficiently sensitize >0, and a
metal-based DNA binding agent within a single molecule. Metal-based PDT agents offer
stability toward ligand substitution, tunable redox properties, and orbital energetics based on
ligand modification. These features are not offered by traditional non-metal-based PDT agents,
such as Photofrin.>?® A variety of metal-based PDT agents have been shown to interact with
biomacromolecules through intercalation, electrostatic association, and covalent binding, leading
to significant structural modification that results in inhibition of transcription/translation and/or
replication.***’

Ruthenium polyazine complexes show promise as PDT agents due to their ability to



absorb visible light, utilize their ability to sensitize *O,, and reactivity toward DNA.>*'"* PS
tris(2,2'-bipyridine) ruthenium(Il), [Ru(bpy):]*" (bpy = 2.,2’-bipyridine), and its analogs are
proven PDT agents that promote 'O,-mediated scission of DNA via quenching of the Ru(II)
triplet metal-to-ligand charge transfer, "MLCT, excited state that are typically long-lived and
efficiently generate 'O, upon light activation upon light activation,*>*#>4246-48

Although Ru(II) polyazines exhibit the right properties as photosensitizer toward oxygen,
the lack of selectivity and the absolute dependence on oxygen limits the utility of Ru(Il)
complexes as PDT agents.”>' One approach to alleviate these limitations is to couple known
metal-based DNA binding agents such as Pt(Il) through a polyazine bridging ligand (BL) to
generate Ru(Il)-Pt(IT) bimetallic systems that can target and photomodify DNA through multiple
processes.”>>> Ru(II)-Pt(II) systems are believed to function by concentrating the PS at the DNA
target through initial binding of the Pt center with DNA.***% The idea is to create a hybrid of
the proven cancer drug cisplatin with an attached photosensitizer.

Several PDT candidates/models are shown in Figure 1.3. The heterobimetallic complex 1
binds to DNA through the Pt(II) unit, while the M(II) cation affords extra electrostatic attration.'
Complex 2 intercalates into DNA and coordinates to the DNA duplex at the Pt(I) motif, while
the Ru(II) unit facilitates additional electrostatic binding toward DNA.** Complex 3 and closely
related species thermally bind to DNA and are the first Ru(II)-Pt(II) system(s) to inhibit bacterial
growth.®”® Complex 4 binds and cleaves DNA upon irradiation at 455 nm.***® Complex 5 was
the first Ru(Il)-Pt(Il) compound to exhibit DNA binding and photocleavage with the use of
visible light. In fact, close association of Pt(II) and Ru(Il) through a conjugated bridging ligand
such dpp tends to decrease ’ES lifetime. However, complex 5 works because of electronic

decoupling of the two distal Ru(II) chromophores from the reactive Pt(II) site.®””> Complex 6



also decouples the Ru(Il) PS from the Pt(II) site and was shown to target and photocleave DNA
as well (Aex= 470 nm).” In summary heterobimetallic complexes that incorporate a Ru(II) PS to

sensitize *0, and a Pt(II) motif to bind DNA can modify biological substrates through multiple

4,75
1.747

pathways, which can enhance their PDT potentia
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Figure 1.3. Chemical  structures of  Ru(Il)-Pt(Il) candidates for PDT  agents
[(bpy)2M(dpb)PtCL]* (1) (M = Ru(ll) or Os(I)), [(tpy)Ru(dtdeg)-PtCI1]** (2),
[(tpy)RuCl(dpp)PtCL,]*" (3), [(Phyphen),Ru(dpp)PtCL]*" (4), [(bpy)Ru(dpp)PtCL]°" (5), and
[Ru(bpy)s {m-bpy-(CONH-(CH,);-NH,),} PtCL,]*" (6).



Despite the enormous potential that Ru(Il)-Pt(II) complexes display for multifunctional
PDT agents, there is limited information about the distribution, localization, and biological target
within a cells. A potential reason for the absence of in vitro studies for Ru(Il)-Pt(Il) systems,
specifically for [(bpy):Ru(dpp)PtCl,]*" and its analogs, can be ascribed to the inherently short
lived excited state lifetimes (t ~ 45 ns) relative to [Ru(bpy)]*", low quantum yield (¢ =~ 10*) of
luminescence from the covalently coupled Ru(Il) chromophores and shifted emission bands (Amax
~ 750 nm) that are beyond the detection limits of current optical imaging techniques.”® Although
the *MLCT excited state of [(bpy)Ru(dpp)PtCL,]*" can generate singlet oxygen and react with
DNA, essential for PDT applications, the excited state properties are not suitable for optical
imaging techniques. Thus, the localization, distribution, and biological targets of Ru(II)-Pt(II)
complexes of the form [(TL)zRu(dpp)PtC12]2+ (TL = bpy, phen, and Ph,phen) within cells
remains an unexplored area of research. One approach to the observation of complexes of the
form [(TL),Ru(dpp)PtCL,]*" within cells is to append a polycyclic aromatic hydrocarbon (PAH)
unit that independently fluoresces onto the molecular structure, Figure 1.4. Tethering a
fluorescent tag (FT) to the Ru(Il)-Pt(Il) molecular system can provide a non-destructive and
highly sensitive approach to track the complex within cells to gain insight into the localization
and biological targets of Ru(Il)-Pt(II) systems, which could present a major contribution to the

future development of Ru(II)-Pt(IT) agents for cancer.
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Figure 1.4. Illustration that describes fluorescent Ru(Il)-Pt(Il) complexes of the form
[(FT)(TL)Ru(BL)PtCl,]*".

Appending rigid, highly conjugated, and fluorescent organic chromophores to the
Ru(II) PS unit within the Ru(II)-Pt(II) structure through insulating organic linkers (OL)
serves as one approach to create fluorescent Ru(II)-Pt(I[) complexes of the form
[(FT)(TL)Ru(BL)PtCl2]?*. A systematic approach demands that the molecular building
blocks are studied so that the effect of each on the PDT activity and cellular localization can
be understood. Moreover it may turn out that the molecules without Pt(II) may have useful
properties in their own right.

This dissertation concerns the design of fluorescent tagged Ru(Il) photosensitizer to serve
as molecular intermediates for fluorescent Ru(Il)-Pt(Il) complexes, while studying their
photophysical properties, interactions with biomolecules (DNA and proteins), and localization
within mammalian cells.

1.6 Exploring fluorescent metal-organic Ru(II) complexes as molecular precursors for
fluorescent Ru(II)-Pt(II) systems

Metal-organic Ru(Il) polyazine complexes that append PAH unit(s) through an insulating

10



organic linker offer three points of modulation (organic linker, PAH, and Ru(Il) polyazine
framework) that can be used to control the luminescence, DNA photobinding, and photocleavage

44,77-80

within a single molecule, Figure 1.5. In general, the properties of these Ru(Il) hybrid

complexes have been found depend on the nature of the covalent linker and the type of

81-86

chromophore appended to the Ru(Il) unit. However, if designed correctly these metal-

organic Ru(Il) systems can append active chromophores that remotely retain their individual
properties and can serve as molecular precursors for fluorescent Ru(II)-Pt(Il) systems.**""™
Thus, our aim was to create a modular molecular system of the form FT-OL-Ru(II) that can be
used for Ru(Il)-Pt(II) assemblies. The next few paragraphs describe the key features of our
design.

Ru(Il) polyazine complexes offers kinetic and thermodynamic stability for ligand
substitution, *ES properties appropriate to singlet oxygen generation, accessible redox properties,
tunable energetics, and immense flexibility of structure and properties by virtue of their
octahedral geometry and bidentate ligand coordination. The one in Figure 1.5 is the simplest
thing that we could choose as a starting point. The syntheses of these multifunctional systems are
challenging due to the coupling of several units into a single molecule and can suffer from low-

yield isolation and difficult purification processes. These complexes are therefore difficult and

expensive to prepare in large quantities using current synthetic methods.

11
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Figure 1.5. Illustration that describes the three-points of modulation for metal-organic Ru(II)
polyazine complexes that covalently append PAH unit(s) through an insulating organic linkers.

The amide bond was used for the OL on the basis that these bonds have been shown to
electronically decouple fluorescent subunits from Ru(Il) PS and are unlikely to hydrolyze under
cellular conditions, Figure 1.5.**°*% Additionally, the amide bond is a synthetically versatile
functional group to append different fluorescent units and can also alleviate potential twisted
intramolecular charge transfer (TICT) processes commonly associated with metal-organic Ru(II)
systems, which can introduce undesirable non-radiative decay pathways upon
photoactivation.”®”” The linkage amide minimizes the deactivation from TICT processes by
insulating the two active chomophores and keeping them remote from each other such that they
retain their individual properties.****%

Anthracene was chosen as the fluorescent tag because it is the simplest unsubstituted
PAH possessing the appropriate excited state lifetime (= 5 ns) appropriate for optical imaging

. 94,95,98-100
techniques.” ™

Furthermore, the anthracene motif has been shown to have the appropriate
excited state orbital energetics, in comparison to naphthalene and pyrene, to minimize

undesirable intramolecular interactions between the *MCLT and arene states.’**”1°11% While

12



the photophysical behavior of these systems is complex, proof of the forgoing concepts has been
demonstrated empirically as described in the next paragraph. The ruthenium complex
[Ru(bpy)2(Mebpy-anthracene)]*” combines [Ru(bpy)s;]*~ with anthracene via an amide bond
(Figure 1.6). The [Ru]-anthracene system exhibits bichromatic behavior, which allows the
compound to fluoresce and phosphoresce from the anthracene and Ru(II) units, respectively.'®’
Although, a cursory examination of the state diagram for this [Ru]-anthracene system may reveal
various pathways for deactivation upon excitation, singlet-singlet, triplet-triplet, and/or singlet-
triplet, this system is proof that fluorescent Ru(Il) PS that append anthracene units through amide
linkers is a reasonable design for molecular precursors to Ru(II)-Pt(II) assemblies that fluoresce
from the PAH unit. It is hypothesized that the appended anthracene can be used to monitor the
cellular distribution and localization using optical microscopy.. Additionally, these [Ru]-
anthracene hybrid compound are hypothesized to deliver a burst of reactive cytotoxic agents
through multiple photodynamic mechanisms, facilitated by the anthracene and Ru(Il) unit(s)

upon activation, to modify a variety of biological substrates, which can potentially circumvent

the drug resistance feature commonly associated with MGs.
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Because cancer involves uncontrolled cell reproduction, DNA is a obvious intracellular
target for drug therapy. DNA exists in a variety of topological configurations.'®'*® Ru(II)
polyazine that append PAH units such as pyrene and anthracene units are capable of interacting
with DNA by covalent and non-covalent interactions to cause significant structural modification
to DNA. > 081061911 The ight-induced reactivity of the metal-organic Ru(Il) complexes with
DNA can be examined by DNA gel shift assays to determine the potential covalent and non-

covalent modification process toward DNA.%!0112

These assays can monitor the binding
propensity and oxidation of DNA, which is reflected by a change in size and charge as well as
unwinding and/or cleavage of DNA. *!'*''> Monitoring the change in electrophoretic migration
and/or conversion of the native SC (Form I) to the open circular (Form II) through gel shift
assays gives insight into the behavior of the metal complex-DNA adduct in the ground and

excited state,®5!110-112

The oxidation of a single strand of DNA results in the unwinding of the SC
form of DNA (Form I) to the relaxed OC form (Form II) significantly changing the size and

migration of the DNA (Figure 1.7).

@ A Cir Lin (b)
231 wusnss —
0.4 e
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_ s —Form 111
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2.0 S— — Form I Form I Form II Form III

Figure 1.7. (a) DNA gel assay for supercoiled DAN illustrating supercoiled (Form I), open
circular (Form II) and linear (Form III) DNA. Band assignments are based on Vinograd and
Lebowitz. Reproduced from Zigler, D. F.; Brewer, K. J. “Toward Photodynamic Therapy of
Cancer with Platinum Group Metal Polyazine Complexes” in Metal-Complexes-DNA
Interactions, Wiley-Blackwell. A is a Lambda DNA/HindIIl molecular weight marker, Cir is
circular plasmid DNA containing native supercoiled (Form I) and opencircular (Form II) plasmid
DNA, and Lin is linear plasmid DNA (Form III) and (b) is a general illustration of the forms of
DNA.
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Cleavage of two DNA strands result in the linearization (Form III) of DNA displaying a different
electrophoretic migration from the Form I and IL'**'"7 Linearization of DNA by metal
complexes can result in random and/or nonrandom double strand cleavage to yield DNA
fragments of different sizes produced by multiple oxidation process.'®”!'!¢12?

Metal-organic Ru(IT) complexes can interact with DNA through electrostatic interactions,

68,106

intercalation, minor and major grove binding, and covalent binding. Photosensitizer

[Ru(phen),(pyip)] and [Ru(phen)y(aip)]*" append pyrene and anthracene unit, respectively, to a

Ru(I) photosensitizer with application in PDT (Figure 1.8).'%

The ruthenium complexes
[Ru(phen)(pyip)]*" and [Ru(phen),(aip)]*" were shown to exhibit binding constant of K, = 1.57
x 10° M and Ky, = 1.01 x 10° M, respectively, which suggest that these metal-organic Ru(II)
complexes have enhanced intercalative attributed to the increase in surface area provided by the
PAH units.'"” DNA photoclevage studies reveal that both [Ru(phen)z(pyip)]2+ and

[Ru(phen)z(aip)]2+ cleave DNA through '0, and *OH radicals mechanisms upon photoactivation
pon p

with A =450 nm.

Figure 1.8. Molecular structure of metal-organic Ru(Il) complexes.
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Thus, in an effort to create a FT-OL-Ru(Il) complex that can be used for Ru(II)-Pt(I)
assemblies, anthracene fluorescent units will by appended to ruthenium systems of the form
[(bpy)2Ru(dpp)]*", (bpy = 2.2’-bipyridine and dpp = 2,3-bis(2-pyridyl)pyrazine), via amide
linkers. This anthracene-Ru(II)-dpp PS arrangement will serve as a molecular precursor for novel
Ru(I)-Pt(II) systems as well as structurally diverse Ru(Il) photosensitizers for PDT.

1.7 Exploring the anthracene-Ru(II)-dpp molecular architecture for fluorescent Ru(Il)-
Pt(II) systems

The research in this dissertation describes the photophysical properties, interactions with
biomolecules (DNA and proteins), and intracellular localization within mammalian cell of

anthracene-Ru(II)-dpp complexes, Figurel.9.

[(AnthbpyMe),Ru(dpp)]*".

To the best of our knowledge this is the first attempt to synthesize fluorescent Ru(Il) PSs for
Ru(ID)-Pt(II) assemblies of the form [(bpy),Ru(dpp)PtCl,]*" by covalently appending anthracene
motif(s) to the [(bpy):Ru(dpp)]*” framework through an amide linker. The photophysical
properties (Chapter 2), the reactivity toward DNA and proteins structures (Chapter 3) and the in
vitro behavior toward cells (Chapter 4) of these Ru(Il)-anthracene hybrid systems are studied

herein.
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Morris®, and Professors Karen J. Brewer'.
2.1 Abstract

The synthesis of Ru(Il) derivatives [(AnthbpyMe)(bpy)Ru(dpp)]*" (2) and
[(AnthbpyMe)zRu(dpp)]2+ (3), and the analysis of their excited state properties as well as their
photocytotoxicity against glioma cells are reported. Complexes 2 and 3 absorb visible light with
metal-to-ligand charge transfer (MLCT) transitions at Amax = 459 nm (16,000 M'lcm'l) and Amax
=461 nm (21,000 M"'ecm™), respectively. The complexes exhibit bichromatic properties with the

*MLCT emission centered at Aem = 661 nm and Ao = 663 nm for 2 and 3, respectively, while the

anthracene motif(s) has emission from 450 — 560 nm. The anthracene unit(s) quench the "MLCT
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to give quantum yields (lifetime, t) of @, = 0.0059 (T = 398 ns) and @, = 0.0011 (T = 414 ns)
for 2 and 3, respectively. The quenching rates were found to be 6.61 x 10° s for 2 and 5.64 x
10° s for 3. Electrochemistry reveals an irreversible anthracene oxidation at 1.23 — 1.28 V,
while the Ru™" oxidation process occurs at a potential of 1.53 — 1.55 V. The complexes
displayed a quasi-reversible reduction couple attributed to dpp”™' at 0.98 V. Cytotoxicity of both
complexes towards F98 glioma cells was moderate in the absence of light and substantially
enhanced with visible light.
2.2 Introduction

Ruthenium(I) tris(2,2'-bipyridine), [Ru(bpy);]*” (bpy = 2, 2’-bipyridine), and its
derivatives have been extensively studied due to their rich ground and excited state properties.'”
These photoactive molecules can be appended with rigid, highly conjugated, and planar organic
chromophores through an insulating spacer to tune the photo-chemical and physical properties.®”
'* These metal-organic Ru(Il) complexes are known to modify vital biological macromolecules,
such as DNA, through oxygen-mediated processes and show promising anticancer activity in

1521 However, the oxygen-dependence of these Ru(I) PDT agents limit their effectiveness

vitro.
against aggressive, highly-invasive, and neurologically-destructive brain cancers (i.e. malignant
gliomas) due to the hypoxic environments that commonly characterize these tumors.*** Thus,
there is an urgent need for new molecular architectures of metal-organic Ru(Il) PDT agents
offering versatile photomodification pathways of vital cellular components (DNA, RNA, and
proteins), independent of reactive oxygen species, to treat MGs and other intractable cancers.
Ruthenium PDT agents of the form [(TL),Ru(BL)]*" (TL = 2,2’-bipyridine (bpy), 1,10-
phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline (Phophen), and BL = 2,3-bis(2-

pyridyl)pyrazine (dpp)) are known to photooxidize DNA by 'O, generated through excited state
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energy transfer between the [(TL),Ru(BL)]*" triplet metal-to-ligand, *MLCT, excited state and
molecular oxygen.”> Covalent coupling of known oxygen-independent DNA oxidizing agents
through insulating amide bonds may offer an attractive approach for generating novel metal-
organic Ru(II) chromophores to treat MG brain cancer through visible light activation.*** Ru(II)
chromophores containing dpp ligands possess the unique added advantage of being able to
chelate biologically-relevant cations (i.e. Na“, K, Ca*, etc.), leading to disruption of cell
homeostasis.”® Ru(IT) complexes that incorporate a m-expansive organic unit, such as anthracene,
through diverse organic linkers demonstrate that photophysical properties and photodynamic
potency can be influenced by controlling excited state dynamics.**' The [Ru]-anthracene hybrid
arrangement provides multiple pathways, singlet-singlet, triplet-triplet, and/or singlet-triplet, for
deactivation of excited states through energy or electron transfer, which can increase the
photoreactivity with biological molecules. Therefore, the proposed molecular architecture of the
form anthracene-Ru(Il)-dpp is a type of metal-organic Ru(Il) complex that can offer
multifunctional reactivity to enhance photodynamic potency against aggressive and invasive
brain cancers.

Reported herein are two metal-organic Ru(Il) complexes based on anthracene tethered
via bpyMe (AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2'-bipyridine) to
[(bpy)Ru(dpp)]** (1). The metal complexes, [(AnthbpyMe)(bpy)Ru(dpp)]*" (2) and
[(AnthbpyMe),Ru(dpp)]*” (3), were synthesized and their ground and excited states
characterized (Figure 2.1). The complexes were also tested for photocytotoxicity against F98 rat
glioma cells. The results of these studies indicate that these Ru(Il)-anthranyl complexes have

promise for the development of multifunctional PDT agents.
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Figure 2.1. Chemical structures of [(bpy)Ru(dpp)]*" (1), [(AnthbpyMe)(bpy)Ru(dpp)]*"
(2), and [(AnthbpyMe),Ru(dpp)]*" (3), where bpy = 2.2’-bipyridine, dpp = 2.3-bis(2-
pyridyl)pyrazine, and AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2"-bipyridine.

2.3 Materials and Methods

Materials: All solvents/chemicals were used as received unless otherwise noted and reactions
were carried out under Ar). RuCl;*3H,0 was purchased from Alfa Aesar. The ligands 2,2'-
bipyridine (bpy), 2—aminoanthracene, and 2,3-bis(2-pyridyl)pyrazine (dpp) were obtained from
Aldrich, while the compounds [(bpy)Ru(dpp)](PFs), 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2'-
bipyridine (AnthbpyMe), and [(AnthbpyMe)Ru(bpy).](PFs), were prepared as described

73233 Qpectral grade acetonitrile was obtained from Burdick and Jackson.

previously.
Tetrabutylammonium hexafluorophosphate (BusNPFg) was purchased from Fluka. Sephadex
LH-20 was purchased from GE Healthcare Biosciences Corporation. Alumina (80 — 200 mesh)
and silica (230 — 400 mesh) were purchased from Fisher Scientific.

Synthesis of [(AnthbpyMe)(bpy)RuClL]): To a solution of DMF:H,0 (70 ml, 6:1) with 0.5 g
of LiCl, was added 0.090 g (2 equiv.) of bpy and 0.150 g (1 equiv.) of previously synthesized
[(n°-CsHg)2RuCLRu(n’-CsHg)2].>* The solution was then heated at 80°C under Arg and after 6

h 0.230 g of AnthbpyMe was added and the heating was continued at 110°C for an additional 6

h. The solution was then cooled to room temperature and then the crude product was precipitated
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from 100 ml of ether. The precipitate was collected by vacuum filtration and washed with 50 ml
of H,O and acetone, followed by drying in an oven overnight. The crude product was dissolved
in a minimal amount of CHCIl; (1% MeOH) and then purified using two sequential
chromatography columns. The sample was first loaded onto a 6—inch silica column, which was
flushed with 100% ethyl acetate to elute organic impurities. The crude purple product band was
then eluted using a CH,Cl, (1% MeOH) as the mobile phase. The volume was reduced and the
sample then loaded onto a 24 inch LH-20 column with CHCl; as the mobile phase. The purple
band was collected to give 0.200 g of the desired product in 47% yield. The compound was
characterized by HPLC-MS and absorption spectroscopy (Figures 2.7 and 2.8).

Synthesis of [(AnthbpyMe);RuCl;](s): A solution of 1,4-Dioxane:DMF:H,O (3:2:1) was
charged with 0.250 g (1 equiv.) of RuCl3*3H,0 and 0.100 g (2.0 equiv.) AnthbpyMe. To the
solution mixture 0.5 g of LiCl was added and set to reflux for 4 h. The complex was then
collected and purified by the same procedure described above to give 0.130 g in 54% yield. The
compound was characterized by HPLC-MS and absorption spectroscopy (Figures 2.9 and 2.10).
Synthesis of [(AnthbpyMe)(bpy)Ru(dpp)](PFs)2, (2): (AnthbpyMe)(bpy)RuCly), 0.100 g (1.0
equiv.), was suspended in a 100 ml round bottom flask containing 0.036 g (1.1 equiv.) of dpp
and 30 ml of (1, 4—dioxane, DMF, H,O; 3:2:1). The mixture was then refluxed for 6 h in the dark
under Arg) after which it was allowed to cool to room temperature and transferred into a
saturated aqueous solution of NH4PFe(.q). The precipitate was collected by vacuum filtration and
washed with H,O to remove any excess salt and then dried overnight. Purification was done by
loading the crude product with a minimal amount of acetonitrile onto a 6-inch alumina column
(prepared with 100% ethyl acetate). The yellow/orange product band was then eluted with a 1:1

solvent mixture of acetonitrile:ethyl acetate containing 1% MeOH. The product was then loaded
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onto a 3—inch silica column, which was flushed with acetonitrile, chloroform, and H,O. The
yellow/orange product band was then eluted with 100 ml solution of acetonitrile containing 10
ml of concentrated HCI containing 1% MeOH. To the collected product was added 25 ml of
NH4PF¢(q) solution and the volume of the acetonitrile was reduced to induce precipitation. The
solid was then collected by vacuum filtration and allowed to dry overnight after washing with
water. The solid was then dissolved with a minimum amount of DMF and precipitated with
diethyl ether. The solid was collected and dried to give 0.090 g of desired product in 55% yield.
Spectral data: HPLC-MS (Figure 2.11), ESI-MS (Figure 2.12), '"H NMR (CD;CN); 6 2.59-261
(3H, m4"-CH3), 7.22-7.24 (1H, d), 7.31-741 (2H, m), 7.45-7.57 (4H, m), 7.65-7.82 (6H, m),
7.87-7.97 (4H, m), 8.02-8.15 (6H, m), 8.21-8.25 (1H, t), 8.52-8.56 (5H, m), 8.63-8.69 (3H, dd),
8.98-8.99 (1H, d) 9.33-9.38(1H, m) (Figures 2.13, 2.14, and 2.15).

Synthesis of [(AnthbpyMe),Ru(dpp)|(PFs)2, (3): (AnthbpyMe)(bpy)RuCl, 0.100 g (1 equiv.)
was suspended in a 100 ml round bottom flask containing 0.027 g (1.1 equiv.) of dpp and 30 ml
of (1, 4—dioxane, DMF, H,O; 3:2:1). The mixture was refluxed for 6 h, and then allowed to cool
to room temperature. It was then transferred into a saturated solution of NHy(q). The precipitant
was collected by vacuum filtration and washed with H,O to remove any remaining salt. The
crude product was dried overnight. Purification was accomplished using the procedure described
in section 2.1.3 to give 0.095 g, 64% yield. Spectral data: HPLC-MS (Figure 2.16), ESI-MS
(Figure 2.17), "H NMR (CD;CN): ¢ 2.59-261 (3H, m), 7.22-7.24 (1H, m), 7.31-741 (2H, m),
7.45-7.57 (2H, m), 7.58-7.70 (2H, m), 7.71-7.75 (1H,m), 7.76-7.85 (1H,m), 7.86-8.00 (3H, m),
8.01-8.10 (2H, m), 8.11-8.15 (1H,m), 8.51-8.54 (2H, m) 8.65-8.68(2H, s) 8.98-9.04 (1H, dd)

9.35-9.45(1H, dd) (Figures 2.18, 2.9, and 2.20).

31



Electrochemistry: Cyclic voltammograms were obtained using a Bioanalytical Systems (BASI)
Epsilon electrochemical analyzer using a three-electrode configuration and a single-compartment
cell. The supporting electrolyte was a 0.1 M solution of tetrabutylammonium
hexafluorophosphate (BusNPFs) in CH3CN; sample solutions were deoxygenated by purging
with argon before each experiment. A platinum disk and platinum wire were used as the working
electrode and the auxiliary electrode, respectively. The reference electrode was Ag/AgCl in 3 M
NaCl, which was calibrated against the ferrocene/ferrocenium couple (FeCp>”* = 0.46 V vs
Ag/AgCl 3M NaCl) as an internal standard.™.

Electronic Absorption: An Agilent 8453 diode array spectrophotometer with 2 nm resolution
was used to obtain the electronic absorption spectra. Extinction coefficients were determined at
room temperature in a 1 cm quartz cell using solutions prepared gravimetrically in Burdick and
Jackson UV-grade acetonitrile and are reported as an average of three measurements.

Excitation Spectra: Excitation spectra were recorded using a modified Photon Technology, Inc.
QuantaMaster Model QM-200-45E. The system was modified to use a 150 W cooled xenon arc
lamp excitation source with emission collected at a 90° angle relative to the incident excitation
by a thermoelectrically cooled Hamamatsu 1527 photomultiplier tube operating in photon
counting mode. The emission intensities as a function of excitation wavelength were obtained at
660 nm with samples that were deoxygenated by bubbling through ultra-high purity argon for 10
min.

Emission spectroscopy: The room temperature emission spectra were recorded in the same
manner with the same instrumentation as used to obtain the excitation spectra. Air saturated
samples were prepared, and the samples were then deoxygenated by bubbling through ultra high

purity argon for 5-10 min. The quantum yields of emission (®e,) were obtained by the ratio
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method using [Ru(bpy);](PFe), with @, = 0.062 in deoxygenated conditions as the standard (SI
equation 2.1).”%"%

Emission Lifetimes: Emission lifetimes were obtained either by the time correlated single
photon counting technique or pulse method.”*'. Time-correlated single photon counting
measurements were obtained using a QuantaMaster QM-200-45E (PTI) equipped with a LED
light source (510 nm, FWHM ~ 20nm, PTI) and PM-20 TCSPC module SPC-130. Those
emission lifetime decay profiles obtained by the pulse method were done so using a home built
system in which the samples were excited with the output of Sirah Cobra Stretch dye laser
equipped with Exalite 417 dye in dioxane tuned to 420 nm output. The dye laser was pumped by
the third harmonic (355 nm) output of a Spectra Physics Indi-HG-10S Nd:YAG laser (10 Hz, 6
ns pulse width). The signals were detected using an EOT ET-2030A amplified silicon detector
equipped with a 420 nm notch filter to minimize any contribution of scattered excitation to the
observed signal. The signals were digitized using a Tektronix TDS 754C 500 MHz (2GS/s)
oscilloscope. Emission lifetime decay measurements were made at 90° relative to the incident
excitation pulse. Emission lifetime values were obtained wusing the DecayFit
(www.fluortools.com) software package by a deconvolution/reconvolution process with the
instrument response function (IRF).” When necessary, additional scatter from the
substrate/sample was accounted for in the deconvolution process.

High performance liquid chromatography-mass spectroscopy (HPLC-MS): A Luna C;
column (Phenomenox, Torance, CA), 150 x 2.0 mm with 5 pm particles was used in all
separations. The mobile phase was acetonitrile and water (containing 1% formic acid, v/v). The
gradient began at 95% water for 3 min, then increased to 95% acetonitrile over the next 10 min

and then held for 5 min. The system was then ramped down to 95%/5% (H»O/acetonitrile) in 1
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min and then equilibrated for an additional 5 min for a total analysis time of 22 min. All samples
were injected using a Thermo Survey Autosampler. Injection volume was 20 ulL at a
concentration of 100 ng/uL. The HPLC column effluent was pumped directly without any split
into a Thermo Instrument TSQ triple quadrupole mass spectrometer (Thermo Finnigan, San Jose,
CA) equipped with ESI source, which was used in positive ion MS mode.

Electron spray ionization-mass spectrometry: Mass spectrometry was recorded on an Agilent
Technologies 6220 Accurate Mass TOF-LCMS with a dual ESI source in acetone or acetonitrile
with 3.5 kV electrospray voltage, 31 V cone voltage, 120°C source temperature, N, nebulizing
gas (20 L/h), and scan range 250—700 m/z.

Nuclear magnetic resonance (NMR): 'H NMR and 'H-'H COSY spectra were recorded on a
JEOL 500 MHz NMR spectrometer at 298 K.

Cell culture: The F98 glioma cell line was obtained from ATCC and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, ATCC) supplemented with 10% fetal bovine serum (FBS,
ATCC) and 1 % penicillin/streptomycin at 37°C with 5 % CO,.

Photolysis: For photolysis treatments, 6-well plates were seeded with ~0.4 x 10° cells per well in
3.0 mL of DMEM and incubated at 37 °C and 5 % CO, for 24 h. The medium was then
evacuated from each well and replaced with 1.5 mL of the desired concentration of complex
dissolved in DMSO (< 5 % v/v) and diluted in DMEM. A control was prepared by mixing the
calculated amount of DMSO in the experimental samples with DMEM. The cells were then
incubated at 37°C and 5% CO, for 15 min. Each well was then evacuated and the cells were
washed with PBS several times before incubating in DMEM without phenol red for 12 h. Before
the cells were photolyzed, each LED in the array was calibrated to ~2.50 mW based on readings

from a photodiode meter.” The array was placed in an incubator at 37°C and 5% CO,. A
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thermocouple was placed inside the array to monitor the temperature around the cells. One at a
time, each 6-well plate, except for the dark controls, was placed in the LED array for 1 h.
Cell viability: Forty-eight hours after photolysis, each well was evacuated and replaced with a
mixture of cold AlamarBlue (10 % v/v) and DMEM to perform an indirect viability assay.** The
cells were incubated for 1.5 h with the AlamarBlue mixture. After incubation, 100 pL from each
mixed well was placed in 3 wells of a 96 well plate for each well to ensure more accurate
readings. The 96 well plate was sealed with parafilm and kept in the dark at 4°C for 1-2 h prior to
measuring the absorption at 570 and 600 nm with a SpectraMax M2 spectrometer. Cell viability
was calculated relative to the control for each of the samples (SI equation 2.2).
LED array: A LED array was designed to insure that only specifically characterized light was
administered to the cell environment during treatment. The power source input was 120 volts AC
with an output of 13.5 volts DC. A circuitry box was used to calibrate the output of each LED
separately prior to the treatment. Two 5 Q resistors, wiring, a voltage controlling knob, and a
LED were placed together for six LED channels with one light source per well in the treatment
containers. The six LEDs were placed on a separate board from the circuitry to avoid excessive
heating of the plates during treatment. The LED head board was placed on a mount designed to
fit the dimensions of the well plates used in treatment and not let light either enter or escape to
interrupt the photolysis.
2.4 Results and discussions
Synthesis

The metal-organic Ru(I) chromophores were synthesized and purified as detailed in the

methods section (vida supra) and the supporting information (SI), with yields between 50-60%.
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Characterization of 1, 2, and 3 was done by "H NMR, HPLC-MS, CV, steady-state emission and
absorption spectroscopy, and ESI-MS.
Electrochemistry

Electrochemical analysis was used to identify relative ground state redox potentials of 1,
2, and 3. For comparison, both [Ru(bpy)s;]*" and anthracene were also characterized and were
found to display oxidation potentials at E;» of +1.25 and E, of +1.24 V vs. Ag/AgCl,

T/

respectively. These correspond to the Ru reversible le” oxidation and irreversible anthracene

(VD) yeversible le~ oxidation

oxidation, respectively.””* Complex 1 displays a characteristic Ru
with an Ey; of 1.45 V (Ag/Ag’, 3 M NaCl) and a reversible reduction with an E;; of —1.02 V

(Ag/Ag’, 3 M NaCl) attributed to the 1 ¢~ dpp®" redox couple, Figure 2.2.*°

dp 0/-1
T5uA
Ru3+2+ /%O/l IS uA
Anthi™ [ sua
dpp0/—1

Ru3*2+ /_y

Anthi™
RU +/2+
1.8 1.3 0.8 0.3 -0.2 -0.7 -1.2
Potential (V) vs. Ag/Ag*, 3 M NaCl
Figure 2.2. Cyclic voltammograms of [(bpy)Ru(dpp)](PFe)2 (blue, 1),

[(AnthbpyMe)(bpy)Ru(dpp)](PF¢)> (red, 2), and [(AnthbpyMe),Ru(dpp)](PFs)2 (black, 3),
in 0.1 M BuuNPF¢ CH3CN, reported vs Ag/AgClI (3 M NaCl, scan rate 100 mV/sec).
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Complexes 2 and 3 display reversible 1 e oxidation couples with an E;; of 1.52 V and 1.55
V (Ag/Ag’, 3 M NaCl, = 0.01 V), respectively, which are assigned to the reversible oxidations of
the Ru™™ centers. The irreversible oxidations at 1.24 and 1.28 V (£ 0.01 V) are attributed to the
anthracene oxidation, which have been shown to undergo irreversible 2e” oxidation to form a di-
cation product or nucleophilic attack by CH3CN.***” The quasi-reversible 1 ¢ reduction couple
at Ep =—0.99 V (Ag/Ag’, 3 M NaCl) is assigned to the dpp”™" couple which is consistent with
that of the parent complex (vida supra) (Figures 2.21 and 2.22). The observed anomalies
between — 0.8 and — 0.9 V (Ag/Ag’, 3 M NaCl, = 0.01 V) are thought to be due to the
irreversible reduction of the anthracene and/or amide linker units.**** Alternatively, these
anomalies may be due to adsorption of the molecule onto the electrode. The small changes in the

(I and dpp”' are also consistent with the spectroscopic results for the

redox potential of the Ru
lowest lying MLCT transition.
Photophysical properties

Electronic absorption spectroscopy was used to determine the absorption properties of the
reported complexes. Compound 1 displays a prominent electronic absorption band at ~ 286 nm
with a shoulder centered ~ 325 nm attributed to overlapping bpy and dpp m—n* transitions, and
a broad absorption between 360 nm and 550 nm with a maxima ~ 450 nm characteristic of
population of a singlet metal-to-ligand charge transfer, '"MLCT, state from the ground state
(Figure 2.3).*" These results are in relatively good agreement with previously published values
of Ru(bpy)a(dpp) in water.””" Assignment of the electronic configuration of the '"MLCT state as
being either Ru(d,’)bpy(n*) or Ru(d,;’)dpp(n*), where the promoted electron is localized on one

of the bpy ligands or the dpp respectively, is difficult given the degree of overlap between the

two transitions between 360 nm and 550 nm. From the cyclic voltammetry, however, it is likely
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that the MLCT generated by very fast intersystem crossing resides on the lower energy dpp

ligand based on the lower reduction potential of dpp relative to bpy.”*”
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Figure 2.3. (a) Electronic absorption of anthracene (green), [(bpy).Ru(dpp)](PFs). (blue, 1),
[(AnthbpyMe)(bpy)Ru(dpp)](PFs). (red), and [(AnthbpyMe),Ru(dpp)](PFs), (black) in
acetonitrile and (b) scale expansion of electronic absorption spectra.

Complexes 2 and 3 exhibit strong absorption at 256 nm that is attributed to the short axis
polarized anthracene m—>m* transition.”* The observed bathochromic shift of the bpy m—m*
transition for complex 2 and 3 from ~ 286 nm to ~ 300 nm is believed to arise from inductive
effects due to functionalization of the bpy ligands at the 4 and 4’ positions.” In addition, the
increased absorption observed between ~ 325 nm to ~ 425 nm is believed to arise from

underlying transitions characteristic of anthracene absorption in the range of 350 — 400 nm

corresponding to a S,—$, transition polarized along the long axis of the anthracene.”*”® The
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visible region displays absorption maxima centered at 459 nm for 2 (¢ = 16,000 M'ecm™) and
461 nm for 3 (¢ = 21,000 M 'cm™). These are attributed to '"MLCT transitions corresponding to
Ru(d,)—bpy(n*), dpp(n*) with the dpp transition assigned the lowest lying MLCT transition
(vide supra).”” The increase in the molar absorptivity as a function of anthracene subunits is a
result of the interaction of the increase in ring current, which interacts significantly with the
transition dipole moment of the '"MLCT transitions.*® Excitation spectra for the complexes were
used to determine the contributions of the anthracene and Ru(Il) core transitions to the emission
intensity of the *MLCT transition (Figure 2.23). The results corroborate interchromophoric
interactions between the appended aromatic anthracene subunit, which give rise to
phosphorescence from the "MLCT. Parent complex 1 demonstrated a transition from 250 — 350
nm speculated to be from the bpy and dpp ligands. Complexes 2 and 3 present similar transitions,
but with a bathochromatic shift and an additional transition from 350 — 400 nm attributed to the
anthracene.

Steady state emission shows that the excited state energies of the anthracene and Ru(Il)
core are not significantly perturbed by the covalent attachment of anthracene to the Ru complex.
Excitation of complex 1 at 340 nm yields no emission within the near-UV region, while
excitation at Aex =450 nm gives rise to an emission band centered at 668 nm, characteristic of the
emissive "MLCT state common to ruthenium polypyridyl and polyazine complexes.®
Conversely, excitation of 2 and 3 with Aex = 340 nm gives rise to emissive high energy transitions
with maxima located at 480 nm and a shoulder at 495 nm arising from anthracene singlet excited

state relaxation (Figure 2.4).
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Figure 2.4. Steady state emission of [(AnthbpyMe)(bpy)Ru(dpp)](PFs), (red, 2), and
[(AnthbpyMe),Ru(dpp)](PFs). (black, 3) in acetonitrile, excited at 340 nm (a) and 450 nm (b).
Samples were absorbance matched at 450 nm.

The anthracene emission from complexes 2 and 3 displays decreased vibronic structure
(compared to the vibronically resolved anthracene emission in solution) between 450 — 580 nm
and is red-shifted relative to the anthracene emission (Amax = 394 nm). The red shift in the
emission is common to 2-aminoanthracenes due to a twisted intramolecular charge transfer state
(TICT).”® The TICT state has been proposed to lead to delocalized e density into the
[(bpy)2Ru(ddp)]* system.””**

Excitation of the anthracene moiety results in formation of an anthracene singlet excited

state, which is known to undergo intersystem crossing to populate a triplet excited state.®’ Both

anthracene singlet and triplet states are depopulated via radiative and non-radiative decay
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pathways. The singlet emission lifetime observed for the parent 2-aminoanthracene was ~ 10 ns
in CH3CN. Upon covalent attachment to a bpy of the Ru complex the observed emission lifetime
of the pendent anthracene was found to be 4.62 ns and 4.95 ns for complexes 2 and 3,

respectively, upon excitation at 340 nm, Figure 2.5.
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Figure 2.5. Emission lifetime decay (black circles) and corresponding deconvolution fit (red
line) using an instrument response function (gray line) and a single exponential decay function
for 2-aminoanthracene (a), [(AnthbpyMe)(bpy)Ru(dpp)](PF¢)2 (b), and
[(AnthbpyMe),Ru(dpp)](PFs). (c) in CH3CN. Samples were excited at Aex = 340 nm.

The decreased emission lifetime of the anthracene singlet excited state is presumably due,
at least in part, to intra- or inter- molecular energy transfer between the anthracene and the
ruthenium core as evidenced by the presence of characteristic Ru emission upon excitation of the
anthracene (vida supra).’ Similar results (i.e. quenching of the anthracene singlet excited state by
a Ru-polypyridyl core) have been observed in other Ru(II)-polypyridyl-anthracenyl systems.®
The observed decay rate of the anthracene ligands of complexes 2 and 3 can be summarized as
the sum of radiative (k;) and non-radiative (k) terms including a quenching rate constant (k)
(SI equation 2.3). From the fits of the anthracene emission lifetime decays, Figure 2.5, the
quenching rates were found to be 1.16 x 10° s and 1.02 x 10* s for compounds 2 and 3

corresponding to quenching efficiencies (®q) of 0.538 and 0.505, respectively, (SI equation

2.3). These values assume that the radiative and non-radiative rate constants of the
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anthracene emission in complexes 2 and 3 are the same as the anthracene moiety in the absence
of the Ru(II)-polypyridyl core.

The parent complex 1 has been reported as having a @, of 0.023 and found here to have
a Tem, Of 540 £ 1 ns upon generating the MLCT state.* Emission from the Ru(II) "MLCT state
of 2 is centered at 661 nm (Ax = 450 nm) and was found to have a @, of 0.0059, and an
emission lifetime, Tem, of 398 = 1 ns whereas 3 displayed an emission centered at 663 nm, a @y,
0f 0.0011, and T, 0f 414 £ 1.0 ns. It is evident from the observed ®., and T, for 1, 2, and 3 that
covalent attachment of anthracene ligands to 1 is accompanied by quenching of the Ru(II)
*MLCT. It has been argued for similar compounds that functionalization of both the Ru(II) core
and anthracene perturb the triplet energies of each in such a way that they become nearly
isoenergetic.”

Forster theory of resonance energy transfer (FRET) was used to assess the contribution of

6263 The Forster

excited state energy transfer to the quenching of the anthracene singlet state.
overlap integral, J, Forster distance, R,, refractive index, n, donor lifetime, tp, and fluorescence
quantum yield of the donor ®@p, were determined to be 3.45 x 10" em®, 37 A, 1.344, 10 ns, and
0.41, respectively, (Figure 2.24, SI equations 3 — 7). From the former values a keger of 1.7 x 10"
s was estimated assuming the distance between the Ru(bpy).(dpp) and anthracene transition
dipoles are approximately 11 A (obtained from cursory molecular modeling geometry
optimizations using Arguslab, www.arguslab.com). The experimental FRET rate constants
obtained are less characteristic of intramolecular FRET rates which are known to occur on
vibrational timescales, i.e. 10'° — 10" s, and more characteristic of intermolecular (or
64,65

diffusional) excited state electron transfer reactions.

A Rhem-Weller analysis of the ground state redox energies and anthracene-excited state energy
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indicates that a mechanism in which the anthracene undergoes an excited state oxidative electron
transfer to the dpp is thermodynamically downhill by at least 300 meV (equation 2.8).°% These
observations (e.g. "MLCT emission upon anthracene excitation and the disparity between the
experimental and predicted quenching rate constants via FRET) suggest that although excited
state quenching of the anthracene singlet state is partially facilitated by FRET type mechanism,
quenching by oxidative excited state electron transfer of the anthracene to the dpp ligand is
possible according to Scheme 1.

Ru?*(dpp~)(bpy)(bpy-Anth *
Scheme 1. Mechanisms of Anthracene o (o) (bpy)(bpy-Anth )

ET ET
or

hv340nm
Ru**(dpp)(bpy)(bpy-Anth) ——————— Ru**(dpp)(bpy)(bpy-'Anth) + lsuﬁ(dpp)(bpy)(bpy-AnthL

Y
FRET

Ru**(dpp)(bpy)(bpy-Anth) + *Ru*"(dpp)(bpy)(bpy-Anth)

It should be noted that similar singlet energy transfer rates have been reported previously with
Ru(IT)(bpy)s.* !

Neither oxidative nor reductive excited state electron transfer are energetically favorable
between the Ru(Il) *MLCT and anthracene ground state so that the most reasonable mechanism
of MLCT quenching likely involves energy transfer between the Ru(Il) MLCT and the
anthracene triplet excited state. The Ru(Il) triplet quenching rate obtained by subtracting the
observed decay rate of 1 from the observed decay rate of 2 and 3 (assuming that the rate of decay
of 1 adequately approximates the rate of decay of 2 or 3 in the absence of the appended

anthracene) were found to be approximately 6.61 x 10° s™ for 2 and 5.64 x 10° s for 3. These
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values are consistent with those obtained in similar Ru(Il)-anth systems (SI, equations 9 — 11,

Figure 2.26).

Analysis of the Ru(Il) emission lifetime decay of 2 and 3 was performed using a model
for the Dexter exchange mechanism of energy transfer where the critical distance values, R,, do
not differ significantly between 2 and 3 and lie ~ 8 — 10 A (SI, equation 2.6).”* Together with the
calculated energy transfer efficiencies, the results are consistent with triplet energy transfer
between the lowest °MLCT and one of the anthracene ligands resulting in an anthracene in its
triplet excited state.

In summary, depopulation of an excited anthracene subgroup occurs via competing
pathways. Upon formation, the singlet excited state of anthracene may 1) undergo intersystem
crossing to form a triplet excited state anthracene followed by decay to the ground state through
predominately non-radiative pathways, 2) participate in inter-molecular Forster resonance energy
transfer, or 3) participate in inter- or intra- electron transfer with the Ru(II)(bpy).(dpp). The
quenching of the MLCT also occurs by competing pathways: the "MLCT state can undergo 1)
inter- or intra- molecular resonance energy transfer by the Dexter exchange mechanism to
populate *anthracene, and/or 2) repopulate the ground state through radiative and non-radiative
decay pathways inherent to the Ru(Il)(bpy).(dpp).

Photocytotoxicity and cytotoxicity toward MG cells

To test the potential photocytotoxicity of the reported complexes for the treatment of
brain cancers, F98 glioma cells were employed. This cell line is a widely-used rat brain tumor
model with biological characteristics resembling those of human glioblastoma.” Toxicity assays

were conducted to test the effect of compounds 1, 2, and 3 against F98 glioma cells, with and
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without light activation. In brief, cells were treated with the complexes at a concentration of 75
uM for 1 h, washed to remove excess complex remaining in the medium, and then incubated for
1 h in the dark or under illumination at 455 nm for which a custom-designed photoarray
apparatus was employed.*”> An AlamarBlue assay was used to quantify cell viability 48 h after
treatment. In an effort to explore structure-function relationships in these compounds, anthracene
(4), [Ru(bpy)3](PFe)2 (5), and [(AnthbpyMe)Ru(bpy).](PFs). (6) were also tested in parallel with
the title complexes.’

¥ Photolyzed ™ Dark
100% 9% 96%  95% g30,

90% -
80% -
70% -
60% -
50% -
40% -
30% -

Cell Viability (%)

20% -
10% -
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Figure 2.6. Effects of [(bpy).Ru(dpp)](PFs). (1), [(AnthbpyMe)(bpy)Ru(dpp)](PFs)2 (2),
[(AnthbpyMe),Ru(dpp)](PF6),  (3), anthracene (4), [Ru(bpy):;](PFs) (5), and
[(AnthbpyMe)Ru(bpy):](PFs)2 (6) against FO8MG cells 48 h after photolysis (viability counts
were performed in triplicate; bars are standard error).

The cell viability at 48 h post-photolysis revealed that the parent molecules, anthracene
(4) and [Ru(bpy)s]*" (5), exhibited relatively little cytotoxicity in either the absence or presence
of light, while [(bpy).Ru(dpp)] (1) was moderately cytotoxic under both dark and light

conditions. In contrast, the complexes with appended anthracene moieties (2, 3, and 6) displayed
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moderate toxicity in the dark, which was substantially enhanced by exposure to light. This
photocytotoxicity is speculated to arise from the multiple deactivation pathways through energy
and/or electron transfer processes, which can facilitate redox reactions and result in cell
stress/death upon light activation.
2.5 Conclusion

Appending anthracene chromophores to the [(bpy).Ru(dpp)]*" framework through amide
linkers has resulted in structurally-diverse metal-organic Ru(II) complexes that exhibit unique
photophysical properties and enhanced photodynamic potency against FO8 glioma cells. Metal
organic Ru(Il) complexes, [(AnthbpyMe)(bpy)Ru(dpp)]* and [(AnthbpyMe),Ru(dpp)]*", were
prepared in moderate yields and characterized for their photophysical properties. Initial
evaluation was also made of the phototoxicity of these compounds using the F98 rat glioma cell
line. The complexes exhibit efficient light absorption throughout the UV region via ligand-based
transition, while the visible region is dominated by MLCT transitions. The addition of the anthryl
motif was shown to increase the efficiency with which the complexes absorb visible light,
proposed to be caused by the interactions of the induced ring current with the induced dipole
moment of the MLCT transitions. The excited-state properties (lifetimes and quantum yields) of
the reported complexes were significantly perturbed relative to the parent complex
[(bpy)Ru(dpp)]*" due to additional deactivation pathways provided by the appended
anthracene(s). The excited state dynamics of the reported systems indicate that there is
significant interchromophoric communication upon excitation of the anthracene and Ru(II)
subunits. It is proposed that excitation of the anthracene subunit can be deactivated through
direct electron transfer into the dpp bridging ligand or participate through a Dexter type energy

transfer mechanism to populate the MLCT state. The "MLCT excited state is also speculated to

46



be depopulated through a Dexter type mechanism with efficient quenching between the triplet
states of the anthracene. The dynamic excited state properties that are exhibited by these systems
suggest that they have propensity for being novel agents for photodynamic therapy against
highly invasive and aggressive forms of brain cancer that are intractable to conventional
chemotherapeutic therapies. The complexes were shown to be moderately cytotoxic towards F98
rat glioma cells in the dark, an effect that was substantially enhanced upon illumination with
visible light. This photocytotoxicity is hypothesized to arise from the unique excited state
dynamics that are facilitated by appending an anthracene to the [(bpy)Ru(dpp)]*" system.
Studies are currently underway to understand the photoreactivity of the proposed systems against
cellular substrates such as DNA and protein and to examine the distribution of these complexes
within exposed cells.
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Figure 2.7. () HPLC chromatogram of (AnthbpyMe)(bpy)RuCl,(s) displaying the retention
times of the compounds. (b) Total mass spectrum of the peaks at the given retention times (R.T)
(bpy = 2,2’-bipyridine and AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2'-bipyridine).
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Figure 2.8. Electron absorption of (AnthbpyMe)(bpy)RuCly(s) in chloroform (bpy = 2,2’-
bipyridine and AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2'-bipyridine).

0

49



(a)‘lOOi HN 20.63

(b) 1:2% Retention Time = 12.99 ” ‘*

HN

— =0
= M
703 AW,

soé =172 \7~ o }*OTH
= /j 8 N T
Calc. [m/z)+ =925.20 Calc. [m/z]** =§56.20
Found [m/z])!* =925.25 Found [m/z)?* = 956.32
24207 925.25
279.22
47973 s73.48 744.28 wffizs 1160.01 1270.75 1434.35
200 400 . 600 800 1000 4200 | 4400
100— m/z 956.36 I+
oo Retention Time =13.18 /
807E HN:

40— —
e Calc. [m/z]** = 956.20
0 124.07
E Found [m/z]** = 956.36
208.14
) “ﬁif‘]o" ‘ 391‘»47 539.46 648.31 s06.65 937.27 || 1020.14 1240.93 1435.32
200 abo | ebo  sbo ' 4dooo "i200 | qaoo
100— ) ) m/z 949.32
oo Retention Time = 13.82
807 N
| (e}
704 =

= =N, N
604 CCQ 4 \7/N7\Ri\i—cl
E e KA

507 e

405
E Calc. [m/z] -H =949.14
307
= 143.12 Found [m/z]-H = 949.32
20
104 { 226.05
E 987.45
i n\h}ﬂm‘u 2920, 44490, ©98.53 ce27s | o614 R UT° 117856 1262.70 144547
200 400 600 800 1000 1200 1400
m/z

Figure 2.9. (a) HPLC chromatogram of (AnthbpyMe),RuCl,(s) displaying the retention times of
the compounds. (b) Total mass spectrum of the peaks at the given retention times (R.T)
(AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4’-methyl-2,2'-bipyridine).
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Figure 2.10. Electron absorption of (AnthbpyMe),RuCly, in chloroform (bpy = 2,2’-bipyridine
and AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2'-bipyridine).
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Figure 2.11. (a) HPLC chromatogram of [(AnthbpyMe)(bpy)Ru(dpp)]*~ retention times. (b)
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Figure 2.12. Exact mass spectrum of [(AnthbpyMe)(bpy)Ru(dpp)](PFs). showing the isotopic
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Figure 2.16. (a) HPLC chromatogram of [(AnthbpyMe),Ru(dpp)]*" displaying retention times
(dpp = 2,3-bis(2-pyridyl)pyrazine, and AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2'-
bipyridine). (b) Total mass spectrum of the peaks at the given retention times.
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Figure 2.17. Exact mass spectrum of [(AnthbpyMe),Ru(dpp)](PFs). showing isotopic
distribution pattern (dpp = 2,3-bis(2-pyridyl)pyrazine, and AnthbpyMe = 4-[N-(2-
anthryl)carbamoyl]-4'-methyl-2,2'-bipyridine).
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Figure 2.18. Complete '"H-NMR spectrum of [(AnthbpyMe),Ru(dpp)](PFe). saturated solution
in CD3CN with chemical shifts (dpp = 2,3-bis(2-pyridyl)pyrazine, and AnthbpyMe = 4-[N-(2-
anthryl)carbamoyl]-4’-methyl-2,2'-bipyridine).
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Figure 2.19. Aromatic region of 'H-NMR spectrum for [(AnthbpyMe),Ru(dpp)](PFe), in
CDsCN (dpp = 2,3-bis(2-pyridyl)pyrazine, and AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-
methyl-2,2'-bipyridine).
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Figure 2.20. 'H-'"H COSY spectra of [(AnthbpyMe),Ru(dpp)](PFs), in CDsCN (dpp = 2,3-bis(2-
pyridyl)pyrazine, and AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2"-bipyridine).

Quantum yields. The quantum yields of emission were obtained by the ratio method (equation

2'1).7,37-39

[ (4, )a’/1
1-10

D =D,

1=10 ") )/ 2
fF a7 (—2) 2.1)

Here the subscripts s and 7 correspond to sample and reference compounds whereas em and exc
designate the emission and excitation wavelengths, respectively. The @; is the emission quantum
yield, n; is the index of refraction of the solvent medium, F;(Z) is the emission intensity, and 4;(4)

is the optical density at the excitation wavelength.
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Cell viability. Viability was calculated as the percent reduction value for each experimental

sample divided by the percent reduction value for the matched control as follows (Equation 2.2).
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Figure 2.21. Cyclic ~ voltammogram  and  scan  rate  dependence
[(AnthbpuyMe)(bpy)Ru(dpp)](PF¢), in 0.1 M BusNPF4 from +1.80 V to —1.2 V vs. Ag/AgCl at
various scan rates (50 mV/sec to 1000 mV/sec).
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Figure 2.22. Cyclic voltammogram  and scan  rate dependence  plots
[(AnthbpuyMe),Ru(dpp)](PF¢), in 0.1 M BusNPF¢ from +1.80 V to —1.2 V vs. Ag/AgCl at
various scan rates (50 mV/sec to 1000 mV/sec).
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Figure 2.23. Normalized excitation spectra of [(bpy)2Ru(dpp)](PFs). (blue),

[(AnthbpyMe)(bpy)Ru(dpp)](PFs). (red), and [(AnthbpyMe),Ru(dpp)](PFs), (black) in
acetonitrile.

Emission lifetime decays. The emission lifetimes were obtained using either the time-correlated
single photon counting method or laser pulse method as described in the materials and methods
section of the main text. It is assumed that the observed decay rates of the bichromophoric
complexes are comprised of radiative, k;, and non-radiative, k,,, rate constants corresponding to

the donor in the absence of the tethered acceptor and an additional quenching rate constant, kg, in

the presence of the tethered acceptor (equation 2.3):

kobs = (":obs)_1 = kr + knr + kq (23)
Quenching Efficiency. Fluorescence quenching efficiencies, @4, were calculated with equation

2.4:

o, =1-204_1_ 704 (2.4)

q "DD Tp
where @p, is the fluorescence quantum yield of the donor in the presence of the acceptor (tp and
tpa are the fluorescence lifetimes of the donor in the absence and presence of acceptor

respectively). The anthracene singlet quenching efficiencies observed for complexes 2 and 3 are
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considerably less than the near unity quenching efficiency obtained for similar Ru-polypyridyl-

anthracene complex covalently bound through non-insulating bridging bpy-anthracene ligands.”
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Figure 2.24. Figure 6. Electronic absorption spectrum of [(bpy):Ru(dpp)]*" (blue) and steady
state emission of 2-aminoanthracene (red, Aex = 340 nm) in CH3CN.

The rate of quenching by FRET, kgrer, can be estimated by the relationship (equation 2.5):

kprer = Tp ! (%)6 (2.5)
where 1p has the same meaning as above, R is the actual distance between the energy donor,
anthracene, and acceptor, Ru(bpy).(dpp), and R,, is known as the Forster distance. The latter, R,,
is defined as the distance at which the efficiency of energy transfer is 50% and is directly
proportional to the fluorescence quantum yield of the donor in the absence of acceptor, ®@p, and

the Forster overlap integral, J, by the expression (equation 2.6):
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R, = [ (2.6)

where «” is a geometric parameter and describes the relative orientation between the donor and
acceptor transition dipole moments, N is Avogadro’s number, and n is the refractive index of
the sample media. For an ensemble in which the donor and acceptor dipole moments are
randomly distributed, sampling all possible orientations, the k” parameter averages to 2/3. This
value is often substituted for «* in the equation above. However, covalent attachment of
anthracene to the bipyridyl ligand(s) via amide linkage restricts the orientation of the anthracene
and Ru-core transition dipole moments. Despite this covalent attachment, the anthracene moiety
still has room for a range of conformations make a precise estimate of «” difficult, therefore, the
2/3 conventional value is retained. The overlap integral can be quantified by equation 2.7:

I Ip(Mea(D)atda
Jo, Ip()da

J= (2.7)

where Ip(A) is the emission spectra of the donor and ea(A) is the extinction spectra of the
acceptor.
Rhem-Weller analysis. The thermodynamic energy for an excited state oxidative electron

transfer is calculated by equation 2.8.”"

AGET = (on,anthracen - Ered,dpp) - Eoo (28)

In the expression, AGgr represents the free-energy of excited state electron transfer, Eqx pp,
Eredanthr, and Eo, are the one electron oxidation potential of the anthracene, reduction potential of
the dpp ligand, and the excited state energy of the anthracene singlet excited state, respectively

(vida supra).””"”

Dexter. Within the framework of the exchange (Dexter) mechanism the observed lifetime decay

of D* in the presence of A has been modeled as:”®
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ID(t)=ID(O)exp[—é—yﬁ(g—:)g(i:)] (2.9)

where vy, is related to the Dexter critical transfer distance, R, (or the distance at which the

probability of energy transfer is 50%) and the average Bohr radius of the interacting species, L,

by

y, = 2o (2.10)

Ca is the concentration of acceptors and C, is the critical transfer concentration which is related
to Rp. By Taylor expansion and assuming that e't/t, is sufficiently larger than zero, the function

g(z) in equation 2.6 can be approximated by:"®

g(z)=(Inz)' +1.73(Inz)’ +5.93(Inz) + 5.44 (11)
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Emission Intensity (au.)

Emission Intensity (au.)
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Figure 2.25. Emission lifetime decays (black circles) and their corresponding single exponential
fits (red lines) for [(bpy)Ru(dpp)](PFes). (a), [(AnthbpyMe)(bpy)Ru(dpp)](PFs). (b), and
[(AnthbpyMe),Ru(dpp)](PFs). (c) in acetonitrile. The insets show the best fit of the data to
equation 2.11.
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Foreword. This chapter represents a stand-alone manuscript that was submitted to Chemical
Communication currently accepted and pending revisions. The work presented in this
manuscript was conducted by Roberto Padilla with the assistance of Jose A. Rodriguez-
Corrales (validated DNA shift gel assays) and Lauren E. Donohoe ( repeated CT-DN
titration studies). This was supervised by Professors Brenda S. J. Winkel” and Professors
Karen J. Brewer"!
3.1 Abstract

Appending anthracene units to [(bpy),Ru(dpp)]*" results in Ru(I) agents that exhibit
dynamic photoreactivity towards DNA and protein. [(Anthbpy)(bpy)Ru(dpp)]*” and
[(Anthbpy),Ru(dpp)]*" are the first metal-organic Ru(Il) agent with dpp ligands shown to
photomodify DNA in the presence or absence of oxygen, while also binding protein in an

oxygen-dependent manner.

3.2 Manuscript New Class of Ru(II) Polyazine Agents with Potential for Photodynamic
Therapy

Ru(II) photosensitizers (PSs) have been investigated extensively as potential agents for

photodynamic anti-cancer therapy (PDT)."”The well-studied [Ru(bpy);]” PS mediates the

71



oxidation of DNA via quenching of the [Ru(bpy);]*" triplet metal-to-ligand charge transfer
(MLCT) excited state by molecular oxygen, *O,, upon light activation.*’Ru(II) PSs that
efficiently sensitize >0, have been shown to modify DNA and/or protein within cells, which
disrupts cell homeostasis leading to necrotic and/or apoptotic processes.”®’Although Ru(I)
agents that efficiently produce 'O, are desirable for PDT, Ru(Il) systems that exhibit multiple
pathways of reactivity are sought in order to improve PDT efficacy.® One approach has been to
covalently append polycyclic aromatic hydrocarbon (PAH) units that independently intercalate
and oxidize DNA.”"''The reactivity of these Ru(Il) hybrid complexes has been found to be
intimately associated with both the nature of the covalent linker and the type of chromophore
appended to the Ru(Il) unit, thus suggesting new avenues for optimizing the photoreactivity of
Ru(I) agents for PDT.'*"®

We recently described the synthesis and characterization of
[(AnthbpyMe)(bpy)Ru(dpp)]*" (2) and [(AnthbpyMe),Ru(dpp)]*” (3) (AnthbpyMe = 4-[N-(2-
anthryl)carbamoyl]-4'-methyl-2,2'-bipyridine; bpy = 2,2'-bipyridine; dpp = 2, 3-bis (2'-pyridyl)

pyrazine (Figure
1 2

() @)
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Figure 3.1. Structural representation of the parent molecule, [(bpy),Ru(dpp)]*" (1), and the
anthryl derivatives, [(AnthbpyMe)(bpy)Ru(dpp)]*” (2), and [(AnthbpyMe),Ru(dpp)]*" (3).

The PAH, anthracene, has shown substantial promise for enhancing the PDT reactivity of Ru(II)

complexes.'”*’Anthracene can by itself intercalate into the DNA double helix and, upon
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irradiation with UV light, oxidize adjacent sites in the DNA molecule though reactive oxygen
species (ROS) or anthracene-derived cation radicals.”' **When appended to Ru(II) PSs, anthryl
groups have been shown to promote enhanced binding to calf-thymus (CT) DNA by intercalative
n-stacking, while facilitating DNA photocleavage by *OH and by sensitized >0, mechanisms via
the anthracene and Ru(Il) units, respectively.”We have shown that complexes 2 and 3 efficiently
absorb light throughout the visible region, facilitated by several MLCT transitions with Amax =
459 nm (e = 16,000 M 'ecm™") and 461 nm (e = 21,000 M 'ecm "), respectively.'’Upon excitation
the anthracene-[Ru]-dpp hybrid arrangement provides multiple pathways, singlet-singlet, triplet-
triplet, and/or singlet-triplet, for deactivation from the *MLCT excited state through
energy/electron transfer, which is speculated to enhance the PDT potency that was observed for
these complexes against mammalian cells in preliminary experiments.'’

In this study, we demonstrate that [(An‘[hbpyMe)(bpy)Ru(dpp)]2+ (2) and
[(AnthbpyMe),Ru(dpp)]** (3) can modify DNA and protein through multifaceted pathways that
appear to be unique to the anthracene-[Ru]-dpp systems. Gel shift assays were used to examine
the potential reactivity of the title complexes with biomacromolecules under diverse conditions.
These assays have been used extensively to monitor the DNA binding propensity of metal-
organic complexes, including oxidation of DNA via ROSs, by monitoring the electrophoretic
migration of DNA.*"?'Altered migration of the DNA-complex adduct reflects a change in size,
charge, and/or configuration of DNA, the latter involving conversion of supercoiled (SC)
plasmid to open circular (OC) and/or linear (L) forms.

Figure 2 compares the effects of the Ru(Il) complexes on DNA with and without

photolysis and in the presence and absence of oxygen.
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Figure 3.2. DNA  gel shift assay for (a) [(bpy):Ru(dpp)](PFs). (1), (b)
[(AnthbpyMe)(bpy)Ru(dpp)](PFe)2 (2), and (c) [(AnthbpyMe),Ru(dpp)](PFes). (3). A: DNA
weight marker, C: pUC19 DNA, 1 = 5:1 (BP:MC) incubated in the dark for 1 h, 2 = 5:1
(BP:MC) exposed to a 455 nm LED for 1 h,with 0, 3 = 5:1 (BP:MC) exposed to a 455 nm LED
for 1h without *O,, L = linearized pUC19 DNA.

Both title complexes, as well as the parent molecule, [(bpy).Ru(dpp)](PFe). (1), appear to be
chemically inert toward DNA in the dark in the presence of oxygen (lane 1), with no detectable
change in ethidium bromide fluorescence intensity or migration of the SC DNA. However,
upon photolysis at 455 nm for 1 h in the presence of >0y, all three Ru(Il) complexes alter the
electrophoretic mobility of plasmid DNA (lanes 2 and 3). As previously reported, the parent
complex (1) exhibited *0,-dependent conversion of a substantial proportion of SC DNA to the
OC form, but only in the presence of oxygen.’’The title complexes 2 and 3 modified the
plasmid DNA even more efficiently and did so both in the presence and absence of >0,. Under
both conditions these complexes completely converted SC DNA to a mixture of OC DNA and
a band with a distinctly different migration rate than either OC and L DNA (control lanes C
and L). The primary difference between the two anthracene-[Ru]-dpp systems appears to be in
the efficiency of the conversion, with the relative intensities of the OC and intermediate bands
differing reproducibly in the presence of 2 versus 3.

It is hypothesized that the photooxidation of DNA by the anthracene-[Ru]-dpp systems
under *0, is facilitated independently by the Ru(Il) PS (via *O,) or anthracene (via *OH or

anthracene-derived radicals) unit(s) to produce OC DNA. The intermediate band is speculated to
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consist of modified forms of OC or L DNA to which the complex is photochemically bound.**
3¥In the absence of >0, the DNA modification is speculated to involve a *OH and/or anthracene-
derived radical produced by the anthryl unit(s) to form the OC DNA, as has been reported for

anthracene alone.®?

In this case, the faster migrating band is speculated to consist of cross-
linked DNA product(s), as has previously been reported for several other anthracene
derivatives.”****Samples treated with complex 3 also exhibited a higher degree of smearing of
the lower band, which is attributed to the steric constraints from the two-anthryl units which
could enhance crosslinking of DNA through the formation of multiple photoadducts by a single

Ru(IT) complex.’*°

These results strongly suggest that the anthracene-[Ru]-dpp hybrid systems
uniquely modify plasmid DNA via an >O»-independent mechanism attributed to the appended
anthryl unit(s).

To further investigate the mechanism of photooxidation and the participation of *OH

radicals in DNA binding and cleavage by these complexes, we examined the effects of the *OH

. T . 20,34
scavengers DMSO, sodium iodide, and sodium benzoate™

on their ability to photomodify DNA
(Figure 3). The parent complex (1) effectively converted a substantial proportion of the SC DNA
to the OC form following 1 h of photolysis at 455 nm, whether or not *OH radical scavengers
were present (Figure 3a). The presence of these scavengers also appeared to have little or no
effect on the activity of complex 2 (Figure 3b). This supports the hypothesis that 'O, and
anthracene-derived radicals mediate the formation of OC DNA and the band of intermediate
mobility. Oxidation of OC DNA is hypothesized to be mediated by an anthracene-derived radical
that can occur via a known *anthracene excited state that readily photooxidizes across the 9,10

position of the anthracene.'*"’

75



ee1234as™ci23as i Dci2s3ast

2
9.4
66 :
44 - — - -‘ |t bt et g
!--E! u ' ocC
£ & v = b -l
22
JpemewSewBSes Be ot - sC

Figure 3.3. DNA gel shift assay for (a) [(bpy)2Ru(dpp)](PFs)a, (b)
[(AnthbpyMe)(bpy)Ru(dpp)](PF¢)2, and (c) [(AnthbpyMe),Ru(dpp)](PFe), using a 5:1 BP:MC
ratio. A: DNA weight marker, C = pUC19 DNA, 1 = MC + hv, 2 = DMSO + MC +hv, 3 = Nal +
MC + hv, 4 = NaCl + MC + hv, 5 = sodium benzoate + MC + hv, L= linearized pUC19 DNA. hv
= 455 nm LED irradiation with *O,.

In contrast, although complex 3 displayed no change in reactivity toward DNA in the
presence of DMSO (Figure 3c, lane 2), samples containing sodium-based scavengers exhibited a
distinctly different profile (Figure 3c, lanes 3 — 5). In this case, complex 3 converted SC DNA to
OC DNA and the intermediate-mobility band, but also produced a third band with accelerated
mobility. A salt-induced change in interaction of anthracene with DNA, from intercalative to
non-intercalative binding, has previously been hypothesized to facilitate cleavage of the DNA
backbone.”**This effect, together with the presence of the second anthryl unit in complex 3,
could facilitate the formation of cross-linked DNA.

To examine the modes of binding in further detail, the apparent DNA binding constants,
Ky, of the three complexes were compared. In these experiments, UV-vis spectroscopy was used
to monitor the MLCT (Amay) during titration with CT DNA in the dark (Table 1; ESI).***** The
results suggest that complex 2 can efficiently intercalate into the DNA duplex via the anthracene
motif, as indicated by the two orders of magnitude enhancement in Ky relative to the parent
complex (1). In contrast, complex 3, with two anthryl units, exhibited a K similar to 1,

suggesting that steric constraints may impede intercalation into the DNA duplex. However, the

presence of two anthracene units could facilitate inter/intra crosslinking of DNA without
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influencing the MLCT transition. The results suggest that appending a second anthryl unit to the
Ru(II) PS may negatively impact non-covalent intercalation, while still facilitating other binding
modes that allow for DNA crosslinking.

Table 1: Results of absorption titration experiments

Complex Ky/M !

[(bpy)2Ru(dpp)](PFs)2 (1) 450 x 10°
[(AnthbpyMe)(bpy)Ru(dpp)](PFe)2 (2)  3.50 x 10°
[(AnthbpyMe),Ru(dpp)](PFs), (3) 4.50 x 10°

Standard deviation = 10%

Alternative targets for metal-organic Ru(Il) agents are proteins that, like DNA, are

41,42

abundant and essential cellular macromolecules. The disruption of protein functionality

43,44

within cells can trigger oxidative stress and threaten cell viability. The oxidation of proteins

can be mediated by Ru(II) PSs through sensitization of *0,, ROS production, and/or direct attack

by protein-derived radicals upon light activation.*’

We therefore tested the propensity of our
anthracene-[Ru]-dpp complexes to bind to and disrupt a prototypical protein, bovine serum
albumin (BSA), by monitoring effects on electrophoretic migration and/or protein abundance by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Figure 4 displays SDS-PAGE analysis of the interaction of complexes 1, 2, and 3 with

BSA, with and without photolysis and in the presence and absence of oxygen at a 1:1 protein-to-

metal complex (P:MC) molar ratio.

(a) (b) (c)
BSA RT 37°C FPT 30, BSA RT 37°C FPT 0, BSA RT 37°C FPT 3O,

Figure 3.4. SDS-PAGE assay for (a) [(bpy)2Ru(dpp)](PFs)., (b)
[(AnthbpyMe)(bpy)Ru(dpp)](PF¢)2, and (c) [(AnthbpyMe),Ru(dpp)](PFs).. BSA = bovine serum
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albumin control, RT = 1:1 (P:MC) solution in the dark for 1 h at room temperature,, 37°C = 1:1
(P:MC) solution in the dark for 1 h at 37°C, and FPT = 1:1 (P:MC) solution under 455 nm
irradiation for 1 h without *0,.°0, = 1:1, (P:MC) solutions, under 455 nm irradiation for 1 h
with °0,.

The three complexes displayed very similar behavior under these conditions. The
migration and intensity of the bands in the first four lanes of each panel were indistinguishable,
suggesting that the complexes do not interact with and/or covalently bind to BSA in the dark at
either RT or 37 °C in the presence of O, (lanes RT and 37 °C) or following photolysis in
theabsence of 0O, (lane FPT). However, a substantial decrease in fluorescence intensity was
observed when the protein-complex solutions were photolyzed in the presence of O, (lane *O,).
This suggests that the reported complexes can modify BSA via an *O,-mediated mechanism,
resulting in degradation of the protein and/or the production of high-molecular-weight cross-

#2464 No high molecular mass

linked products through protein-derived radical reactions.
products were observed in these experiments, suggesting that the complexes degrade BSA, with
absolute dependence on light and *O,. This is in contrast to the *O,-independent interaction of (2)
and (3) with DNA, indicating that the anthracene-[Ru]-dpp complexes interact with these two
biological macromolecules through different mechanisms.

The light- and *O,-mediated reactivity of these complexes was further investigated across
a range of concentrations. Figure 5 displays the results of SDS-PAGE assays for solutions of

protein-to-metal complex (P:MC) at 10:1, 1:1, and 1:10 molar ratios, photolyzed for 1 h in the

3
presence of "O».
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Figure 3.5. Figure 5: SDS-PAGE assay for (a) 10:1 (P:MC), (b) 1:1 (P:MC), and (c) 1:10
(P:MC) solutions containing BSA and (1) [(bpy)Ru(dpp)](PFs). (1), (2)
[(AnthbpyMe)(bpy)Ru(dpp)](PFe)2 (2), or (3) [(AnthbpyMe),Ru(dpp)](PFe)2 (3) under 455 nm
irradiation for 1 h with *O,. BSA = BSA control without complex.

At a 10:1 ratio, all three complexes appeared to have a minimal effect on fluorescence of the
BSA band in these gels (Figure 5a). However, at ratios of 1:1 and 1:10 P:MC (Figure 5b and c)
all of the samples showed evidence of photo-oxidation of the protein. Moreover, the two
anthracene-containing complexes showed evidence of covalent binding to the protein, remaining
associated with the protein bands even under the denaturing conditions of this assay, indicated by
the red fluorescence emanating from the [Ru] core in lanes 2 and 3, Figure 5c. It was also
observed that complex 3 displays a lower activity toward BSA as compared to complex 2, which
can be attributed to steric interference from the second anthryl unit, as also observed for binding
to DNA.

In summary, DNA gel shift and SDS-PAGE assays established that complexes 2 and 3
mediate DNA and protein damage upon photoactivation. The complexes were shown to bind and
efficiently photocleave DNA in the presence or absence of *O,, while modification of BSA
displayed absolute dependence on the presence of light and *O,. This study also demonstrated
that appending a second anthryl unit to the [(bpy):Ru(dpp)]*” PS can negatively impact
intercalative binding properties and may facilitate the formation of cross-linked DNA. The

second anthryl unit also appears to reduce binding affinity for protein. This is the first study to
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show metal-organic complexes 2 and 3 are able to modify different biomacromolecules through
various modes of interaction. The reported complexes offer versatile photomodification
pathways toward biomacromolecules and show promise as potential PDT agents. In addition, the
dpp ligands in these complexes offer the potential to chelate additional metals and further
diversify their activity.

The authors are grateful to the National Science Foundation (grant CHE-1301131) for
funding this work. Roberto Padilla received additional support from the National Institutes of
Health (grant VT-IMSD-GMO072767). This manuscript is dedicated to the memory of Karen
Jenks Brewer and the generous spirit that sustained 22 years of collaboration with the Winkel
group.

3.3 Supporting information: A New Class of Ru(II) Polyazine Agents with Potential for
PDT

Materials and methods

Materials. All solvents/chemicals were used as received unless otherwise noted. Circular and
linear pUC19 plasmid DNA were purchased from Bayou Biolabs. Lambda DNA/HindIIl
molecular weight marker was obtained from Promega. Electrophoresis grade (boric acid,
agarose), and molecular biology grade glycerol were purchased from Fisher Scientific. Mini-
PROTEAN TGX Stain-Free Precast Gels and running buffers were obtained from BioRad.
Biological Procedure

DNA gel assay. DNA-metal complex (MC) solutions were prepared in a 5:1 BP (base pairs):MC
ratio in 10 mM phosphate buffer (pH = 7.4) with 16.5 pM metal complex to ensure an
absorbance of at least 0.1 at the excitation wavelength (455 nm) in all samples. The complexes

were dissolved in 200 uL of DMF and the concentration was determined using known extinction

coefficients at the Amax for each complex.'®'"” Anaerobic solutions were deoxygenated with argon
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for 15 min prior to photolysis. The former solutions were then blanketed with Ar) during
photolysis, while aerobic solutions where exposed to atmospheric conditions. Solutions were
photolyzed for 1 h with an LED array.”’ A 0.8% w/w gel was prepared and placed in a model
B1A stage Owl Separation Systems with 300 ml of 1X TB buffer (90 mM tris base, 90 mM boric
acid). Each sample was prepared for loading by adding 2 pl of loading dye to a 10 pl aliquot of
sample and then loaded into their respective wells. A potential of 100 V was applied through the
gel for 1 h. Following electrophoresis, gels were stained in 0.5 pg/ml ethidium bromide for 0.5 h
and washed using double deionized water for 0.5 h. The gels were visualized on a Fisher Biotech
UV-transilluminator and images were captured using an Olympus SP-320 camera fitted with an
ethidium bromide filter.

Scavenger assay. Concentration of DNA, metal complex, and buffer in the solutions were the
same as described above. However, individual ROS scavengers were added before photolysis.
Sodium iodide, sodium benzoate, and DMSO were used as hydroxyl radical scavengers. Sodium
chloride was utilized as an ionic control in order to determine if the change in the activity of the
complexes was due to an ionic component instead of an ROS scavenger effect. Little or no
difference was observed between the NaCl ionic control and the sample photolyzed under
standard conditions (82.5 uM DNA, 16.5 uM metal complex, 10 mM buffer).

CT-DNA titration. The concentration of CT DNA was calculated by using known extinction
coefficient at 260 nm (6,600 M ' cm ' per base).* The ratio of absorbance for the DNA sample
at 260 nm and 280 nm was taken and was always greater than 1.8, indicating that the DNA was
substantially free of protein.”® A solution 5 mM in Tris buffer (pH = 7.0), 50 mM NaCl, and 30
UM in complex was prepared. This solution was titrated with increasing amounts of DNA from

10° to 10* M. The solution was incubated in the dark for 5 min prior to each measurement to
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allow formation of non-covalent interaction and establishment of equilibrium. Binding constants
were determined by triplicate utilizing the model proposed by Schmechel and Crothers (1971)
and latter modified by Mechan et al (1987).%%*

SDS-PAGE assay. A bovine serum albumin (BSA) stock solution was prepared by dissolving
100 mg of BSA in 5 ml of 20 mM NaH,PO4to givea 20 mg/ml solution. The complexes were
dissolved in 200 uL of DMF and the concentration was determined by using known extinction

1619 protein-metal complex solutions were prepared in a

coefficient at a Amax for each complex.

10:1 P:MC ratio in 20 mM phosphate buffer (pH = 7.4) by diluting 50 pL of 20 mg/ml BSA

protein with the appropriate amount of complex to a total volume of 500 pL. Anaerobic solutions

were deoxygenated through 5 cycle of freeze pump thaw prior to photolysis for 1 h with an LED

array.’' Aerobic solutions where exposed to atmospheric conditions during photolysis for 1 h

with an LED array.”' A 10% precast polyacrylamide Mini-PROTEAN TGX Stain-Free Gels, 8.6

x 6.7 cm (W x L), was used for the SDS-PAGE analysis. Prior to loading, each samples was

combined with an equal volume of loading buffer (125 mM Tris, pH 6.8, 4% SDS, 20% glycerol,

0.1% bromophenyl blue, and 2% p-mercaptoethanol) and heated at 95°C for 5 min. A potential

of 200 V was applied through the gel for 30 min followed by visualization on a Fisher Biotech

UV-transilluminator. The images were captured using an Olympus SP-320 camera.
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4.1 Abstract

The cellular localization and photocytotoxicity of three recently-described [Ru]-
anthracene hybrid complexes were tested using F98 rat glioma cells. [(AnthbpyMe)Ru(bpy).]*,

[(AnthbpyMe)(bpy)Ru(dpp)]*", and [(AnthbpyMe),Ru(bpy)]*" exhibited ICso values of 72 = 1
uM, 107 =1 pM and 85 = 1 u M, respectively, with 15 min of exposure followed by 1 h of
irradiation at 455 nm. Confocal microscopy showed that the complexes initially localize
primarily along the cell membrane and in nucleoli, subsequently becoming associated almost
exclusively with discrete dot-like structures within the cytoplasm. Dose response curves

demonstrated that all three complexes have substantial toxicity that is highly light-dependent.
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These complexes offer a promising platform for further development of novel photodynamic
therapy agents.
4.2 Introduction

Photodynamic therapy (PDT) is a promising treatment for a variety of conditions and
diseases, including cancer, whereby a photosensitizer (PS) and light are used in combination to
generate reactive cytotoxic agents to destroy target cells or tissues.' > Considerable progress has
been made in developing metal complexes as potential PDT agents that can function in both
oxygen-replete and hypoxic environments to generate toxic agents upon irradiation.'®**
Ruthenium polyazine complexes comprise a versatile class of anticancer drugs with considerable
interest as potential PDT agents due to their favorable absorption, dynamic excited state, and
photophysical properties, and reactivity toward biomacromolecules under a various

cpe 15,25-31
conditions. ™

The photosensitizer, tris(2,2'-bipyridine) ruthenium(Il) [Ru(bpy)3]2+, and its
analogs are proven PDT agents that generate reactive triple metal-to-ligand charge transfer
(MLCT) states that are typically long-lived and that efficiently generate 'O, to mediate the
oxidation of biomacromolecules such as DNA upon light activation.*”* Although [Ru(bpy)s]*"
has been shown to modify DNA in vitro, its potential as a PDT agent is compromised by its
inability to traverse the plasma membrane.” A potential approach to improving the cellular
permeability of Ru(Il) polyazine complexes is to increase their lipophilicity by covalently
appending polycyclic aromatic hydrocarbons (PAH).>**> These appended PAHs may also

enhance the PDT potency of the complex.'>***¢*

Ru(Il) dyads that incorporate pyrene units
have been shown to mediate the light-induced cell uptake and oxidation of DNA via oxygen

dependent and independent mechanisms, while chemically binding to DNA.**" These [Ru]-

pyrene systems exhibit enhanced photobiological potency at submicromolar regimes under short
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drug-to-light intervals.***!

Appending anthryl units to the [(bpy):Ru(dpp)]*” PS through amide bond(s) generates a
[Ru]-PAH system that can bind to and modify DNA in the presence and absence of oxygen upon
irradiation (A= 455 nm), while also offering the potential for sequestering biologically-relevant
cations (i.e. Fe*', Na', K', Ca®, etc.).”” The anthryl units afford the added advantage of
providing an avenue for coupling known metal-based DNA binding agents (e.g., cisplatin) to the
complex.”***  The anthracene-[Ru]-dpp hybrids, [(AnthbpyMe)(bpy)Ru(dpp)]*" and
[(AnthbpyMe),Ru(dpp)]*” (bpy = 2, 2’ —bipyridine, dpp = 2.3-bis(2-pyridyl)pyrazine, and
AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4" -methyl-2,2” -bipyridine), have recently been
shown to modify DNA in the presence and absence of >O,, while oxidizing protein structures
through an O,-mediated mechanism, in both cases in a light-dependent manner.” Although
these anthracene-[Ru]-dpp compounds can generate a burst of reactive cytotoxic agent for PDT
applications, their efficiency in modifying biological targets is likely to be highly dependent on
the ability to permeate the cell membrane.*>****

Herein we study and compare the uptake and intracellular distribution of [Ru]-anthracene
hybrid systems, [(AnthbpyMe)Ru(bpy).]*" (3), [(AnthbpyMe)(bpy)Ru(dpp)]*" (4), and
[(AnthbpyMe)zRu(dpp)]2+ (5), in F98 glial cells with parent Ru(Il) PS, [Ru(bpy)3]2+ and
[(bpy)2Ru(dpp)]*', in an attempt to understand their in vitro behavior in mammalian cells.**°
The intrinsic "MLCT emission properties of these [Ru] hybrid compounds was harnessed to
monitor their intracellular distribution by confocal laser scanning microscopy. We also
determined the ICsy values for these systems with the same cell lines. This is the first reported

study of the in vivo behavior of Ru(Il) complexes that append anthracene unit(s) to the

[Ru(bpy)s]*" and [(bpy).Ru(dpp)]*" PSs through amide linkers.
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Figure 1. Chemical structures of [Ru(bpy):]*™ (1), [(bpy):Ru(dpp)]*” (2),
[(AnthbpyMe)Ru(bpy)]*” (3), [(AnthbpyMe)(bpy)Ru(dpp)]*" (4), and [(AnthbpyMe),Ru(dpp)]**

(5).
4.3 Results and Discussion

The efficiency with which PSs are able to modify biological targets (DNA, RNA,
proteins, lipids, etc.) within cells is highly dependent on cellular uptake, which is commonly
estimated by their lipophilicity.”*> To evaluate the potential of [(AnthbpyMe)Ru(bpy)]*" (3),
[(AnthbpyMe)(bpy)Ru(dpp)]** (4), and [(AnthbpyMe),Ru(dpp)]*" (5) to serve as efficient PSs in
a biological context, partition coefficients were determined using a modified shake-flask method
and compared to those of anthracene and the parent complexes, [Ru(bpy)3]2+ (1) and
[(bpy)2Ru(dpp)]*" (2) .>* The results are reported in Table 1.

Table 1. Lipophilicity of compounds 1 — 5.
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Compound Log Poy

Anthracene +4.56
[Ru(bpy)s](PFe)x(1) -1.217
[(bpy)Ru(dpp)](PFe)2 (2) -2.53
[(AnthbpyMe)Ru(bpy)2](PFs)2 (3) +0.80
[(AnthbpyMe)(bpy)Ru(dpp)](PFe)2 (4) +0.64
[(AnthbpyMe),Ru(dpp)](PF)2 (5) +1.30
**Ref.*° *Ref.” Standard deviation = 10%

Anthracene and [Ru(bpy);]*" (1) have previously been reported to have substantial
positive and negative logP,, values, respectively.’®>> Consistent with this, parent complex 2
displayed an even more negative logP,, value, attributed to the dpp ligand which is speculated
to be more hydrophilic than bpy.” The [Rul-anthracene hybrid compounds (3, 4, and 5)
exhibited logP,. values that were intermediate between anthracene and the respective Ru(II)
parent complexes (1 and 2), with complex 5 displaying the highest logP,, value, reflecting the
presence of a second anthryl unit.”®> The overall lipophilicity of the three [Ru]-anthracene hybrid
systems should enhance the potential for cellular uptake and for therapeutic success.”* It is
noteworthy that the logP, value of all three title complexes are within the desired range of + 1.5
+ 1.0 for optimal oral absorption or central nervous system penetration.”**>”> These [Ru]-
anthracene complexes also demonstrate superior logP,. values than clinically-approved Pt-
based drugs such as cisplatin, carboplatin, and temozolomide, which have reported logP,
values of - 2.50, - 2.30, and - 0.24, respectively.ﬂ’5 657

To investigate the potential of the [Ru]-anthracene compounds to be taken up by
mammalian cells, we took advantage of the luminescent property of the Ru(Il) core to conduct
confocal laser scanning microscopy analyses. Parent complexes 1 and 2 give rise to an emission
band within the 580 — 700 nm range when excited with lex = 488 nm (lx = laser excitation),

characteristic of the emissive "MLCT state common for ruthenium polyazine complexes.’® The
poly p

Ru (IT) unit within the [Ru] hybrid structure can be excited with lx = 488 nm independent of the
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anthracene unit, as previously reported, giving rise to emission bands within the 580 — 700 nm
range similar to the parent complexes.**

To examine the interaction of the title compounds with mammalian cells, 6-well glass
plates were seeded with F98 glioma cells, a widely-used rat brain tumor model with biological
characteristics resembling those of human glioblastoma (Figure S1).” The cells were incubated
for 24 h to create a monolayer of cells for imaging and a series of concentration assays was then

used to determine that 75 u M of the parent and title complexes was optimal for capturing the

emission from both the 'anthracene and *MLCT states in these experiments (data not shown).

The results of initial experiments using emission from the Ru(Il) unit (580 — 700 nm; l.x = 488
nm) to monitor the ability of the complexes to adsorb to and/or enter F98 cells within a 15 min
treatment window are illustrated in Figure 2. Emission from the anthryl unit in these complexes
was not detected with the parameters used in these experiments. This was confirmed with cells
treated with anthracene alone, which exhibited no detectable emission with lex = 488 nm (data
not shown), although these cells did display an extremely low, but measurable emission with I
= 408 nm (data not shown) consistent with previous reports of cellular uptake of anthracene
labeled systems.*’ Fluorescence was also not detected for cells treated with parent complexes 1
and 2 (Figure 2A and B), despite the presence of [Ru] units in these structures, indicating that
these complexes did not adhere to or enter the cells, consistent with the low lipophilicity of these
molecules. In marked contrast, cells incubated with the [Ru]-anthracene hybrid complexes, 3, 4,
and 5, displayed strong fluorescence that was distributed across the cytoplasm, with the
exception of what appeared to be nuclei. This result indicates that the appended anthracene(s)
confer enhanced affinity for cells, entirely or in part due to the observed enhancementin

lipophilicity, and significantly increase the transport of these molecules across the membrane and
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into F98 cells, similar to what has been observed for anthracene-tethered Ru(Il) arene complexes
with A549 lung carcinoma cells.®’ Anthracene-tagged bidpyridinium amides have also been

shown to penetrate the membrane and localize in nuclei of HeLa cells.*

with 75 uM of individual compounds for 15 min at 37°C, washed, and emission from Ru(Il)
monitored by confocal microscopy. (A) [Ru(bpy)s]*" (1), (B) [(bpy)Ru(dpp)]*" (2), (C)
[(AnthbpyMe)Ru(bpy)]>"  (3), (D)  [(AnthbpyMe)(bpy)Ru(dpp)]”* (4), and (E)
[(AnthbpyMe),Ru(dpp)]** (5). Images were collected at 630 — 700 nm (right, lo, = 488 nm).

All three complexes appeared to be excluded from spherical structures within the F98 cells, also
based on examination of multiple optical slices (Figure 2 and S2). To determine whether these
structures were nuclei, cells were treated with the three complexes for 15 min, washed, and
allowed to recover for 24 h. The cells were then stained with 4',6-diamidino-2-phenylindole
(DAPI), a nuclear and chromosome counterstain that emits blue fluorescence upon binding to AT

regions of DNA. Images were collected under conditions specific for DAPI (lex= 408 nm; Loy =
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420 — 550 nm) or Ru(Il) (lex= 488 nm; I, = 630 — 700). In all three cases the signal from the
Ru(II) had a pattern complementary to that of DAPI, indicating that the three title complexes are
indeed present at very low or undetectable levels within nuclei after 15 min of incubation. It also
appeared that nuclei in cells exposed to compounds 4 and 5 (Figure 3C and D) were smaller than

those in untreated cells (Figure 3A) and those treated with complex 3 (Figure 3B).

Control (A)

(B) ©

Figure 3. Confirmation of nuclear exclusion of the [Ru]-anthracene complexes. Confocal
images of live F98 MG cells incubated for 15 min at 37 °C with complexes, washed, incubated
without complex for 24 h prior to staining with DAPL.  (A) no complex, (B)
[(AnthbpyMe)Ru(bpy)2]*", (c) [(AnthbpyMe)(bpy)Ru(dpp)]*, and (D)
[(AnthbpyMe),Ru(dpp)]*". Images were collected at 420 — 550 nm (left, lo, = 408 nm) or 630 —
700 nm (right, lex = 488 nm).

To further investigate the uptake and localization of the [Ru]-anthracene hybrid
compounds, cells were imaged after being exposed to the complexes for different lengths of
time. Figure 4 shows representative images for cells treated with complexes 3, 4, or 5 for 0 min,

5 min, or 48 h.
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(A) (B) (©)

Figure 4. Changes in distribution of the [Ru]-anthracene complexes in F98 MG cells over
time. Cells were incubated with [Ru]-anthracene complex for 15 min at 37 °C, washed, and then
incubated in growth medium in the absence of complex for an additional 0 min (top), 5 min
(center) or 48 h (bottom) prior to collecting images at 630 — 700 nm (lx = 488 nm). (A)
[(AnthbpyMe)Ru(bpy).l>* ~ (3),  (B)  [(AnthbpyMe)(bpy)Ru(dpp)l’'(4), or  (C)
[(AnthbpyMe),Ru(dpp)I>* (5).

As expected, no luminescence was observed prior to addition of the complexes (0 min,

top row). However, all three [Ru]-anthracene systems were detectable within 1 — 2 min [time
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lapse videos can be found in the supporting information (SI)] and by 5 min were concentrated
along the cell membrane and also within the cytoplasm (Figure 4, center panels). Complexes 4
and 5 also appeared to be concentrated in nucleoli within the nucleus, similar to what has been
reported for [Ru(bpy)(HP-bpy):]*" (HP-bpy=4-(4-hydroxyphenyl)-2,2’-bipyridine).** More than
two nucleoli were observed in a number of these cells, characteristic of many malignant cell
lines.”® This rapid internalization has been reported previously for other Ru polyazine systems,
with the uptake attributed to passive diffusion.”**® A different distribution pattern was observed
in samples treated for 48 h; in this case all three complexes were localized primarily in discrete
dot-like vesicular structures within the cytoplasm, with little or no fluorescence emanating from
nuclei or nuceoli. Subtle differences in cell morphology were also noted (Figure S2).

Previous studies have shown that the parent molecules, anthracene, [Ru(bpy):]*" (1), and
[(bpy)2Ru(dpp)]*" (2), have little or no cytotoxicity against F98 glioma cells in either the absence
or presence of light, while the complexes with appended anthracene moieties (3, 4, and 5)
display moderate toxicity in the dark, an effect that is substantially enhanced upon exposure to

light.**

o
xX

0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000
Concentration (uM) Concentration (uM) Concentration (uM)

Figure 5. Dose response curves comparing cell cytotoxicity (solid blue squares) and
photocytotoxicity (solid red circles) of F98 cells treated with [(AnthbpyMe)Ru(bpy).]*" (A)
[(AnthbpyMe)(bpy)Ru(dpp)] ** (B), and [(AnthbpyMe).Ru(dpp)]** (C). Viability counts were
performed in triplicate; bars are standard error.
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To extend these initial observations, ICsy values were determined by measuring dose-response
relationships, which examined the effects of different concentrations of [Ru]-anthracene agents
on cell viability with and without light activation. In each case, cells were treated for 15 min with

the complex over a concentration range of 0.2 — 200 u M, washed to remove excess complex,

and then incubated for 1 h in the dark or under illumination at 455 nm using a custom-designed
photoarray apparatus.®’® Cell viability tests were conducted 48 h after PDT treatment using an
AlamarBlue assay (Figure 5). Consistent with previous observations, all three complexes
displayed minimal effects on cell viability in the dark.”” However, upon photolysis at 455 nm for
1 h all three [Ru]-anthracene systems displayed substantial toxicity toward F98 cells, with

comparable ICsp values of 72 =1 pu M, 107 +1 u M, and 85 = 1 u M for complexes 4, 5, and 6,

respectively. This light-enhanced toxicity is hypothesized to result from the previously-reported
dynamic excited state properties and reactivity towards multiple biologic substrates as well as the

rapid uptake properties of these novel complexes.

4.4 Conclusions

In this study we  demonstrated that [Ru]-anthracene PDT  agents
[(AnthbpyMe)Ru(bpy)2*',  [(AnthbpyMe)(bpy)Ru(dpp)]*’, and  [(AnthbpyMe):Ru(dpp)]*"
localize primarily along the cell membrane and dot-like vesicles within the cytoplasm within 5
min of initial exposure. The rapid uptake of the Ru(Il) complexes and their high lipophilicity
suggests that passive diffusion is a potential mechanism of uptake. At longer times after
exposure, cells treated with [(AnthbpyMe)(bpy)Ru(dpp)]*” and [(AnthbpyMe),Ru(dpp)]*" appear
to undergo changes in morphology, including the dimensions of the nucleus, which may be
related to the ability of the dpp ligand to chelate biologically-relevant cations including Na', K,

Ca®", Mn*", and Fe*".*> Dose response curves for cell toxicity of F98 cells treated with [Ru]-
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anthracene complexes demonstrate that all three complexes have little or no effect on cell
viability in the dark, but upon photolysis display substantial toxicity. Studies are currently under
way to optimize PDT treatment and further characterize the photocytotoxicity of these [Ru]-
anthracene systems and their effects on F98 cell morphology and viability. Furthermore, future
work is directed to covalently coupling cisplatin-inspired DNA binding motifs to anthracene-
[Ru]-dpp systems as a means to improve the cellular uptake of Ru(II)-Pt(II) systems.

4.5 Experimental

Materials. All solvents/chemicals were used as received, unless otherwise noted. Anthracene (1)
was purchased from Sigma Aldrich, while compounds [Ru(bpy);](PFe)2 (2),
[(AnthbpyMe)Ru(bpy).](PFe), 3), [(bpy)2Ru(dpp)](PFe). 4, and
[(AnthbpyMe),Ru(dpp)](PFs), (5) were synthesized as described previously.**"! Life
Technologies supplied 0.05% Trypsin-EDTA and phosphate buffered saline (PBS). Dimethyl
sulfoxide (DMSO) was obtained from Sigma Aldrich. F98 MG rat cancer cells were purchased
from the American Type Culture Collection (ATCC® CRL-2397™) with an initial passage of
seven. Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS), and
penicillin-streptomycin antibiotic solutions were also from ATCC®.

Determination of LogP,.. Partition coefficients were determined for the complexes using the
shake flask method of octanol/PBS phase partition.’® The PFs compounds were first converted to
the CI salt by dissolving a small amount solid in acetonitrile and then flash participated to the
Cl salt from a saturated solution of acetone containing tetrabutyl ammonium chloride. The
solution was centrifuged on a Fisher Scientific Centrific Centrifuge Fisher Scientific 225 Lab
Benchtop Variable Speed Centrific Centrifuge at 6500 RPM for 1 min at room temperature and

the solid was collected and dried. The complexes were then dissolved in 3 ml PBS, pH 7. To this
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solution, 3 ml of octanol was added and stirred vigorously for 15 min. The phases were allowed
to separate and the concentrations of the complexes were determined by spectrophotometry.

Cell Culturing. Cells were handled in class II, type A2 biological safety cabinet and incubated
in a Nuaire auto flow CO, water jacketed incubator at 37 °C with 5% CO,. Cells were collected
by centrifugation at 120g, 4°C, for 5 min and counted using a Vi-CELL cell viability analyzer
(Beckman Coulter). F98 MG cells were grown in DMEM in a T75 flask (75 cm’ Thermo Fisher
Scientific tissue flask) at 37 °C and 5% CO,. The cells were cultured in fresh DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin antibiotic solution (ATCC) for 24
h prior to use in experiments. Cells were passaged when approaching a confluence of 85%—-95%.
All culture work and seeding processes were carried out in a class II, type A2 biological safety
cabinet. Additional information on culturing cells for these experiments is provided in the SI.
Cell Imaging. After the cells were grown and allowed to adhere in 6-well glass plates for 24 h,

the compounds were introduced at a 75 u M concentration followed by incubation for 1 h. The

compounds remaining in solution were removed by washing the cells with PBS and replenished
with 2 ml of fresh medium followed immediately by imaging. For the time course experiments,
cells were incubated with complex for 15 min at 37 °C, washed, and then incubated in growth
medium in the absence of complex for an additional 5 min or 48 h prior to collecting.

For DAPI staining experiments, cells were imaged immediately after washing. In brief, a
14.3 mM DAPI stock solution was freshly prepared in PBS, using sonication to dissolve the
DAPI. After the cells were treated with complexes for 15 min under similar conditions as

described above, 1.4 u L of DAPI stock solution was added to the wells containing the treated
cells and 2 ml of fresh medium to obtain approximaly 10 u M of DAPI. The cells were then

incubated for 15 min to allow uptake of DAPI. The DAPI remaining in solution was removed by
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washing the cells with PBS and replenished with 2 ml of non-phenol red-containing followed
immediately by imaging.

Confocal Laser Scanning Microscopy. For all imaging studies F98 cells were seeded onto 6-
well uncoated glass plate with a 1.5 mm thickness and 14 mm glass diameter. The plates were
imaged with a Zeiss LSM 880 confocal microscope with argon light source (lex = 408 nm and
488 nm), C-Apochromat 40 x /1.2 W Korr FCS M27 objective, and Zen Blue (v.2) data
collection and analysis software.

Photocytotoxicity Studies. Photolysis treatments were conducted in 6-well plates containing
~0.4 x 10°cells/well in DMEM that had been incubated at 37 °C and 5% CO, for 24 h prior to
treatment. The medium was evacuated from each well and replaced with 75 uM solutions of
complex dissolved in DMEM and DMSO (<5%v/v). Control wells contained DMEM and
DMSO (<5%v/v) only. The cells were then incubated at 37 °C and 5% CO; for 15 min, the
solution was then evacuated, and the cells were washed with PBS several times before
incubation with DMEM without phenol red for 12 h. The cells were then photolyzed with a
custom-made photoarray for 1 h, while the dark controls were subjected to the same conditions
except without the light (procedure found in SI).”""?

Cell Viability Assay. Cell viability was assessed 24 and 48 h after photolysis using the
alamarBlue cell viability assay protocol provided by AbD Serotec® (procedure and calculation
found in SI).
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4.7 Supporting information: Exploring the Intracellular Localization and Photocytotoxicity
of a New Class of Ru(II) Polyazine Complexes for Photodynamic Therapy

(A) (B) (9))

Figure 4.1. Evidence that the Ru (II) and anthracene unit(s) can be independently excited
in live F98 MG cells. Confocal images of luminescence from anthracene (top) and Ru(Il)
(bottom) units in live F98 MG cells incubated for 1 h at 37°C with [(AnthbpyMe)Ru(bpy)2]*"
(A), [(AnthbpyMe)(bpy)Ru(dpp)] ** (B) and [(AnthbpyMe),Ru(dpp)] ** (C). Images were
collected at 420 — 550 nm (left, lox = 408 nm) or 630 — 700 nm (right, lx = 488 nm).

Flgure 4.2, Transmitted light images (overV1ew (A) and single cells (B)) of live F98 MG at
37°C after incubation for 24 h showing the morphology of untreated cells.
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Chapter 5: Overall Conclusions and Future Directions

The research presented in this dissertation has demonstrated the potential of the Ru(II)
complexes [(AnthbpyMe)(bpy)Ru(dpp)]2+ and [(AnthbpyMe)zRu(dpp)]zJr as PDT agents and
as synthetic intermediates for fluorescent Ru(Il)-Pt(Il) assemblies. As described in Chapter 1,
Ru(ID)-Pt(II) systems of the form [(bpy),Ru(dpp)PtCl,]*" have shown excellent potential as
multifunctional PDT agents, even though there is limited information about their in vitro
uptake distribution and chemical reactivity within mammalian cells. In response to this
knowledge gap, one of the long-term research goals in Prof. Karen Brewer’s group has been
to develop a fluorescent-tagged Ru(II)-Pt(II) complex of the type shown in Figure 5.1 and
explore its photophysical properties, its interaction with DNA and proteins, and its

localization within mammalian cells.

Photosensizer Bridging Ligand DNA Binder

Figure 5.1 Illustration that describes fluorescent Ru(Il)-Pt(II) complexes of the form
[(FT)(TL)Ru(BL)PtCL,]*".

The stepwise strategy used to develop novel multimetallic systems dictated that we
first examine the properties of tagged Ru(II) photosensitizers lacking Pt(II) so that we could
ultimately determine the specific additional functionality contributed by the second metal

unit. Two novel anthracene-Ru-dpp complexes exhibiting variations in the number and
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regiochemical attachment of the anthracene groups, together with a control complex lacking
a tag, were synthesized and examined using photochemical and electrochemical methods.
These complexes demonstrated bichromatic behavior: the fluorescent properties of the
anthracene tag and the MLCT-based photochemistry of the Ru(Il) photosensitizer, both
potentially useful for cell imaging, were found to be largely independent (Chapter 2). These
anthracene-Ru-dpp systems exhibited dynamic photoreactivity towards DNA in the presence
and absence of oxygen, while newly-established protein assays demonstrated
photodegradation of proteins via an *O,-mediated mechanism (Chapter 3). The anthracene-
Ru-dpp systems were observed to localize primarily along the cell membrane and to
associate with dot-like vesicles within the cytoplasm and nucleoli within 5 min of initial
exposure (Chapter 4), while photocytoxicity assays revealed enhanced PDT potency of these
complexes against mammalian cancer cells (Chapters 2 and 4).

This dissertation also raised important new questions regarding the mechanisms of cell
uptake and cell death including the and intracellular targets of these Ru(Il) systems in
mammalian cells. The next series of studies should be directed at understanding the
mechanism of cell death initiated by photoactivation of the anthracene-[Ru]-dpp systems.
Fluorescent stain experiments can be used to detect and distinguish between apoptosis and
necrosis based on cell membrane integrity and changes in cell morphology.'” An ethidium
bromide (EB)/acridine orange (AQO) dual staining technique can be used to monitor cell death
based on membrane integrity; AO traverse plasma membrane to stain the DNA of live cells,
while EB is excluded from the viable cells but can traverse the compromised plasma
membrane to stain the DNA of dead cells. Propidium iodide stains can also be used to

distinguish between necrotic, apoptotic, and healthy cells.* These techniques can be used to
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examine the change in cell morphology upon treating with the complexes with and without
irradiation. Caspase and protease assays are the standard for defining apoptosis and can be
employed to further investigate the mechanism of cell death mediated by these complexes.

Detailed studies regarding the mechanism of cell uptake for these systems are also
necessary to understand the relationship between cellular uptake and PDT potency.
Preliminary studies suggest that the strong association with the cell membrane and rapid
permeation into the cytoplasm of [(AnthbpyMe)(bpy)Ru(dpp)]** and
[(AnthbpyMe),Ru(dpp)]*", consistent with a passive diffusion mechanism of uptake. Change
in the membrane fluidity monitored through temperature-controlled confocal microscopy or
cholesterol depletion can be used to further investigate whether passive diffusion is the actual
and/or only mechanism of uptake.””’

A related area of interest is the primary intracellular targets of anthracene-Ru-dpp
complexes. Anthracene-Ru-dpp systems appear to be excluded from the nucleus of the cell at
prolonged time intervals (48 h), which suggests that nuclear DNA may not be the primary
target. Nevertheless, extranuclear substrates such as RNA, enzymes, and structural proteins
could potentially serve as the binding target for anthracene-Ru-dpp and its analogues at these
later time points.

An important feature of these anthracene-Ru-dpp systems is that they offer the potential
for appending additional metals such as Pt(Il) that could enhance the interaction with DNA
and other biological macromolecules, analogous to cisplatin, carboplatin, and other widely-
used (non-PDT) anti-cancer agents. Although covalently coupling a Pt(II) metal to
anthracene-Ru-dpp PSs is predicted to diminish the excited state properties of the Ru(Il)

units that were ideal for cell imaging, the anthracene could provide an alternative fluorescent
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tag for monitoring the Ru(II)-P(II) complex within cells. In fact, we have recently isolated a
novel fluorescent Ru(Il)-Pt(Il) system by adapting a general literature procedure reported by
Brewer et al.® A preliminary effort to couple Pt(II) to the (anthracene),-[Ru]-dpp
photosensitizer produced the desired bimetallic complex, albeit at low yield. Further
optimization of the reaction and purification protocol would undoubtedly improve the
efficiency of this synthesis. The presence of the [(AnthbpyMe),Ru(dpp)PtCl,]* cation in the
sample was confirmed using ESI-MS (Figure 5.2). Steady state emission showed that
excitation of [(AnthbpyMe),Ru(dpp)PtCl,]*" with A= 340 nm gives rise to emissive high
energy transitions with maxima located at 440 nm a(Figure 5.3)nd excitation with Aex= 520
nm gives rise to emission from the Ru(I) "MLCT state centered at ~740 nm (Figure 5.4).
Although emission from the Ru(Il) was, as anticipated, outside the range of detection for
current optical techniques, this preliminary result indicates that the anthracene motif can
provide a very useful alternative probe for tracking the localization and biological targeting
of Ru(I)-Pt(I) systems within cells, in addition to substantially enhancing the cellular

uptake of these systems.
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Figure 5.2. ESI-MS spectrum of [(AnthbpyMe),Ru(dpp)PtCL,]*" (a) and calculated isotopic
distribution pattern with the ChemCalc (b).
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Figure 5.3. Steady state emission profile of [(AnthbpyMe),Ru(dpp)PtC1,]*" excite at 304 nm
in acetonitrile.
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Figure 5.4. Steady state emission profile of [(AnthbpyMe),Ru(dpp)PtC1,]*" excite at 304 nm
in acetonitrile.

It must be emphasized that coupling Pt(Il) units to fluorescent [(bpy).Ru(dpp)]*"
photosensitizers can potentially influence their intracellular localization compared to
anthracene-Ru-dpp systems. Other Ru(Il) complexes have recently been shown to localize
within nuclei. Thus a future and clear direction of this project is to explore the
internalization of these fluorescent Ru(Il)-Pt(II) systems and their potential as highly-potent
PDT agents for use in the treatment of a variety of diseases, including cancer.”'’
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