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Chapter 1

1. Design, synthesis and DNA interaction studies with novel photosensitizer

molecules as efficient photodynamic therapeutic agents
1.1. Introduction

In all eukaryotic and prokaryotic organisms the storage of genetic information is
encoded almost entirely in the biopolymer called deoxyribonucleic acid (DNA).! The
“genetic code” within DNA is contained in the cells of the organism and provides the
blueprint for the formation of ribonucleic acid (RNA) and proteins, which are the
functional components of cells. The flow of biological information, whereby a section
of DNA is transcribed into RNA, which in turn is responsible for the synthesis of
specific proteins (translation), is set forth in “the central dogma of molecular biology”,

as formalized by Crick (Figure 1.1).?

DNA RNA Protein

W W

Figure 1.1. The central dogma of molecular biology.

The process of DNA replication that allows organisms to make duplicates of their
genomes. Along with the ability of cells to replicate themselves, this assists each new
generation of the cell (and therefore the organism) to undergo the exact transfer of
information encoded by the cell’'s DNA and this serves as the basis of biological
inheritance and genetics.®

DNA is a linear bio-polymer composed of repeating nucleotide units, each included of
a nitrogen heterocyclic base, a pentose sugar and a phosphate group (Figure 1.2).
The four nitrogenous bases in DNA can be adenine (A), guanine (G), cytosine (C)
and thymine (T) and it is through sequences of these bases that the genetic

information of the organism is contained and then expressed via translation and

1]
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transcription.* Each nucleotide in the DNA molecule is linked by a phosphodiester
bond between the 3' and 5' carbon atoms on adjacent sugar rings and sequences of

DNA are written in the 5'—= 3' direction.

_ NH,
Q N
- 1 X .
(b) o-p=0 ¢ | )N Adenine (A)
| N N/
5'end NG
(a) 50
3 (0]
HO. 5  Base 0 N N .
4 ;O: ' _O—I:3=O (/N |N/)\NH Guanine (G)
30H 2 os 2
Nucleoside 0
3 NH;
o] | SN Cytosine (C)
OH 1
O—P=0
o—|:3=o i Nige!
0.5 Base 50
41 -0 . o
3 D 3
Nucleotide _O—l%’=0 NAO Thymine (T)
O 50
3'end

Figure 1.2. (a) Structure of the DNA nucleoside and nucleotide, (b) nucleotides of DNA

connected by phosphodiester linkage bonds.

The most energetically favorable form of DNA is the right-handed double helix B-
DNA, which was first described by Watson and Crick using Franklin’s crystal
structure.® The structure of B-DNA consists of two strands of DNA running in
opposite directions organized by hydrogen bonding between pairs of bases on

opposing strands;

(a) (b)
N NHzT Yg SAmmT?¥
r\q\z/_A_(N eNH T C™=G Minor
£ \= g]’N%’ g :2 groove
A-T base pair $ = i
AwT
C =G
S 2N Cw=G
,\TN/ O B N;E\ g s 2 gNrI‘gjoci/re
G NH™ N, ,T==A
g = 3 5
N=( 0 ™.
NH,"
G-C base pair

Figure 1.3. (a) DNA base pairs, (b) two opposite strands of DNA are complimentary to each
other, (c) B-DNA double helix showing grooves (nucleic acid database (NDB) ID: BD0003).

2|
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A (adenine) pairs with T (thymine) and G (guanine) pairs with C (cytosine) (Figure
1.3a, b). The double helix of B-DNA possesses two grooves: the major groove (width:
12 A) and minor groove (width: 6 A) as shown in Figure 1.3c. The series of events
that cells undergo leading up to cell division is described by the cell cycle. This
involves four distinct phases: G1, S (DNA synthesis), G2 and M (mitotic phase). G1,
S and G2 phases are together known as interphase (Figure 1.4). In addition to these
there is a resting phase GO, where cells remain viable but do not proliferate. The cell
cycle is strictly regulated by numerous proteins and monitored by checkpoints which
operate within S-phase, between S and M phase, as well as at the G1/S and G2/M

phase boundaries.

Endoplasmic
reticulum

(a)

Golgi complex

Spindle

G,/M

Vacuoles
Nucleus

Nucleolus

Figure 1.4. (a) Structure of eukaryotic cell, (b) various phases of cell cycle involved during cell

division.

MItOSIS

P
o~o-§§-&

Parent cell

Daughter cells

_Gl_S_GZ_M_Gl-

Figure 1.5. Schematic representation of various stages of the cell division.
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In addition, a spindle checkpoint ensures that segregation of sister chromatids cannot
occur unless all chromosome pairs are attached to the mitotic spindle, thus
preventing aneuploidy (an abnormal number of chromosomes).> The ability for cells
to divide and multiply is fundamentally important to their growth and maintenance of
the organism. During eukaryotic cell division, chromosomes are first duplicated
through DNA replication before pairs of chromosomes condense and then separate
using a mitotic spindle into two identical sets located in opposite regions of the cell
(mitosis). The parent cell then divides to form two daughter cells the process called
cytokinesis, each of which contains one of these sets and thus an exact copy of the

parental DNA (Figure 1.5).

1.2. Cellular uptake and localization

To interact with DNA in living cells, the molecules should enter the interior of cells
and must be able to reach the cell nucleus (or mitochondria). In the case of
eukaryatic cells, the first barrier is the cell membrane (Figure 1.6). This is composed
of a lipid bilayer, containing phospholipids (composed of a hydrophilic head group
attached to hydrophobic hydrocarbon chains) and a variety of proteins and lipids that

regulate the cellular uptake of extracellular particles.

( Hydrophobic region
“Water fearing”

Transport  Hydrophilic region
protein “Water loving”

Figure 1.6. Pictorial representation of the cell membrane and its components.

The hydrophobic interior of the bilayer means that membrane diffusion is determined
by the polarity as well as the size of a molecule. It has been argued that molecules

with high polarity are generally not efficient in penetrating the cell membrane. If a

4]
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molecule is less membrane permeable, then it will require a transport mechanism or
endocytosis for cellular internalization. Other than passive diffusion, these
mechanisms are strongly regulated by specific proteins or receptors. Figure.1l.7
demonstrates the broad mechanisms by which cells uptake the small molecules. Vital
molecules such as amino acids, sugars and ions pass across the cell membrane
through the action of membrane pumps, channels or carrier proteins. This may be
energy-independent (passive transport), driven by an electrochemical gradient, or
energy-dependent (active transport)-usually driven by the conversion of ATP to ADP.
These mechanisms are highly selective and rely upon protein-specific binding to a

target molecule or ion.

Passive Passive Active
diffusion  Transport Transport
0 ¢
Extracellular
fluid I Cell membrane
‘1’ /V\ ¢ molecule
Cytosol ¢ ADP

. “ protein

Figure 1.7. Pictorial representation of cellular uptake processes.

There is an alternate methodology to internalize the molecules inside cellular interior,
which is famously known as cell fixation. This preserves cell or tissue morphology
through the preparation process. Most cell fixation procedures involve adding a
chemical fixative that creates chemical bonds between proteins to increase their
rigidity. Common fixatives include formaldehyde, ethanol, methanol, and/or picric
acid.® It is well documented in the literature that the cell fixation can alter the cellular
compartmentalization of the molecules. Formaldehayde or glutaraldehyde
compounds, crosslinks proteins to the cytoskeleton and elements of the cytoskeleton
to one another. This is generally the preferred method for double labeling of

membrane bound and cytoskeletal antigens. This method modifies proteins

51
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chemically and can potentially destroy antigens. Generally, this is not a problem
when cells are being fixed using dilute PFA over a shorter duration (typical cell-
fixation protocols use 2-4 % paraformaldehyde for 10-20 min); however, fixation of
tissues usually takes appreciably long treatments to allow sample penetration and
this alters the protein structure. Organic solvents, such as methanol, ethanol and
acetone, fail to alter target proteins covalently; essentially, they precipitate proteins
out of solution maintaining a protein “shell”, but ‘flattening’ cells as protein solubility is
reduced. This process removes lipids and dehydrates the cells, while precipitating
the proteins on the cellular architecture. However, the cells are generally non-viable
to perform any further experiments after fixation. Treatment of cells with a mild
surfactant, commonly termed as “permeabilization” generally dissolves cell

membranes and allows larger dye molecules to enter inside the cell.”

1.3. Small molecules binding to DNA

The processes such as replication, transcription and translations are introduced,
controlled and terminated by molecules and/or proteins which bind to the nucleic
acids in site specific ways. Accordingly, the synthetic molecules that are able to bind
with nucleic acids can also interfere with these steps (positively or negatively).
Hence, the synthetic molecules find variety of uses as therapeutic agents. The
structure of DNA allows synthetic molecules to bind in different mechanisms, which
will be described in the following section. Scope of our discussion will be restricted to
structure and chemical composition of duplex DNA that allows several mechanisms
by which molecules can bind to the DNA-while such interactions could be reversible
or irreversible. The following section provides an overview of these modes explained

by selected examples from the literature.
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1.3.1. Irreversible binding to DNA

The synthetic molecules or biomolecules those bind to DNA by forming covalent
bonds can interact with the negatively charged phosphate backbone or sugar
residues or nucleic acids. The initiation of DNA damage by a drug molecule forms the
origin for “classical chemotherapy”. Due to the genetic instability initiated by this
binding event, cancer cells are unable to effect the correct cell cycle and initiate
checkpoint responses to induced damage and accordingly undergo cell cycle arrest,
which eventually leads to apoptosis, or “programmed cell death”.® Promptly dividing
cells, such as cancer cells, are specially targeted by such a therapeutic regime.

Cisplatin and its derivatives offer the archetype of this approach: Platinum complexes
binds to DNA through the coordination bonds formed between Pt(ll) centres and
available nitrogen atoms (N7 on adjacent purine base, guanine) on nucleotides
subsequent substitution of the labile chloride ion and water molecule as shown

below.

Pt(NH3),Cl; ————>  Pt(NH3)2(H20)
Pt(NH3)2C|2 E— Pt(NH3)20I(H20) —— Pt(NH3)ZC|-(N7)-guanine

Pt(NH3),CI-(N7)-guanine ——— > Pt(NH3),[-(N7)-guanine], (Intrastand)

Figure 1.8. The interaction of cisplatin (a) with DNA nucleotide followed by the enfolding of
HMGL1 protein, (b) crystal structure showing cisplatin (red) binding to and 'kinking' DNA (grey)
(adopted from ref.9.), (c) HMG1-domain protein domain shown as gray ribbon inserts a
phenyl group (yellow) into the groove created when cisplatin forms a complex with DNA,

causing it to bend.
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As established by X-ray and NMR structural experimental studies, the formation of
intrastrand cross-links causes a large bend in duplex structure and a change in the
GG dihedral angle to 59°.° These distortions open up and flatten the minor groove
and making it more accessible to an irreversible binding to huge molecular group
protein 1(HMG-1), which results in the inhibition of the cell cycle progression (Figure.
1.8).2 Based on the success of cisplatin and its derivatives, various metal complexes,
including ruthenium(ll)-based systems, were designed for achieving analogous
activity. Further information on such systems is available in a number of excellent

reviews on this fascinating area of research.*%*2

1.3.2. Reversible binding to DNA

Coordination complexes that bind reversibly to DNA are of increasing interest.*®*® In

such systems the three-dimensional or spatial arrangement of ligands delivers a
means by which binding to DNA can be achieved. Since ligands can be simply
interchanged or modified, this provides a mechanism to control hydrophobicity,
binding affinity and selectivity, in addition to cellular uptake. The judicious selection of
ligands and the metal center also provides the opportunities for tuning of the
photophysical properties of metal complex as a whole. Research in this area has
been dominated by octahedral d® metal polypyridyl complexes as they are kinetically
inert, have well-built substitution chemistry, and retain attractive photophysical
properties for this purposes. These systems can exploit numerous reversible-binding
motifs.

The negative charge of DNA facilitates the cationic molecules to associate with the
biopolymer. Undoubtedly, the naturally occurring polyamines for example spermine
and spermidine can bind to DNA through polyvalent electrostatic interactions (Figure
1.9a). As most of the coordination complexes are charged, electrostatic binding
properties often contribute to the binding affinity of complexes, which predominantly

recognize DNA through binding modes described below. For example, simple metal
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complexes, such as [Ru(bpy)s]** (bpy = 2,2-bipyridine), interacts with DNA
exclusively through electrostatic effects typically possesses very low binding affinities
(Figure.1.9)."
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Figure 1.9. (a) Structure of spermine, (b) spermidine and (c) [Ru(bpy)3]2+.

So far the most widely studied group of metal complexes that reversibly interact with
duplex DNA is metallo-intercalators.”? Intercalation happens when planar aromatic
compounds are inserted between adjacent base pairs in the DNA double helix.
Intercalation which includes significant = system overlap between DNA bases and
the intercalated molecule, as well as van-der Waals, hydrophobic and electrostatic

interactions has the effect of unzipping and lengthening the DNA double helix.
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Figure 1.10. (a) Structures of ethidium bromide, (b) structure of [Ru(bpy).(dppz)]**, (c)

Intensity
N

o

emission spectral responses of for [Ru(bpy),(DPPZ)]** before and after addition of the CT-
DNA.

The typical ruthenium metallo-intercalators are greatly studied [Ru(bpy).(dppz)]*/

[Ru(phen),(dppz)]** cations (Figure 1.10; where phen = 1,10-phenanthroline, and
dppz = dipyridophenazine) or analogous derivatives. Barton and Thomas groups
demonstrated that these dppz-based complexes bind to DNA with a high affinity (K,~

10° M) following an intercalation mode of binding.*>***7?® |t is well documented that

9|



Chapter 1

Ru(1)-polypyridyl complexes show strong MLCT (MLCT = Metal-to-Ligand Charge-
Transfer) absorption band at around 455 nm and excitation at this wavelength leads
to the generation of an excited *"MLCT state. This will undergo a fast (< 40 fs) and
efficient (® ~ 1) inter system crossing (IC) with subsequent and quantitative
generation of the excited *MLCT state. Interestingly, such complexes display an
intense  *MLCT based Iluminescence band at ~620 nm.* However,
[Ru(bpy).(dppz)]**/[Ru(phen),(dppz)]** or analogous derivatives generally show a
poor emission quantum yield in aqueous medium. This is primarily due to an efficient
hydrogen bonding interaction between the solvent water molecules and the lone pair
of electrons of the Nimigazole functionality, which favors the non-radiative deactivation
of the excited *MLCT states of these complexes.’® All such complexes show a
significant enhancement of emission quantum vyield in ag. buffer medium on the
addition of DNA. The phenomenon, is popularly known as “light switch” effect, and is
attributed to the intercalation of the dppz moiety of
[Ru(bpy).(dppz)]**/[Ru(phen),(dppz)]** cations in the A-T rich region of the DNA
molecules.™ Such intercalation in the hydrophobic pocket interrupts the interaction of
the lone pair of electrons of the Niigazole functionality and water molecules and the
non-radiative deactivation. Such luminescence on responses are being utilized for
monitoring the intercalative mode of binding of [Ru(bpy).(dppz)]**/[Ru(phen),(dppz)]**

or related complexes to DNA.

Another mode of reversible binding to DNA is by association within the minor or
major grooves that run down the double helix.?*%* Molecules which bind DNA through
grooves could span many base pairs and hence they can display very high levels of
DNA sequence-specific recognition. Molecules come within the Van-der Waals
distances of the grooves and then occupy the DNA grooves. Recognition and
sequence-selective binding is governed by either individual or a combination of

interactions, namely, hydrogen bonding, Van der Waals, hydrophobic contacts and
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electrostatic interactions.?” Classical groove binders for example DAPI and Hoechst
33528 are usually cationic and composed of aromatic rings linked by bonds with
torsional freedom so that they are capable to twist and become isohelical with the
DNA groove (Figure 1.11a).?® Such systems have a tendency to reside in the minor
groove of B form of DNA and exclusively bind to narrower and more electro-negative

A-T rich sequences.

H
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Figure 1.11. (a) Structure of DAPI, (b) Hoechst groove binding agent and (c) structure of
[Ru(phen)s]*".

The first confirmed groove binding Ru(ll) complex was [Ru(phen)]*(Figure 1.11c) .?°
It was primarily thought that this complex intercalated into B-DNA, with the A-
enantiomer displaying the highest affinity.** But, more recent reports revealed that
the complex was not an intercalator, but a groove binder. Furthermore; the A-
enantiomer was a major groove binder at all loading ratios with one phenanthroline
ligand approximately parallel to the base pair planes (partial insertion). In contrast,
the A-enantiomer is almost exclusively a minor groove binder; although at high

loading some partial insertion into the major groove also occurs.™

1.4. Characterization of metal complexes binding to DNA

A range of physicochemical techniques could be utilized for revealing the important
factors that govern interaction(s) of a molecule with DNA. The optical spectroscopy
can monitor molecular reagent-DNA interactions if the complex has distinct

spectroscopic properties in its free state and when exists in the DNA-bound state.
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The associated changes in the electronic and luminescence spectra help in
evaluating the efficiency of the binding interaction(s) between the reagent and the
DNA molecules. Quantitative measurement of the equilibrium binding constant (Kp)
provides an insight into the strength of the intermolecular interaction.

Since, DNA is polymorphic; it can shield a bound reagent from solvent to various
degrees and the level of shielding can be determined from the amount of
luminescence changes upon reagent-DNA interactions, which helps in correlating the
spatial arrangement of the reagent in the DNA bound condition.

As mentioned earlier, affective intercalator helps in lengthening the DNA double helix
structure and this eventually leads to an increase in viscosity. Such change(s) in
viscosity is an useful marker for understanding the intercalative binding mode for a
reagent.*?

Finally, the energetics that drives the binding interaction between DNA molecule and
the reagent can be investigated using Isothermal titration calorimetry (ITC). ITC is
the only technique that allows the direct measurement of the change in enthalpy for
the reagent-DNA interaction process. This also enables us to evaluate association
constant and stoichiometry for the reagent-DNA binding process and this
methodology is used extensively in studying the interaction of DNA with the
complexes that are discussed in this thesis. To fully appreciate the importance of
ITC, the parameters that are being used for understanding the equilibrium
thermodynamics is discussed. When a macromolecule (M) reacts with a ligand (L)
reversibly it can be expressed by the following equilibria where K, is the equilibrium

binding constant.®**

M+L ML Equation 1
The equilibrium constant Ky, can be determined by the equation 2

_ _[ML]
b~ ML Equation 2
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The Gibbs free energy for this interaction process can be defined by the standard

thermodynamic relationship
G° = -RT In Ky = AH° - TAS® Equation 3

Where AH° and AS° are changes in standard enthalpy and entropy. R is the gas
constant and T is the absolute temperature. The enthalpy change of bimolecular
interactions can be found directly by ITC, and so the Gibbs free energy and entropy
can be derived from equation 3, since K, is also measured with ITC or by

spectroscopy.

1.5. Ruthenium complexes as anti-cancer drugs

Despite its chemotherapeutic success, cisplatin is by no means the perfect drug. It is
not effective against certain types of cancer. It also suffers from the problem of drug
resistance and has a deplorable range of side effects, which can include nerve
damage, hair loss and nausea and cytotoxicity towards healthy cells too. This leads
to the search for more efficient anti-cancer drugs based on various transition metal
ions complexes. In this context various ruthenium based complexes have been
explored for this purpose. In spite of this flexibility in oxidation state, ruthenium
complexes display relatively slow ligand exchange rates in water.** In general,
kinetics associated with the substitution reaction for ruthenium complexes are on the
timescale of cellular reproduction (mitosis), which implies that ruthenium ion (bound
to certain component in the cell) is likely to remain bound for the remainder of that
cell's lifetime.** Among various complexes, Ru(ll)-polypyridyl complexes adopt a
slightly distorted octahedral geometry and inert towards substitution process either in
the ground and excited states. Such inertness in general helps such molecules to be
benign to human physiology and exhibit only nominal toxicity towards live cells in
their ground state. Possibility of using such reagent as photodynamic therapeutic

reagent is discussed below.
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1.5.1. Hypotheses on the mechanism of action of ruthenium complexes

In the blood, ruthenium mimics iron in binding to certain biomolecules, such as
albumin and transferrin.** Specific intake of Ru(ll) and Ru(lll) ions might be mediated
by the transferrin-based iron transport system.** The serum transferrin system
specifically recognizes Fe(lll) (and not Fe(ll)) along with a synergistic anion (usually
carbonate).®* Transferrin binds strongly to its receptor when it is loaded with two
Fe(lll) ions, after which it is internalized by cells. Release of Fe(lll) from transferrin is

induced at low pH. The protein is then recirculated into the blood.

There is a distinct possibility for this transport mechanism to be operational in cancer
therapy, as high levels of transferrin receptors are expressed by many solid tumor
cells, due to their higher iron requirement than normal cells. Moreover, the relatively
low pH of tumor cells facilitates readily the release of transferrin-bound metal ions.
Selective tumor toxicity may also be reached by what is known as the “activation by
reduction” mechanism. It has been suggested that Ru(lll) complexes may serve as
prodrugs,® which will get activated by reduction in-vivo to coordinate more rapidly to
biomolecules, since Ru(ll) species are usually less inert than the corresponding

Ru(lll) complexes.*®

The low oxygen content and low pH in tumor cells cause a relatively low
electrochemical potential inside tumors. Therefore, the reduction of Ru(lll) to Ru(ll) is
favored in tumors relative to normal tissue. In-vivo, reduction of Ru(lll) species can
occur by glutathione (GSH) and redox proteins available in the cell. Glutathione,
which appears to contribute to cisplatin resistance in tumor cells, may also be
involved in the metabolism of many types of ruthenium pharmaceuticals. GSH has
been shown to bind to ammineruthenium(lll) complexes, and depending on its

concentration it either facilitates or inhibits ruthenium coordination to DNA.33’
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1.5.2. Existing ruthenium anticancer compounds: State of the art

A number of amine and amine ruthenium complexes, as well as complexes with
monodentate and chelating heterocyclic ligands have been synthesized for
anticancer purposes.®** The tetrachlororuthenium(lll) complexes of the type
(HL)[RuCl4L;] (where L is imidazole (im) or indazole (ind)) have emerged as
promising compounds as they display activity against number of cancer cell lines,
and in particular against colorectal tumors.**** Human colon cancer is the second
highest occurring cancer after bronchial carcinomas.” The complex KP1019,
(Hind)[RuCly(in),] (Figure 1.12a) is highly active against a model of colorectal cancer,
which has been used as sometimes only weak activity is observed against colorectal
tumors using conventional treatments.*"*? The drug KP1019 is completely devoid of
side effects and drug induced lethality at active dosages, and it has shown a better
therapeutic index than the imidazole derivative.** The complex has been announced
to enter phase | clinical trials.** Results have demonstrated that the transferrin-bound
species of both KP1019 and its imidazole analogue, as well as the apotransferrin
form of (Him)[RuCl,(im),] exhibit anticancer activity superior to that of the protein-free

complexes.®

Therefore, the low toxicity of KP1019 presumably stems from a transferrin-mediated
accumulation in tumor cells.*” The mechanism of KP1019 was based on the
“activation by reduction mechanism” and a different DNA binding mode compared to
cisplatin has been proposed to explain the unique cytotoxicity in tumor cells.** The
first ruthenium complex, i.e. NAMI-A (trans-(H,im)[RuCl,(dmso)(Him)], (Figurel.12),
has recently accomplished phase | clinical trials.”> This complex belongs to the class
of ruthenium dimethylsulfoxide complexes. Such complexes are known to be
relatively nontoxic towards the tumor cells under in-vitro condition, and show a
remarkable high efficiency for in-vivo studies against lung metastasis,*® a common

feature of many human tumors. Because of the S-bonded dmso ligand, NAMI-A is
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easily reduced to the corresponding Ru(ll) species by biological reducing agents
under physiological conditions.** It has been proven that these reduced species

maintain their anticancer activities.*’

Figure 1.12. (a) Ruthenium(lll) pharmaceuticals KP1019, (b) NAMI-A and (c) the ruthenium(ll)
complex [(nG—CGHSCGHs)RuCI(en—Et)]PFG; where the R represents a phenyl group.

Interestingly, the anti-metastatic activity appears not to be related to DNA binding,
even though the complex interacts with DNA in-vitro.** Instead, NAMI-A interferes
with fibrous collagen of the lung and with basement membrane collagen type IV.* It
significantly increases the thickness of connective tissue around the tumor capsule
and around tumor blood vessels, thereby probably hindering blood flow to the
tumor.*” The inhibition of angiogenesis has been attributed to induction of apoptosis,
as has recently been shown in ECV304 cells.”® Since angiogenesis is crucial for

metastasis formation, and in particular for metastases growth, it is likely that the

inhibition of this process is relevant for the activity of NAMI-A against metastasis.

Organometallic Ru(ll) complexes with arene ligands represent a relatively new group
of water-soluble ruthenium compounds with antitumor activity displayed in-vitro and
in-vivo.*® No cross-resistance has been observed in cisplatin-resistant cells, but did
occur in the multi-drug-resistant cell line 2780AD. The most hydrophobic arene
species [(n°-CsHsCeHs)RuCl(en)](PFs) (Figure 1.12c) and [(n®-CgHsCsHs)RuCl(en-
Et)]PFs (en = ethylenediamine, and en-Et = N-ethylethylenediamine), in which a
phenyl is substituent at the arene ligand, showed the highest tumor-inhibiting

activity.® It has been suggested that the presence of the hydrophobic planar arene
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ligand facilitates the recognition and transport of these complexes through cell
membranes. The relative conformational flexibility of the arene ligand makes

simultaneous intercalation and coordination of ruthenium to DNA.

1.5.3. Polynuclear Ruthenium-Platinum complexes

Heteropolynuclear complexes of ruthenium and platinum have been developed to
achieve selective reactivity at each metal center. Since ruthenium and platinum
anticancer complexes display different mechanisms of action, the combination of the
different metals may result in a unique profile of activity. The preparation of only a
few ruthenium-platinum polynuclear complexes have been described, but detailed
biological activity hitherto not been reported so far. The complex [{cis-
RuCl,(dmso)s}(H,N(CH,)4NH,){cis-PtCl,(NH5)}] (Figure 1.13a), in which the two metal
centers are linked by a long and flexible a,w-diaminoalkane linker, was the first
heterodinuclear ruthenium-platinum complex reported.®> The complex has been
found to form DNA crosslinks at which repair-proteins are associated. The DNA
lesion that is responsible for efficient DNA-protein crosslinking is the most DNA-DNA
interstrand crosslink in which each metal center is coordinated to one strand of the
DNA helix. The DNA crosslinks were suggested to act as potential suicide adducts by
hijacking away critical proteins from their functions inside the cell. Unfortunately, the
complex has been found to be too reactive for use as a probe, due to its light
sensitivity and rapid hydrolysis. Heterodinuclear ruthenium-platinum compounds have
also been devised to photo react with DNA. Systems, in which a ruthenium light-
absorbing unit has been linked to a reactive platinum moiety, have been synthesized
using short bridging heterocyclic ligands. The ruthenium unit provides water solubility
and electrostatic interaction with DNA by its positive charge. These systems can be
photo activated through light absorption of the ruthenium unit, thereby imparting
reactivity at the platinum unit. The latter may then coordinate to DNA. The bridging

ligand of the complex [(bpy).Ru(dpb)PtCIl,]JCl, (Figure 1.13b), affords an extra
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interaction with DNA through an intercalative mode of binding.>® Results have
indicated that the complex primarily forms intrastrand crosslinks by coordination of
the platinum unit, but a higher percentage of intrastrand cross links than cisplatin has

also been found.
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Figurel.13. (a) The long and the flexible linked heterodinuclear Ru(ll)-Pt(ll) complex, (b) the
short and rigid linked heterodinuclear Ru(ll)-Pt(ll) complex.

The system has been extended to complexes with 2,2":6',2"-terpyridine as the
terminal ligand on ruthenium to eliminate enantiomer forms, and with either chloride
or PEt,Ph as the sixth ligand.> A variety of bridging ligands with different aromaticity,
such as 2,2'-bipyrimidine, 2,3-bis(2-pyridyl)pyrazine and dpg, have been used to tune
the spectroscopic and redox properties of the complexes. All have been shown to
avidly bind to DNA, but photo reactivity has not been reported for these complexes.
Dinuclear dimethyltriazolopyrimidine Ru-Pt complexes have been synthesized using
bridging ligands like pyrazine and pyrimidine.>® However, the biological data have not

been described.

1.6. Aim of the thesis

The development of dinuclear Ru(ll)-Pt(ll) and mono nuclear Ru(ll)-polypyridyl
complexes in search for anticancer agents, which are effective against cisplatin
resistant tumors, appears to be a productive field of research. Polynuclear ruthenium
complexes on the other hand have not yet extensively been studied for their
anticancer activities, and the synthesis of anticancer hetero dinuclear ruthenium-

platinum complexes still presents a great challenge. The aim of the research
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discussed in this thesis has been the design, syntheses and DNA interactions studies
of mononuclear Ru(ll)-polypyridyl complexes, as well as of heterodinuclear Ru(ll)-
Pt(I1)-polypyridyl complexes as potential anticancer and cellular imaging reagents.
These complexes have been designed to overcome cisplatin resistance. Their
development has mainly been based upon the mononuclear complexes [Ru(tpy)Cls]

and [Pt(tpy)Cl] (tpy = 2,2":6',2" terpyridine) (Figure 1.14a, e).

Figure 1.14. Chemical structure of (a) Ru(tpy)Cls, (b) cisplatin, (c) oxaliplatin, (d) carboplatin
and (e) [Pt(tpy)CI]".

The mononuclear Ru(lll) complex [Ru(tpy)Cls] has been shown to display cytotoxicity
and antitumor activity, which have been postulated to result from the interstrand
binding to two guanines of the DNA in a trans position.>* As it was discussed before
cisplatin and its modified derivatives like oxaliplatin and carboplatin are well known
for their anti-cancer activity and currently being used to treat the cancer patients
around the world. On the other hand the mononuclear Pt(ll) complex [Pt(tpy)CI]* has
been found to display cytotoxicity against a number of cancer cell lines which has
been ascribed to its ability to intercalate into DNA, as well as to coordinate to DNA.®

However, the poor water solubility is a major problem for the development of clinically
active compounds, and primarily this has attributed to the fact that the mononuclear
complex [Ru(tpy)Cls] has not been developed any further for such application.
Therefore, in this thesis more emphasis is given to synthesize heterodinuclear Ru(ll)-
Pt(ll) complexes that have showed cytotoxicity different from the cisplatin. Such
complex ideally should be able to generate'O, through photo-induced activity of the

ruthenium center, while the platinum center, a close analogue to the cisplatin moiety
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should exhibit the cellular cytotoxicity on irreversible binding to guanine nucleotide of
DNA. In order to show the cytotoxic effect by any drug molecules, first of all it has to
penetrate the cell membrane which is composed of phospholipid bilayer. It is
believed that the lipophilicity of a molecule plays a crucial role in the process of
internalization through the cell membrane. Therefore the efforts have also been
contributed towards the improvement of the lipophilicity of the Ru(ll)-polypyridyl
complexes by conjugating them with amino acids like tyrosine, tryptophan and the

nucleic acids uracil, 5-fluorouracil.

1.7. Ruthenium(ll) complexes as cellular imaging agents

As previously discussed, there has been a large amount of research focused on
ruthenium metal complexes that reversibly bind to DNA in vitro and attention to their
application in biological systems is growing.® In this context, the use of luminescent,
kinetically inert metal complexes that possess spectroscopically active metal centres
are attractive and potential probes of DNA structure and function.?” Advantages of
such systems are their high DNA binding affinities, sequence- and structure-
specificity, interesting photophysical properties and flexible chemistry, which allows
both ancillary and DNA-binding ligands to be interchanged or functionalized.
Specifically for cellular imaging, Ru(ll) complexes offer a very attractive set of optical
imaging properties which include: photostability, low MLCT excitation energies in the
visible region of the spectrum and high Stokes shifts, which helps to eliminate the
problem of autofluorescence due to endogenous (organic) fluorophores.>” With this in
mind, the study of the cellular uptake properties and in cellulo DNA binding of metal
complexes is of key importance in their development towards potential applications
as cellular imaging agents.

In one of the earlier studies, the intercalator [Ru(bpy).(taptp)]** (taptp = 4,5,9,18-
tetraazaphenanthreno[9,10-b]triphenylene) was observed to act as an indicator of

cell viability for both flow cytometry and confocal microscopy.® This non-membrane-
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permeable complex was found to exclusively stain the nuclei of dead cells in a

59

manner analogous to the dead cell stain propidium iodide (PI).

Figure 1.15. (a) Norden and Lincoln’s Ru(ll) dimer,(b) image of chromosomes in fixed V79
chinese hamster cell and (c) nuclear DNA stained in electroporated V79 cells. Reproduced

with permission from ref. 59. Copyright 2002, Oxford University Press.

An important previous study in this area was conducted by Norden, Lincoln et al.
where the potential of the liposome permeable, high DNA-affinity bis-intercalating
complex A-A [u-Ca(cpdppz),-(phen),Ru,]** (Ky = 10 M) (cpdppz = 12-cyano-12,13-
dihydro-11-hcyclopenta[b]dipyrido[3,2-a:2',3'-c]phenazine-12-carbonyl)*® to interfere
with DNA metabolism was investigated by examining the uptake in V79 Chinese
hamster cells (Figure 1.15c). The potential use of the complex as a nuclear DNA
stain was clearly illustrated by the complex staining the chromosomes in fixed cells
and using electroporation to facilitate membrane-diffusion in live cells (Figure 1.15b).
They suggested that a pinocytic mechanism of uptake was occurring due to small
areas of low emission in the cytoplasm. Having pioneered research into reversibly-
binding Ru(ll)-polypyridyl complexes, J.K.Barton group has focused their attention
towards examining the cellular uptake properties of their well-characterized dppz
DNA-binding systems using the MLCT light switch emission responses for assessing
the cellular uptake and localisation.”® They found that the uptake efficiency was

dependent on the nature of the ancillary ligands, with more hydrophobic ancillary
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ligands such as DIP (Figure 1.16a) promoting increased cellular uptake, consistent
with a mechanism of passive diffusion into the cytosol (Figure 1.16b). A surprising
result of this work was the absence of MLCT emission from the nuclei of cells (Figure
1.16c). The fluorescein emission (Figure 1.16d) clearly demonstrated nuclear

localization of the complex but again no nuclear MLCT luminescence was observed.

N

MW' W,

Dlstance(um)

-

>
=
(%]

A
g, |F
g
£

hsilerbiint
0

Figure 1.16. (a) Molecular structure of the ligand DIP, (b) [Ru(DIP)z(dppz)]2+ complex, (c)
Hela cells stained with [Ru(DIP)z(dppz)]2+, (d) fluorescent intensity profile plot. Reproduced
with permission from ref. 60. Copyright 2013 American Chemical Society.
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Figure 1.17. Molecular structure of [Ru(bpy)zPIC-bAIa-NF-kB]6+ and nuclear DNA staining
observed in CHO cells. Reproduced with permission from ref. 6. Copyright 2013 The Royal
Society of Chemistry.

Tia. E. Keyes et.al. have reported the targeted delivery of luminescent Ru(ll)-
polypyridyl complexes to the nucleus of live mammalian cells by a nuclear

localization signal (NLS) peptide.®* The poly arginine conjugated ruthenium(ll)-
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complex; [Ru(LL),PIC]CIO,; where PIC is 2-(4-carboxyphenyl)-imidazo-[4,5-f][1,10]-
phenanthroline and LL is bpy; 2,2'-bipyridine, (Figure 1.17) were reported which was
conjugated to VQRKRQKLMP-NH, via a B-alanine bridge bound to the terminal
carboxy units of the probes.®* The dye distribution depended on the hydrophobicity of
the metal complex. They concluded that the conjugation of the Ru(ll)-polypyridyl unit

to the more hydrophilic NLS ligand directed the complex to the nucleus.

Figure 1.18. (a) Dinuclear Ru(ll) tpphz complexes bearing phenanthroline as ancillary ligands,
(b) confocal images of live MCF-7 cells incubated with dinuclear ruthenium complex, (c)
chromosomes of the MCF-7 cells captured at various phases of the cell division. Reproduced

with permission from ref. 22. Copyright 2009 Wiley-VCH.

Despite the fact that coordination complexes that exhibit *MLCT-based emission has
certain advantages described earlier, lower cellular uptake of such complexes has
restricted their use as an imaging reagent in live cells. Martin et.al, have previously
reported® a dinuclear Ru(ll)-polypyridyl system (Figurel.18) that works as a
multifunctional imaging agent. This reagent could also be used as for staining the
DNA of eukaryotic and prokaryotic cells for both luminescence and transmission
electron microscopic studies. This dinuclear MLCT f‘light switch’ complex directly
images nuclear DNA of living cells without requiring prior membrane
permeabilization.”” These compounds were essentially non-emissive in aqueous

environments. However, they display bright luminescence when bound to DNA.
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1.8. Photo induced cytotoxicity of Ru(ll)-polypyridyl complexes

The synergistic action of light, oxygen and a photosensitizer (PS) has found
applications for decades in medicine under the name of photodynamic therapy (PDT)
for the treatment of skin diseases and, more recently, for the treatment of cancer.
However, of the thirteen PSs currently approved for the treatment of cancer over
more than 10 countries, only two contain a metal ion. More importantly, about half of
the conventional chemotherapies involve the use of cisplatin and other platinum-
containing drugs. Since the Ru(ll) complexes are also photosensitive they offer better
opportunities of using them as PSs in PDT. In addition, recent achievements in the
application of Ru(ll) complexes in photo activated chemotherapy (PACT) have also

been discussed here.

1.8.1 Active components of PDT

PDT requires three elements for an effective treatment: photosensitizer, light, and
oxygen. Singlet oxygen is believed to be the main reactive oxygen species (ROS)
which destroys tumor cells by necrotic and apoptotic cell death mechanisms.*®
Following the absorption of light, the photosensitizer is transformed from its ground
singlet state (Sp) into an electronically excited triplet state (T;) via a short-lived
excited singlet state (S;). The excited triplet can undergo two types of reactions as
shown in the Jablonski diagram (Figure 1.19). First, it can participate in an electron-
transfer process with a biological substrate to form radicals and radical ions, which,
after interaction with oxygen, can produce oxygenated products such as superoxide
ion, O," (type | reaction). Alternatively, it can undergo a photochemical process
known as a type Il reaction, which results in the conversion of stable triplet oxygen
(*0,) to the short-lived but highly reactive singlet oxygen (*O,), the putative cytotoxic

agent. Singlet oxygen is produced by inverting the spin of one of the outer most

electrons. For ground-state oxygen, the two electrons of highest energy reside
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separately in the outermost anti-bonding orbitals with same spin, while in the singlet
oxygen; the two highest energy electrons reside together in the same anti-bonding
orbital in opposite spin. That is why singlet oxygen is much more reactive than
ground state oxygen. In most organic solvents, the lifetime of the 'O, is 10-100 ps.
This restricts its activity to a spherical volume 10 nm in diameter, centered at its point
of production.’® In water, the lifetime of 'O, is reduced to approximately 1-3 us
because the excited-state energy of singlet oxygen is almost equal to the energy of
oxygen—hydrogen (O-H) stretching in water molecule and is easy to dissipate as
heat by the stretching and vibrational motions of water molecules.®* However, the
lifetime of 'O, is considerably shorter in cellular systems, ranging from 100 ns in the
lipid regions of membranes to 250 ns in the cytoplasm. Therefore, the diffusion range

of 'O, is predicted to be limited to approximately 45 nm in cellular media.®®

Fluorescence
|
X
| %)

PS ground singlet state

Figure 1.19. The pictorial representation for the formation of reactive oxygen species (ROS).

Since the diameter of human cells ranges from nearly 10 to 100 um, they cannot
diffuse more than a single cell length. Thus, the site of the primary generation of 'O,
determines which sub cellular structures may be accessed and attacked. 0, is a

powerful indiscriminate oxidant that reacts with variety of biological molecules.
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1.8.2. Ruthenium complexes as photosensitizers in PDT

The surgical removal of a part of an organ that is affected by cancer followed by
chemo or radiotherapy can only help to decrease the risk of the cancer recurring and
cure the tumors.® However, tumor metastasis is a multistep biological process that
allows cancer cells to get away from the primary tumor, survive in the circulation,
located in distant site and grow.®® Therefore, the effective treatment for cancer mainly
be governed by the anti-metastatic activity of the chemotherapeutic drug that can
inhibit the metastasis process.

©

CI—R Lil_C|

| S
Cl—Ru—Cl \ R T
\R

Figure 1.20. Molecular structures of the hematoporphyrins conjugated ruthenium
photosensitizers.

Commercially available PS such as hematoporphyrins and its derivatives (HpD)
generally suffers from drawbacks such as lower solubility in aqueous solutions,
weakest absorption peak intensity at 630 nm that requires high light doses of 100-
200 J/cm? to control the tumor also the therapeutic doses of Porfimer sodium result in
skin photosensitivity for 4-12 weeks.®® An ideal photosensitizer has to achieve certain
characteristics properties such as high water solubility, absorption at longer
wavelength in the visible region, high singlet oxygen quantum yields, high chemical
stability at physiological condition, low photobleaching to prevent degradation of the

photosensitizer so it can continue producing singlet oxygen and low dark toxicity. The
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existing PS Chlorins which forms “Chlorophyll a” have been regularly used in PDT
which suffers from the major flaw of stability issues in physiological conditions, which
significantly reduces the fluorescent quantum vyield (®; and drops the
photosensitizing efficiency.®’ Therefore, much attention has been paid in the search
of new PS that can overcome the above mentioned characteristic properties. As it
was discussed above after successful entry of NAMI-A and KP1019 into human
clinical trials, the more research has been devoted on Ru(ll)-polypyridyl complexes in
search of novel anti-cancer drugs with improved efficiency. With this aim the
conjugates of ruthenium-porphyrin systems with improved cytotoxicity at lower light
doses have been reported in the literature. However, they required longer exposure
times (72 h) and they aggregate in the aqueous solution. Several other research
groups have focused on improving solubility and reducing the exposure times. In this
regard Ru(ll)-polypyridyl complexes alone have attracted the attention as anti-cancer
and anti-metastatic drugs.” Ru(ll) complexes possess high water solubility,
photostability, excitation in the visible light, and their long lived triplet excited state life
time (which is essential for the efficient production of singlet oxygen) and these
properties make such complexes suitable for use as a photodynamic therapeutic
reagent. Over the last few years, several research groups have explored the
possibility to move away from tetrapyrrolic systems, studying the potential of metal
complexes as PSs themselves. The application of ruthenium complexes as PSs is a
reasonable approach due to their tunable photophysics and the aforementioned

advantages for biological applications.
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Chapter 2

2.1. Introduction

The serendipitous discovery of cisplatin is usually considered to be a breakthrough in
cancer treatment.® Discovery of cisplatin has demonstrated that the combination of
transition metal complexes with appropriate coordinating ligand(s) can lead to clinically
approved anticancer metallodrugs (carboplatin, oxaliplatin, satraplatin). Some of the
others metal complexes like picoplatin, KP1019 and NAMI-A are under clinical trials.?
The versatile chemical properties of the central metal atom plays a crucial role in tuning
the activity against tumour cells.®** The electronic and kinetic effects of coordinating
ligand(s) also known to influence such activities. In general, four approaches are
followed to design new anticancer drugs and are mentioned below.

(i) Cisplatin analogues or modifications,

(i) Use of metals other than platinum,

(i) Combination of active organic drugs with metal compounds,

(iv) Combination of two metal centers for bimodal cytotoxicity.
Platinum coordination compounds have been the main focus for metal-anti-tumour drugs
for the last twenty years.® Though cisplatin is the most widely used drug in the treatment
of solid tumours (head, neck, ovarian, testicular, bladder, stomach, lung and
Oesophageal cancer'), severe toxic side effects and resistance towards few cancers
limits the prolonged applications of cisplatin. The second-generation platinum drugs
(carboplatin and Oxaliplatin) are less toxic and are used effectively in combination
therapy.® However, achievements till date are much below of our expectation and the
search for more efficient, orally administrable drugs with minimum side effects continues.
As discussed in the previous chapter, one of the targets of cisplatin is DNA, following
substitution of labile CI /H,O by the N7 sites of guanine of the nucleobases. This

irreversible binding creates both intra- and inter-strand cross-links. Since the cellular
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DNA mismatch repair mechanism process or nucleotide excision repair systems do not
process these lesions efficiently, an apoptotic cell death response is induced.” Despite
the success of cisplatin, intrinsic or acquired drug resistance combined with toxicity
represents a significant challenge for the future of platinum chemotherapy.® Mechanisms
that contribute to platinum-based resistance include changes in efficiency of drug
accumulation, intracellular thiol levels and DNA adduct repair,8 with resistance often
being multifactorial. Such resistance requires ever-greater doses of platinum therapeutic,
eventually precluding safe use of the drug due to the inherent high toxicity of the
molecule.

One of the strategies to overcome this problem has involved the design of new transition
metal-based compounds with bimodal toxicity. For the last three decades, anticancer
chemotherapy was concentrated on cisplatin derivatives in spite of their certain
limitations.®° In the search for drugs with fewer side effects, various other metal
complexes have been examined over the past few years. Recent research shows that
ruthenium complexes have interesting anticancer properties in vivo condition and such

complexes could be a good alternative to platinum-based drugs for anticancer therapy.**

One strategy to overcome this problem has involved the design of new transition metal-
based compounds, which aim to utilise the opportunities afforded by co-ordination
chemistry to explore novel chemical space in cancer biology. Specifically, by employing
a variety of metal centres, the effect of ancillary and active ligand(s) on reactivity, cellular
uptake and anti-proliferative potency has been explored in detail.> With some
exceptions,® work in this area has often focussed on the development of potent, purely
cytotoxic systems. However, clinical application of cytotoxic drugs is often restricted by
narrow therapeutic windows and inherent off-target tissue toxicity.” This principle may be

illustrated by platinum-based drugs themselves: carboplatin, a less potent cisplatin-
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derivative, was introduced in an attempt to reduce the nephrotoxicity and emetic
properties of the parent complex,* while clinical trials of the highly cytotoxic trisplatinum

agent BBR 3464 was ceased due to its severe dose-limiting side-effects.®

As insights into the cell biology of cancer have developed, targeted therapy has
emerged as an alternative approach to conventional cytotoxic chemotherapy.® Utilising a
detailed understanding of the molecular aetiology of individual tumours, targeted
therapies aim to inhibit the growth and spread of cancer either by selectively down-
regulating intra-cellular pathways on which specific cancers have become dependent,*
and /or by re-activating tumour-suppressor pathways that have been down-regulated in

a tumour.*!

Most of the current targeted therapy development has focused on use of cytostatic
therapeutics® to halt cell proliferation by modulating molecular components, currently
most often growth factor receptors, involved in cell cycle progression and consequently
proliferation. Targeted therapeutics include, but are not restricted to, signal transduction
inhibitors that interfere with the transition from G1 to S phase, blocking cellular signalling
pathways that regulate this cell cycle progression known as the restriction point. The
normal function of the restriction point is to ensure that, in the absence of appropriate
extra-cellular proliferative cues, the cyclin-dependent kinase cyclin D/Cdk4 is not
activated, preventing cell cycle progression and proliferation.*®* An example of a clinically
relevant targeted therapeutic is the monoclonal antibody trastuzumab (Herceptin), which
suppresses growth of relevant (Her2") human breast cancers by interfering with the
receptor tyrosine kinase HER2.* Further clinical examples include the combinational
therapeutic drug Lapatinib (Tyverb, GW572016), a dual inhibitor of the epidermal growth

factor (EGF) and HER2 receptor tyrosine kinases'®, as well as the small molecule
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Tamoxifen which, in active form, antagonises the activation of estrogen receptors (ER)
by estrogen in ER-positive breast cancer cells.*>'® Tamoxifen is a very effective primary
treatment, in pre- and post-menopausal women, as well as in the metastatic setting for
tumours that express the estrogen receptor,’’ despite the fact that in relevant cells it is
not especially potent, with a reported half inhibitory concentration (ICsg) of 27 pM.*® In all
cases, these therapeutic approaches have the effect of preventing cyclin D/Cdk4
activation to bring about cytostatic G1 arrest. However, therapeutic efficacy in prevention
of cyclin D/Cdk4 activation requires significant levels of the cyclin-dependent kinase
inhibitor, p27X'**,** a tumour suppressor that binds to and inactivates the kinase. While
not mutated in cancer, p27 “** levels are frequently down-regulated in multiple cancer
types.”® Clearly then, there is significant unmet need for novel therapeutics that up-
regulate p27 “** function to induce growth arrest in human cancers, not least where the
targeted therapeutics above are clinically indicated,”™"® but also where signal
transduction targets have yet to be identified, as in so-called “triple-negative’ breast and
ovarian cancers.”’ Herein, we report the synthesis, DNA-binding properties, and
anticancer activity of a new Ru(ll)-Pt(Il) binuclear terpyrine-derived complex 4 (Figure
2.1), where the ditopic ligand tpypma (tpypma = 4-([2,2"6',2"-terpyridine]-4'-yl)-N-
(pyridin-2-ylmethyl)aniline) allows an octahedral ruthenium(ll) terpyridyl centre to be
linked to a Pt(Il) moiety. We show that complex 4 halts the growth of human ovarian cell

lines and, importantly, sensitivity to the compound is retained in cisplatin-resistant cells.

2.2. Experimental Section

2.2.1. Materials and Methods

RuCl;.3H,0, 2,2':6',2"-terpyridine, 2-picolinaldehyde, NaBH,, K,PtCl,, and dimethyl
sulfoxide were purchased from Sigma Aldrich. *H NMR spectra were recorded on a

Bruker 500 MHz FT-NMR (model: Advance-DPX 500) spectrometer at room temperature
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(RT, 25 °C). ESI-MS measurements were carried out on a Waters QTof-Micro
instrument. Microanalyses (C, H, N) were performed using a Perkin-Elmer 4100
elemental analyzer. Infrared spectra were recorded as KBr pellets using a Perkin Elmer
Spectra GX 2000 spectrometer. UV-Vis spectra were obtained using a Cary 500 Scan
UV-Vis-NIR spectrometer. Viscosity measurements were carried out using Connon50

viscometer at 25° C = 1° C.

2.2.2. General experimental procedures for interaction studies with CT-DNA

Solutions of 2 (3.7 X 10° M) or 4 (1.0 X 10° M) (5 mM Tris-HCI, 25 mM NaCl, pH 7.2,
0.5% DMSO) in 1 cm path length optical glass cuvettes were prepared and maintained
at 25 °C. The absorption spectra were recorded before 2 uL of a concentrated, known,
DNA solution was added, mixed by pipette and allowed to equilibrate for 5 min. Spectra
after mixing were recorded. The titration process was repeated until there was no
change in the spectrum for at least four titrations indicating binding saturation had been
achieved. Absorption data were used to construct nonlinear Scatchard plots (r/C; versus
r) and fitted to the McGhee-von Hippel model,** in which neither the site size (s) nor
binding constant (k,) was set. Viscosity measurements were carried out in a Cannon-
Manning semi-micro viscometer (size 50) immersed in a thermostat bath maintained at
27 °C. The concentration of DNA was kept constant at 0.5 mM (base pairs), and
samples were prepared by adding ligand to the DNA solution to give an increase in the
ligand/bp ratios. The flow times were measured after thermal equilibration of at least 20
minutes. Each sample was measured three times and the averaged time was used in
calculations. Irreversible binding studies followed the protocol described by Wheate et
al." Briefly, each complex was pre-dissolved in DMF and added to guanosine in D,O

(final concentrations 200 pM, 1:1 ratio). The solutions were incubated at 25 °C and the
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'H NMR spectrum of each was recorded at 0, 6, 24 and 48 h time points.
2.2.3. Calculation of lipophilicities of metal complexes (Partition coefficients/logP)

The n-octanol-saturated water and water-saturated n-octanol were obtained using
Millipore water stirred with n-octanol for 24 h before the two layers were separated by
centrifugation (3000 rpm, 5 min). Cisplatin and chloride salts of 2, 4 and 5 were
dissolved in n-octanol-saturated water. This was then mixed with water-saturated n-
octanol in the ratio of 1:1 (v/v). Resulting solvent mixtures were vortexed for 30 min at
room temperature, and then were subjected to centrifugation (3000 rpm, 5 min) to obtain
two distinct separate layers. Samples from each layer were obtained using a fine-gauge
needle and the absorbance of respective complex in each phase determined using high
performance liquid chromatography (HPLC) coupled to a UV-visible detector. The
concentration in each phase was calculated using reference to calibration
absorbance/concentration graphs in each phase and the octanol/water partition
coefficient (log P) for each respective complex was then calculated using equation 4.
The value obtained for cisplatin by this method was in agreement with previously

published data.*

LogPocuwater = l0g [(complex)ocd (CompleXx)water] Equation 4

2.2.4. Isothermal Titration Calorimetry (ITC) studies with CT-DNA

Isothermal titration calorimetry (ITC) studies ITC experiments were performed using
Microcal iTC200. CT-DNA concentration (0.1 mmol) and complexes 2 (5 mmol), 4 (5
mmol) and 5 (5 mmol) concentrations were used for these experiments. All titrations
were conducted in Tris-HCI buffer (5 mmol Tris and 25 mmol NaCl), pH = 7.4 at 25° C.
In each titration CT-DNA was loaded into the cell and complexes 2 or 4 or 5 were taken

into the syringe. Aliquots of 2 pL of complexes were added to the cell containing CT-
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DNA. In each experiment, the raw isotherms were corrected for heat of dilution by
subtracting the isotherms representing the complexes injected into the Tris-HCI buffer.
The resulting isotherms were fitted with one set of site binding model provided with

Microcal iTC200.

2.3. Experimental procedures for various cell biology studies

2.3.1. Cell Culture

A2780 and A2780CIS cells were cultured in RPMI1640 supplemented with 10% FBS
and penicillin/streptomycin. Cell lines were maintained at 37 °C in an atmosphere of 5%
CO, and routinely sub-cultured. A2780CIS growth media was supplemented with 2 uM

cisplatin every fourth passage to maintain cisplatin-resistance.
2.3.2. Cell proliferation assay

A2780 or A2780CIS cells were seeded in 48-well plates at a seeding density of 2x10*
cells/well and allowed to proliferate for 24 h. Cell cultures were treated with 0 — 200 pM
solutions of 2, 4, 5 (final medium composition = 90% cell media, 9.5% PBS, 0.5%
DMSO) or cisplatin (90 % cell media, 10 % PBS) in triplicate for 48 h. After incubation,
the solutions were removed and 0.5 mg mL™ MTT (thiazolyl blue tetrazolium bromide)
dissolved in serum-free media added for 30 min.® The formazan product was eluted
using acidified isopropanol and the absorbance at 540 nm quantified by plate reader
(reference peak 620 nm). An average absorbance for each concentration was obtained
and the metabolic activity of the cell population was determined as a percentage of the

relative solvent negative control.
2.3.3. Nuclear morphology

Cells were incubated with 4 (40 pM) or cisplatin (30 uM) for 24 or 48 h, washed with

PBS and fixed with ethanol. Slides were stained with 5 pg /mL DAPI and visualized with
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a Zeiss LSM 510 inverted confocal microscope using a 405 nm diode laser for excitation
and emission detected using a 420-480 nm BP filter. At least 200 cells were counted for

each experiment.
2.3.4. Cell growth and cell viability (Trypan Blue)

A2780CIS cells were treated with 4 or cisplatin at 0, 40 or 100 uM for 48 h. Cells were
detached by scraping and concentrated via centrifugation. Pellets were re-suspended in
1 mL of serum-free medium, a sample of which was stained with Trypan Blue solution
(0.4 %) and the number of total cells and Trypan Blue-positive cells counted by
haemocytometer. A minimum of 200 cells were counted. For each independent

experiment, counts were made in triplicate and an average value used.

2.3.5. Cellular uptake quantification (ICP-MS)

A2780CIS cells were treated with 50 uM solutions of 2, 4, 5 or cisplatin or an untreated
control in triplicate for 24 h. Cells were washed in PBS and detached with Trypsin. Cell
numbers were counted by haemocytometer and each sample then solubilized using 60%
nitric acid at 60 °C overnight. Samples were made up to exactly 10 mL using deionized
water and the levels of Pt and Ru determined by ICP-MS (see reference'’*® for details
on machine calibration). For data expressed in ng/mg protein format, the ICP-MS data
was plotted against a cell number/protein concentration calibration subsequently
determined. Briefly, a range of cell concentrations were lysed (2.5 X 10° — 1 X 10° cells,
lysis protocol as described below), the protein content determined using Bradford

reagent and a protein content/cell number plot (R? value = 0.99) constructed.

2.3.6. Sub-cellular fractionation
A2780 cells were treated with 50 pM 4 or control solvent for 24 h prior to subcellular

fractionation using standard procedures.™ Briefly, cells were harvested as above and
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resuspended in 3 volumes of hypotonic buffer (210 mM sucrose, 70 mM mannitol, 20mM
Hepes, pH 7.4, 1 mM EDTA) containing protease inhibitor cocktail (see below). After
gentle homogenization with a Dounce glass homogenizer, cells were subjected to a
freeze thaw cycle, and cell lysates were either retained for total lysate analysis by ICP-
MS, or centrifuged at 1,000 X g for 5 min (Eppendorf 5417 centrifuge) to isolate a
nuclear fraction. The supernatant was collected and centrifuged at 10,000 X g (Beckman
TLS100 Ultracentrifuge, TLS-55 rotor) to pellet the mitochondria-enriched membrane
fraction. The supernatant was collected and utilized as a cytosolic fraction. Aliquots of
each fraction were retained for protein content analysis by Bradford assay. Total cell
lysates or individual subcellular fractions were individually processed by ICP-MS to
determine levels of Pt and Ru as described above. Recovery of metals after fractionation

compared to unfractionated controls was 102 % (Ru) and 106 % (Pt).
2.3.7. Cell cycle analysis (Flow Cytometry) studies

Cells were treated with solutions of 4 or solvent control for 24 h. Samples were
harvested by trypsinization, washed with PBS and fixed with 70 % cold ethanol. Cells
were RNAase treated, stained with 30 pg /mL propidium iodide (1 h at room
temperature) and the DNA content analyzed using a Biosciences LSRII Flow Cytometer.

Data were processed for cell cycle phase apportionment using FloJo software.
2.3.8. Immunoblot Analysis (Western Blotting)

A2780 or A2780CIS cells were treated for indicated times with solutions of each
compound at the stated concentration. After treatment, unless otherwise indicated, the
cells were collected and lysed in lysis buffer (20 mM Tris, pH 7.5, 0.27 M sucrose, 1 mM
EDTA, 1 mM EGTA, 1 % Triton X-100, protease inhibitors (10 pug/mL leupeptin, 2 pug/mL

pepstatin, 50 pg/mL antipain, 2 pg/mL aprotinin, 20 pg/mL chymostatin and 2 pg/mL
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benzamidine), and phosphatase inhibitors (50 mM NaF, 1 mM NazVO,4 and 20 mM Na [3-
glycerophosphate)). Aliquots of cell lysates were resolved by 8-15 % SDS-PAGE,
transferred onto nitrocellulose membrane and probed with the appropriate antibodies.
Antibodies against cleaved caspase 3, p-Chkl (Ser345), p-H2AX (Serl39), p-Chk2
(Ser516), Chk2, p-p53 (Ser20), p27, p-Rb (Ser780) and Rb were obtained from Cell
Signaling and used at the recommended dilution. Anti-B-actin and a-tubulin monoclonal
antibodies (1/5000 dilution) were obtained from Sigma. Antibodies against p21 (1/1000
dilution) were obtained from Santa Cruz Biotech. Anti-Lamin A/C antibodies were from
Abcam. Anti-Tom20 antibodies were a kind gift from Prof. O. Bandmann (University of
Sheffield). Anti-Chkl was generated in-house. HRP-conjugated anti—rabbit or anti—
mouse antibodies (Santa Cruz Biotech.) were used at 1/5000 dilution. Blots were
visualized using ECL or ECL+ chemiluminescence reagents (GE Healthcare Life

Sciences) with X-ray development (Fuji medical film and Optimax 2010 processor).

2.4. Design, synthesis and characterization of Ru(ll)-Pt(Il) complex

Hs;N——Pt—Cl

NH; = :P{”\\S
Cisplatin @l\[p o Sy
N X 5
g

2 4

Figure 2.1. The chemical structures of cisplatin, complexes 2, 4 and 5.
This chapter 2 describes mainly the synthesis, DNA-binding properties, and anticancer
activity of a new Ru(Il)-Pt(ll) binuclear terpyridine-derived complex, 4 (Figure 2.1),

where the ditopic ligand tpypma (tpypma=4-([2,2":6’,2”-terpyridine]-4’-yl)-N-(pyridin-2-
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yimethylaniline) allows an octahedral Ru(ll) terpyridyl centre to be linked to a Pt(ll)

moiety.

2.4.1. Synthesis and characterization

Scheme 2.1. Synthetic methodology followed for the preparation of 2 and 4. (i) Ru(tpy)Cls in
ethyleneglycol refluxed for 2 h at 140°C; (ii) 2-aminomethylpyridine, NaBH,, acetonitrile: methanol
(2:50, v/v) refluxed for 8 h; (iii) K,PtCls, H,O in dark at r.t. for 3 h; (iv) DMSO: H,O (1:9, v/v),
stirred at r.t for 3 h.

Complex 4 has been found to halts the growth of human ovarian cell lines and,
importantly, sensitivity to the compound is retained in cisplatin-resistant cells. Through
comparison with the mononuclear Ru(ll) and Pt(Il) compounds 2 and 5, we established
that both metal centres of 4 are required for bioactivity. A systematic analysis at the
molecular and cellular level show has been carried out, unlike conventional platinum
therapeutics, 4 does not coordinate with the nucleobase guanosine, and consequently

does not generate a cytotoxic response or pro-apoptotic signals via the activation of the
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DNA-damage response network. Instead it was found that 4 acts by up-regulating the
Cdk inhibitor p27KIP1, leading to hypo-phosphorylation of retinoblastoma protein (Rb)

and thereby blocking cell-cycle progression from G1 to S phase.
2.4.2. Synthesis of L;: 4-([2,2":6',2"-terpyridin]-4'-yl)aniline:(tpy-a)

Synthesis of 4-([2,2":6',2"-terpyridin]-4'-yl)aniline(tpy-a) was achieved by following the
reported literature procedure.??? 2-Acetylpyridine (4.0 g, 33.0 mmol) was added into a
solution of 4-Nitrobenzaldehyde (2.5 g, 16.5 mmol) in ethanol (100 mL). KOH pellets (1.3
g, 85%, 33.0 mmol) and aq.NH; (50 mL, 25%, 44 mmol) was then added to the solution.
The solution was stirred at room temperature for 24 h. The chocklet brown color solid
was formed. The complete evaporation of ethanol using rotary evaporator resulted in
black colored solid substance which was redissolved in chloroform and distilled water
200 mL (1:1v/v). The pH of the resultant solution was adjusted to neutral (pH 7.0) by
adding diluted HCI (1N). Aqueous layer washed thrice with chloroform (3 X 50 mL) and
the organic layers collected using separating funnel was dried using Na,SO,. The
chloroform was evaporated and the resultant black solid material was subjected to the
column chromatography. Petroleum ether (75%) and ethyl acetate (25%) were used as
mobile phase and silica gel (100-200 mesh) as stationary phase. ESI-HRMS: calculated
325.1448; found: 325.1446; & (200 MHz in CDCls) 8.74 — 8.73 (m, 1H), 8.71 (dd, J 1.8,
0.9, 1H), 8.68 (s, 2H), 8.64 (s, 1H), 7.91 — 7.82 (m, 3H), 7.80 — 7.76 (m, 2H), 7.37 — 7.30
(m, 2H), 6.82 — 6.77 (m, 2H), 3.87 (s, 2H). Elemental analysis calculated: C 77.76; H

4.97; N 17.27; found C 77.50; H 4.87; N 17.19.

2.4.3. Synthesis of Ru(tpy)Cls

A commercial grade RuCl3;.3H,0O (1.20 g, 5.7 mmol), and 2,2"6',2"-terpyridine (1.34 g,

4.2 mmol) were dissolved in 70 mL of ethanol. The reaction mixture was heated at reflux
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for 3 h with continuous stirring. After cooling to the room temperature the reaction
mixture was kept at 4° C in refrigerator for overnight. The chocklet brown precipitate
formed was filter through G-4 glass sintered crucible at pump and washed several times
with cold ethanol followed by diethyl ether. Yield: 90.43 % (1.83 g, 4.10 mmol). Note:
Since this ruthenium complex [Ru(tpy)(Cl)s] is a paramagnetic, it is not possible to

produce *HNMR.
2.4.4. Synthesis of [Ru(tpy)(tpy-a)](PFs), (1)

In to a 100 mL two neck round bottom flask tpy-a (0.145 g, 0.45 mmol) was dissolved in
30 mL of ethylene glycol. Then Ru(tpy)Cls (0.2 g, 0.45 mmol) was added and refluxed for
2 h under the nitrogen atmosphere with continuous stirring. The color of the solution was
changed from yellow to blood red color. After 2 h the reaction mixture was cooled to the
room temperature. The addition of saturated KPFg solution was resulted in dark red
precipitate which was filtered at pump through G-4 glass sintered crucible and washed
several times with cold water followed by diethyl ether. The precipitate was dried in the
presence of P,Os then subjected to the column chromatography using neutral Al,Os
(grade-l) as stationary phase and pure acetonitrile as mobile phase. The second red
spot on the TLC from the bottom was collected as pure compound and characterized by
standard analytical techniques. Yield: 29 % (0.170 g, 0.17 mmol) HRMS: Calculated =
972.0547; found = 972.0552. [M + 2PFs+ NaJ. *H NMR 500 MHz, in DMSO-ds (5, ppm):
8.90 (s, 2H), 8.73 (d, 2H; J = 8.2 Hz), 8.39 (t, 1H; J = 8.2 Hz), 8.60 (d,2H; J = 8.0 Hz),
8.48 (d, 2H; J = 8.1Hz), 8.01 (d, 2H; J = 8.6 Hz), 6.95 (d, 2H; J = 8.6 Hz) 7.94 — 7.89 (m,

4H) 7.19 — 7.11 (m, 4H), 7.44 (d, 2H; J = 5.5 Hz), 7.30 (d, 2H; J = 5.6 Hz), 4.78 (s, 2H).
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2.4.5. Synthesis of [Ru(tpy)(tpypma)](PFe). (2)

In to a 100 mL two neck round bottom flask [(tpy)Ru(tpy-a)](PFe). (0.2 g, 0.211 mmol) of
was dissolved in the minimum amount of dry CH3;CN (1mL) and 30 mL of dry methanol.
2-pyridinecarboxaldehyde (0.04 mL, 0.422 mmol) was added and the reaction mixture
was refluxed for 9 h with continuous stirring. After cooling to room temperature, the
solvent was evaporated under reduced pressure. The reaction mixture was redissolved
in 100mL of dry methanol and refluxed for 1 h followed by the addition of excess of
NaBH,; (100 mg). The reaction mixture was allowed to reflux for 3 h with continuous
stirring. Then cooled to room temperature and 10 mL of distilled water was added to
guench excess NaBH,. Saturated KPFg (2 mL) solution was added to exchange the
counter anions and the metal complex was extracted by the solvent extraction method
using dichloromethane/water. A minimum amount of acetonitrile (0.5 mL) was added in
order to bring the complex in to the organic layer from aqueous layer. This crude
compound was purified by column chromatography, using silica gel as stationary phase
and CH3;CN as a mobile phase. Yield: 75.82 % (0.120 g, 0.16 mmol). ESI HRMS: m/z
(%): 972.0552 [M + 1 + 2PFg]. *H NMR 500 MHz, in DMSO-ds (5, ppm): 9.30 (s,2H),
9.09 (d, 2H;J = 8.2 Hz), 9.04 (d,2H; J = 8.1 Hz), 8.83 (d,2H; J = 8.1 Hz), 8.60 (d,1H;J =
4.1 Hz), 8.52 (t,1H;J = 8.1 Hz), 8.23 (d,2H; J = 8.7 Hz), 8.03 (dd, 4H;J = 13.0, 6.5 Hz),
7.82 (t, 1H;J = 7.7 Hz), 7.53 (d,2H; J = 5.3 Hz), 7.45 (d,1H; J = 7.9 Hz), 7.39 (d,2H; J =
5.2 Hz), 7.32 (dd, 4H; J = 7.3, 5.1 Hz), 7.29 — 7.21 (m), 7.14 (t,1H;J = 6.0 Hz), 6.92
(d,2H; J = 8.7 Hz), 4.57 (d,2H; J = 6.0 Hz). Elemental analysis calculated: C 44.50; H

2.80; N 10.09; found C 44.34; H 2.90; N 10.12.
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2.4.6. Synthesis of [Ru(tpy)(tpypma)Pt(Cl),]Cl, (3)

[Ru(tpy)(tpypma)](PFe), was converted to its chloride salt by anion metathesis, and dried
under vacuum. Potassium tetrachloro platinum (0.032g, 0.077 mmol) was dissolved in
10 mL water, followed by the addition of [(tpy)Ru(tpypma)]Cl, (0.08g, 0.077 mmol). The
reaction mixture was stirred at room temperature (25° C) for 2 h in the dark. The
precipitate formed was collected by centrifugation and washed with water (3 x 2 mL) to
remove excess K;[PtCl,] before drying under vacuum. Purity and formation the of the
complex was established using *HNMR, High Resolution Mass Spectrometry (HRMS)
and observing the spectral change in the emission spectrum before and after adding the
platinum (in general bimetallic complexes show less emission than their monometallic
complexes due to lowest lying *MLCT emission state in bimetallic complexes). % Yield:
69.7 % (545 mg, 0.0536 mmol). ESI-HRMS: m/z (%): 1015.0823
[Ru(tpy)(tpypma)Pt(Cl),]**,1050.1135. [Ru(tpy)(tpypma)PtCl,)]CI*."H NMR 500 MHz, in
DMSO-ds (5, ppm): 9.31 (s, 2H), 9.14 (d, 2H; J = 8.2 Hz), 9.07 (d, 2H; J = 8.1 Hz), 8.88
(d,2H; J = 8.1 Hz), 8.60 (d,1H; J = 4.4 Hz), 8.53 (t, 1H; J = 8.1 Hz), 8.25 (d, 2H; J = 8.7
Hz), 8.07 — 8.00 (m,4H), 7.82 (t, 1H; J = 7.7 Hz), 7.53 (d, 2H; J = 5.4 Hz), 7.46 (d, 2H; J
= 8.0 Hz), 7.39 (d, 2H; J = 5.3 Hz), 7.32 (dd, 1H; J = 6.9, 5.3 Hz), 7.30 — 7.23 (m, 4H),

7.15 (t, 1H; J = 6.0 Hz), 6.92 (d,2H; J = 8.6 Hz), 4.57 (d, 2H; J = 5.9 Hz).
2.4.7. Synthesis of [Ru(tpy)(tpypma)Pt(Cl)(DMSO)](PF¢)s (4)
Step 1: Formation of intermediate complex [Ru(tpy)(tpypma)Pt(Cl),](Cl), (3)

Complex 2 was converted to its chloride salt by anion metathesis and dried under
vacuum. Potassium tetrachloro platinate (32 mg, 0.077 mmol) was dissolved in 10 ml
water, followed by the addition of complex 2 (80 mg, 0.097 mmol). The reaction mixture

was stirred at room temperature (25° C) for 3 h in the dark. The precipitate formed
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complex 3 was collected by centrifugation and washed with water (3 X 2 mL) to remove
excess K,[PtCl,] before drying under vacuum. Yield: 64.8 % (54.5 mg, 0.050 mmol); ESI-

MS m/z: [M]** 507.03.

Step 2: Conversion of complex 3 to complex 4

Complex 3 (0.05g, 0.046 mmol) was dissolved in DMSO/H,O (1.9, v/v). The reaction
mixture was stirred at room temperature (25° C) for 120 h in the dark. The addition of
saturated KPFg solution (1 mL) afforded a deep red coloured precipitate (complex 4),
which was collected by using grade-4 crucible followed by washing with water (3 x 2
mL). % Yield: 36.9 % (0.026g, 0.017 mmol). *H NMR (500 MHz, DMF-d;): & = 9.46 (s,
2H), 9.25-9.22 (m, 4H), 8.99 (d, J = 8.1 Hz, 2H), 8.65 (d, J = 5.0 Hz, 1H), 8.61 (s, 1H),
8.36 (d, J = 8.7 Hz, 2H), 8.12 (dd, J = 7.1,4.2 Hz, 5H), 7.89 (s, 2H), 7.70 (d, J = 5.4 Hz,
2H), 7.55 (d, J = 7.8 Hz,1H), 7.38 — 7.34 (m, 5H), 7.22 (s, 1H), 7.05 (d, J = 8.7 Hz, 2H),
4.67 (d, J = 3.6 Hz, 2H), 3.35 ppm (s, 6H); **°Pt NMR (DMSO-dg): 5 = 2967 ppm (s, 1Pt);
elemental analysis (with chloride as counter anion: C4;H3sCI;NgOPtRUS): calculated: C
45.37, H 3.29, N 9.62; found: C 45.21,H 3.30, N 9.47; ESI-MS (m/z): [M]** calculated:

352.7084; found:352.7087.

2.4.8. Synthesis of [Pt(amp)(Cl)(DMSO)]" (5)

N l NY"NH, l XY~ "NH,
T NHz  K,[PtCly] /N\lit DMSO0:H,0(1:9) N\ _N_ /
P - - e +
3 hr.tinwater | ClI 3h.rt /Pt\\s
(¢]] T Cl -7
5

Scheme 2.2. The synthetic procedure followed for the preparation of complex 5.

[Pt(Cl),(amp)] (0.1 g, 0.26 mmol) was dissolved in DMSO/H,0O (1:9, v/v). The reaction
mixture was stirred at room temperature for 2 h in the dark. The addition of saturated

KPF¢ solution (1 mL) afforded a pale yellow-coloured precipitate, which was collected by
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using G-3 crucible followed by washing with water (3 x 2 mL) and diethyl ether (2 x 5
mL). Yield: 50.7% (0.076g, 0.135 mmol). *H NMR (500 MHz, DMF-d;): d = 9.06 (dd, J =
5.9, 0.8 Hz, 1H), 8.39 (dd, J = 7.8, 6.3 Hz, 1H), 7.99 (dd, J = 7.9, 0.4 Hz, 1H), 7.84 —
7.81 (m, 1H), 6.86 (s, 2H), 4.74 (t, J = 5.9 Hz, 2H), 3.69 ppm (s, 6H); **Pt NMR
(DMSQO): & = - 3142 ppm (s, 1Pt); elemental analysis (Chloride as counter anion;
CgH14CIN,OPLtS): calculated: C 21.25, H 3.12, N 6.19; found: C 21.18, H3.1, N 6.17;

ESIMS (m/z): [M]" calculated: 416.016; found: 416.015.
2.5. Results and discussion
2.5.1. Photophyscial Properties

Optical spectra for complexes 2, 4 and 5 were recorded in acetonitrile, which clearly
revealed that the electronic spectra in the visible region for both 2 and 4 complexes was
dominated by broad metal-to-ligand charge-transfer (MLCT; Ru(dr)—bpy/Li(n") and/or

bpy/L,(n") based transitions at ~485 nm,

Table 2.1. The photophysical characterization of the synthesized complexes were carried out in

aqueous solvent medium.

Complex | Aapsnm | 10° (e/M™ cm™) | Assignment | Aem | Aabsiexc
272 31.2 non’ 289
2 308 43.9 r | 660 | 325
485 15.3 MLCT 482
272 10.5 s 287
4 308 19.2 ror | 643 | 327
488 7.37 MLCT 487

S 274 8.51 ot
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while emission band for respective complex was attributed to a *MLCT transition (~660

nm for Ag = 485 Nm) as the @ 5¢ for the ISC process for Ru(ll)-polypyridyl complexes is
reported to be ~1 and occur within 40 fs.?* Spectroscopic data for complex 2: AjoS, = 272
nm, & = 28780 M cm™; A4S = 485 nm, £ = 19170 Micm™; AEMS = 660 nm for Agy Of 485
nm; Spectroscopic data for complex 4: A4S = 272 nm (¢ = 29850 Mtcm™); A42S, = 488
nm, € = 15750 Mcm™; AEMS = 643 nm. Spectroscopic data for 5: A2, = 274 nm (g =
5100 M'cm™. As is common for [Ru(tpy).]** derivatives,?*?®> 2 and 4 demonstrated

negligible luminescence upon MLCT excitation and are virtually non-emissive.

2.5.2. DNA-binding studies: UV-Visible titration with CT-DNA

Metal complexes have been widely studied for their ability to interact with DNA by either
reversible or irreversible mechanisms.** Indeed, several conjugate Ru(ll)-Pt(I1)Cl,
complexes have been designed for this specific purpose.?®?® With these in mind, we
characterized the interactions of 2 and 4 with DNA. The absorption spectra of 2 and 4
have display distinctive changes in the presence of increasing concentrations of DNA,
with both the n—n" and MLCT absorption bands showing appreciable hypochromicity
(Figures 2.2a, b). The changes in the MLCT band yield a typical saturation ligand-DNA
binding curve (Figures 2.2c, d) and higher binding ratios produced no additional changes

in absorption spectra.

(n=1)
LA W B Gl .
C. =K, ( m){{l—(n—l)r}} Equation 5

Where, K, represents the intrinsic binding constant of the complex with DNA and n is the

size of a binding site in base pairs.
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I*” revealed that both

Fitting of these data in to the McGhee von-Hippel binding mode
complexes have a similar affinity for DNA, with equilibrium binding constants, K, of 3 X
10° M* and 1.3 X 10° M for 2 and 4 respectively. The concentration of the free

complex, C;, is equal to C — C,,. A plot of r/C; vs. r where r is C,/ [DNA] was constructed

according to the McGhee von-Hippel equation 5.
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Figure 2.2. UV-Visible titration spectra and binding saturation curves for the 2 (a, ¢) and 4 (b, d)
with CT-DNA in Tris-HCI buffer (pH 7.4).

2.5.3. Viscosity Measurements

To determine DNA binding mode, relative viscosity of DNA was measured in the
presence of increasing concentrations of 2 and 4. The intercalator ethidiumbromide and
groove-binder [Ru(tpy),]** were used as controls for their respective modes of binding. In
contrast to ethidiumbromide, neither complex 2 nor 4 increased the relative viscosity of
DNA solutions (Figure 2.3), indicating that these complexes are not metallo-intercalators.

This behavior is consistent with previous reports on other extended Ru(ll)-terpyridyl

51 |



Chapter 2

complexes.”® since, 5 is known groove binder, viscosity measurement studies for this

complex with DNA was not included.

=
i

— EtBr

— [Ru(tpy),]*
— 2

— 4

=
N
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o
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©
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Figure 2.3. Change in the viscosity of the CT-DNA upon addition of 2, 4 and [Ru(tpy)2]2+,

ethidiumbromide used as control.
2.5.4.'H NMR titration studies with guanosine

Cisplatin has previously been shown to possess a high affinity for guanine, where
specifically the platinum(ll) centre coordinates to the N7 position after chloride ligand(s)
substitution. Reactions with guanine derivatives such as guanosine are therefore
commonly employed to assess whether platinum-containing drug candidates can bind
DNA irreversibly.?*3° A structural comparisons between 4 and cisplatin suggest that the
Ru(1D)-Pt(1) complex could similarly react with DNA by way of direct coordination of the
Pt(Il) metal centre to nucleobases. To explore this possibility, the extent of reaction of 4
or cisplatin with solutions of guanosine in D,O was followed by *H NMR spectroscopy. In
order to assess the contribution, if any, of the Ru(ll) metal centre to Pt(ll) co-ordination,
the reaction of the monometallic DMSO-substituted Pt(ll) complex 5 with guanosine was
included for comparison. As can be seen in Figure 2.4a, the addition of cisplatin to
guanosine results in a decrease in the intensity of the Hg guanosine resonance at 8.10
ppm, accompanied by the appearance of two new resonance peaks at 8.51 and 8.63

ppm (Figure 2.4b), which increase in magnitude with exposure time. Likewise, a
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decrease in the H, guanosine resonance at 5.95 ppm and corresponding appearance of

the downfield-shifted peak at 6.10 ppm is observed (Figure 2.4a).

«H
( )C|splat|n+G 48h A M\
# H  NH,
Cisplatin+G 24h I *M © N\\gl
i
splatin :SQ( o
# H3N\Pt+/N\\/N
* S H8 OH
Cisplatin+G 6h j ’\ HN" o ©
# # PO,
Cisplatin+G 0Oh M A Cisplatin + Guanosine
HS /DMF-d7 H2
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Figure 2.4. 'H NMR spectra showing the reaction of guanosine (G) with cisplatin (a) and 5 (b) in
DMF-d; over 48 h. Region including H8 and H2 guanosine protons shown. Peaks labelled * are
Pt bound guanosine and peaks labelled # are free guanosine. The residual DMF-d; solvent peak

used for complex dissolution before addition to guanosine is indicated.

This expected behaviour confirms that cisplatin binds guanosine via direct coordination
(platination) of the Pt(ll) metal centre to the N7position of guanosine.?® Similarly, addition

of 5 to guanosine resulted in rapid loss of H8 guanosine resonance and the appearance
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of two new resonance peaks at ~9.0 ppm, which is also consistent with the notion that 5

interacts with this nucleobase via N7 platination (Figure 2.4b).

In contrast to the behaviour demonstrated by cisplatin and 5, no evidence of any effect
on the NMR spectra of guanosine was observed following addition of 4 (Figure 2.5b),
indicating the Ru(ll)-Pt(Il) complex does not react with the nucleoside, behaviour
comparable to the mononuclear Ru(ll) complex 2 (Figure 2.5a). Taken together, this
indicates that complex 4 is highly unlikely to interact with DNA by irreversible binding

following ligand substitution.

(@) 246 48n ”h M “ | f
;7 O
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o NN NH,
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Figure 2.5. 'H NMR spectra for the reaction of guanosine (G) with 2 (a), 4 (b) in DMF-d; over 48
h. Region including H8 and H2 guanosine protons shown. Peaks labelled # is free guanosine.
The residual DMF-d; solvent peak used for complex dissolution before addition to guanosine is

indicated.
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2.5.5. Isothermal titration calorimetry studies with CT-DNA

Relative binding affinity of complexes 2, 4, and 5 towards calf-thymus DNA (CT-DNA)

were evaluated using isothermal titration calorimetry (ITC) (Figure 2.6). Association

constants and thermodynamic parameters (Table 2.2) clearly reveal that the binding

affinities for complexes 2, 5 are lower than that of 4 towards CT-DNA.
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Figure 2.6. The ITC binding profiles for the 2 (a), 4 (b) and 5 (c) with CT-DNA.

Table 2.2. ITC derived binding parameters for 2, 4 and 5 with CT-DNA.

Complex 2 4 5
Ky [M™] (2.51 +0)10* | (1.14 + 0)10° | (3.3 + 0)10*
AH [KcalM ™ 6.15+0.1 -21.9 0.67
-TAS [KcalM™] 31.2 11.9 26.2
AG [KcalM™] -25.1 -33.8 -25.5
N [bp] 0.9 31 3.2

Since the platinum containing complexes can form electrostatic interactions with guanine

nucleobases the interaction of complex 4 and 5 were higher compared with complex 2.

From the table 2.2 the site size as well as the binding constant is following the order 5 >

55 |



Chapter 2

4 >2. The interactions of complexes 2 and 5 with CT-DNA were driven by higher positive
entropy and with a small positive enthalpy. But in the case of complex 4 the interactions

was driven by higher negative enthalpy and with smaller positive entropy.
2.5.6. Partition coefficient measurement

The partition coefficients were calculated using shake-flask method. n-octanol-saturated
water and water-saturated n-octanol solutions were prepared using millipore water
stirred with n-octanol for overnight. Before the two layers were separated by
centrifugation (3000 rpm, 5 min). Concentration of each complex was calculated by

recording the absorption in each phase.

Table 2.3. Partition coefficient values for the 4, 2, 5 and cisplatin.

Complex Mass/Da log P
4 1128 -1.90+0.10
2 966 -3.85+0.19
5 450 -2.24 +0.11
cisplatin 300 -2.3+0.09

The Cisplatin and chloride salts of 2, 4 and 5 were dissolved in n-octanol-saturated
water. The complex 4 and 5 were predissolved in to small aliquots of dimethyl sulfoxide
solvent before solubilizing in aqueous layer. The concentration in each phase was
calculated by reference to calibration absorbance graphs in each phase and the
octanol/water partition coefficient (logP) for each respective complex was then

calculated.!
2.5.7. The impact of complex 4 on cancer cell proliferation

As discussed, both drug-resistance, in addition to the absence of identified specific

targets in particular cancers, represents a significant on-going challenge for
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chemotherapy. Therefore, the effect of 4 on the proliferation of cisplatin-resistant,
A2780CIS ovarian cancer cells was investigated. Quantitative analysis of cell numbers
over time in the presence of 4 indicated a dose-dependent decrease in proliferation with
a half inhibitory concentration (ICsq, defined as the concentration resulting in 50%
reduction in the fold extent of proliferation) of approximately 40 mM after 48 h exposure
(Figure 2.7a). Interestingly, negligible signs of cell stress or death were observed, even
at higher concentrations of 4 (Figure 2.7b). Importantly, although cell proliferation was
significantly affected by 4, the viability of cells (proportion of cells that exclude
Trypanblue) exposed to active doses (40—100 mM) remained unchanged (Figure 2.7b);
cell numbers reached a plateau after approximately 48 h, behaviour which implies
cytostatic activity. In contrast, cell numbers in samples treated with cisplatin
progressively decreased until cells numbers were negligible, as expected for cytotoxic

activity (Figure 2.7a, see cisplatin data).

Table.2.4. ICxy values for 2, 4, 5 and Cisplatin.

Complex A2780 A2780CIS
2 >200 uM >200 uM
4 29 £ 6 uM 38+ 1uM
5 114 £ 4 uM >200 pM

Cisplatin 3+x1uM 301 puM

To provide an indication of the anti-proliferative capability of 4 towards a cisplatin-
sensitive cell line compared to resistant cells, a direct comparison between parental
(cisplatin-sensitive) A2780 and derivative (cisplatin-resistant) A2780CIS cells was
undertaken using a complementary approach. Cells were exposed to a range of
concentrations of 4 or cisplatin for 48 h and the resultant metabolic activity of each cell

population was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide) assays (Figure 2.7c and d).>* The mononuclear Ru(ll)
parent complex 2 and mononuclear Pt(Il) complex 5 were included in parallel to provide
information on the structural properties required for the potency of 4 (Figure 2.7e, f). As
shown in Figure 2.7c and Table.2.4, these experiments confirm the impact of 4 on cell
proliferation, and are consistent with the ICsovalue for 4 determined by analysis of cell

numbers in A2780CIS cells after 48 h exposure as determined above.
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Figure 2.7. (a) Cell number as a result of exposure of A2780CIS cells to 4 (viable cells counted by
Trypan-blue exclusion), (b) Images of A2780CIS cells treated with 100 uM 4, (c, d, e & f) Effect of
4 or cisplatin 2 and 5 on total metabolic activity of A2780 and A2780CIS cell populations after 48
h exposure.
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As expected,* a tenfold decrease in potency was observed in A2780CIS cells treated
with cisplatin compared with the A2780 cells (Figure 2.7d and Table 2.4). Significantly,
and in direct contrast to results obtained with cisplatin, no cross-resistance to 4 was
observed (Figure 2.7c¢), with potency of 4 almost identical in both cisplatin-sensitive and
cisplatin-resistant ovarian cancer cell lines (ICso of 29 and 38 uM for A2780 and
A2780CIS cells, respectively). The mononuclear Ru(ll) analogue 2 had negligible effects
on either cell line, while the mononuclear Pt(Il) complex 5 exhibited a fourfold lower
potency towards A2780 cells (ICso = 114 uM) and had no impact on A2780CIS cell
numbers/viability in the concentration range tested (Table 3 and Figure 2.7e, f).These
results indicate that both the Ru(ll) structural moiety and Pt(ll) metal centre are required

for the anti-proliferative behaviour demonstrated by 4.
2.5.8. Cellular uptake properties of 2, 4, 5 and cisplatin

It is well established that the internalization characteristics of metal anticancer
complexes may contribute to their efficacy.**** Given that 4 has a significantly greater
impact on cell proliferation compared to either mononuclear complexes 2 or 5, we
investigated whether the extent of cellular uptake could explain the difference
inA2780CIS cells was determined using inductively coupled plasma mass spectrometry
(ICPMS).For cells incubated with solutions of 2, 4, 5 or cisplatin prior to analysis, the
levels of Ru and/or Pt were measured in untreated control therefore correspond to the
cellular accumulation of the relevant complex. As 4 is a Ru(Il)-Pt(ll) bimetallic system,
this approach has the additional advantage as the Ru and Pt concentrations can be
obtained separately and directly compared. Results are expressed as the concentration
of metal per cell (fmoles per cell). Treatment of A2780CIS cells with 4 or cisplatin for 24
h resulted in a comparable intracellular Pt content (1.46 + 0.90) and (1.28 £ 0.13) fmoles

Pt per cell for 4 and cisplatin, respectively), indicating 4 is internalized to similar levels as
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the established anticancer drug (Figure 2.8). The Pt content obtained for cells treated
with cisplatin is in agreement with literature values. Assuming an average A2780CIS cell
volume of approximately ~2 pL, the Ru and Pt contents (2.06 + 0.10) and 1.46 + 0.90)
fmol per cell, respectively) obtained by this method therefore correspond to an
approximate intracellular concentration of 1013 + 51 and 730 + 45 mm for Ru and Pt
ions, respectively, in cells treated with 4 (after blank subtraction). Encouragingly, these
values are consistent with each other and indicate that the intracellular concentration of
4 (~1 mm) is approximately 20-fold higher than the external exposure concentration (50
mm). The slight decrease in the absolute levels of Pt content compared to Ru for cells
treated with 4 may reflect the relative sensitivity of the technique towards each metal ion
at these relatively low concentrations, however, ICP-MS characterization of isolated 4
solutions show the expected 1:1 molar ratio of each metal present (Figure 2.8b).
Therefore, we cannot exclude the possibility of complex fragmentation upon cellular
internalization, and that 4 might function as a pro-drug. These results also clearly
indicate a greater cellular accumulation of the binuclear conjugate complex 4 than either
mononuclear complexes 2 or 5, where data indicate fivefold lower levels of Ru metal ion
content for cells incubated with 2 (2 = 0.37 + 0.03) fmoles Ru per cell) and a 2.5-fold
lower Pt content for 5 (0.58 = 0.10) fmoles Pt per cell) compared to the results for 4
(Figure 2.8a).

Subsequently, normalizing these ICP-MS data for cellular protein content (Figure 2.8b,
c). It is clear that 4, and even the poorly active 2, both demonstrate a greater degree of
internalization than certain cytotoxic Ru(ll)-polypyridyl DNA intercalators. The
relationship between an increase in hydrophobicity and extent of cellular uptake of metal
complexes has been demonstrated for a range of metal compounds.® In agreement with

this concept, the relative cellular uptake levels of 4, 2 and 5, and their anticancer
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potency, correlate with the hydrophobicity of each complex, as quantified by
octanol/water partition coefficient, logP (Figure 2.8a). Despite this clear trend, it is
apparent that 5, which has a comparable logP to cisplatin, has a lower level of cellular
uptake and corresponding decrease in potency than would be predicted if hydrophobicity

were the sole factor in governing internalization.
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Figure 2.8. (a) Left hand y-axis: cellular uptake levels of 2, 4, 5 and cisplatin in A2780CIS cells
(50 mm, 24 h), as quantified by ICP-MS analysis of Ru and Pt content (n = 3, £SD). DMSO

(0.1%) blank sample included for reference. Right hand y-axis: log P octanol/water partition

Degree of sub-cellular

coefficients as determined by HPLC, (b) The Ru and Pt content in nuclear-, mitochondrial- and

cytosolic-enriched fractions, (c) Degree of sub-cellular enrichment.

To examine the subcellular localization of 4, A2780 cells were incubated with the
complex and cell fractions from the resultant lysates were prepared. The Ru and Pt
content in all fractions (nuclear, mitochondrial and cytosolic-enriched fractions were then
analysed by ICP-MS (Figure 2.8b, c). These data show a high proportion of both Pt and
Ru content in the nuclear fraction. However, upon normalization to protein content of
each fraction, it is clear that accumulation of both metals is relatively consistent across

these intracellular compartments with a small degree of enrichment(amount of
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metal/protein per subcellular fraction divided by amount of metal/protein in total cell
lysate; in the mitochondrial and (for Ru) nuclear fractions (Figure 2.8c) The differences in
the proportions of Ru and Pt in each subcellular fraction again indicate that we cannot
exclude the possibility of intracellular fragmentation, and some degree of differential

accumulation within distinct cell compartments.

2.5.9. Complex 4 does not induce apoptosis or necrosis

The intra-strand and inter-strand crosslinks arising from exposure to cisplatin and
derivatives activate several DNA damage signalling pathways that ultimately culminate
in apoptosis. Therefore, as a starting point to elucidate the cellular mechanism of action
of 4, relative levels of apoptosis after exposure to active doses of the Ru(I)-Pt(ll)
complex were characterised. Firstly, cells were incubated with either 4 or cisplatin at
their respective 1Cso concentrations for up to 48 h and the extent of pyknosis and/or
karyorrhexis, typical indicators of late-stage apoptosis, were determined. In addition,
lysates derived from treated cells were immunaoblotted for the active (cleaved) form of
the apoptotic marker, caspase-3. Figure 2.9a shows that, as expected with cisplatin
treatment, the fraction of cells with observable nuclear fragmentation increased with time
and accounted for over 35 % of cells remaining after 48 h. In contrast, cells incubated
with 4 showed minimal (<1 %) evidence of chromatin abnormality. Consistent with this,
cells treated with the ICsy concentration of cisplatin contained significant levels of
activated caspase-3 after 24 h, which continued to increase with time of exposure;
clearly indicating an apoptotic response (Figure 2.9b). In contrast to cisplatin treatment,
no activation of caspase-3 was observed in cells treated with an equipotent dose of 4
(Figure 2.9b). These results indicate that exposure to anti-proliferative doses of 4 does
not result in significant levels of apoptosis in A2780CIS cells. In the absence of an

apoptotic response to 4, we next characterised the levels of total cell death, independent
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of pathway. To achieve this, A2780CIS cells were treated with anti-proliferative doses of
4 and the number of Trypanblue-positive (membrane-compromised) cells was quantified.
While not able to discriminate between cell-death pathways, this assay will quantify
levels of secondary necrosis, that is, cells which have lost plasma membrane integrity.

Once more, cisplatin was used in parallel as a cytotoxic control.
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Figure 2.9. (a) Morphological analysis for apoptosis (fragmented nuclei: top, circled) within
A2780CIS cell populations incubated with 4 or cisplatin (n=2, £ SD), (b) Immunoblotting analysis
of lysates derived from A2780CIS cells treated either with 4 or cisplatin for the presence of
cleaved caspase-3 (17 kDa fragments),(c) The % of secondary necrosis in A2780CIS cells
treated at 40 and 100 uM concentrations.

Trypanblue staining revealed exposure of A2780CIS cells to 4 did not result in the
generation of significant levels of membrane compromised necrotic cells above an
untreated control: treatment with the ICsy concentration (determined as described in
Table 2.4) of 40 mm 4 resulted in 4% necrosis and even at doses of 100 mm 4 less than

6 % of the cell population has undergone secondary necrosis (Figure 2.8c). Each of
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these values is comparable to background levels of 3% Trypan-blue positive cells
obtained for untreated control cells. In contrast, exposure to cisplatin generates a large
proportion of membrane-compromised cells, where 18% secondary necrosis is observed
for cells treated with the 1Cs, concentration and the levels of nonviable cells approach
40% for cells treated with 100 mm cisplatin, clearly indicating high levels of cell death
due to treatment with the cytotoxic compound. These data provide compelling evidence
that 4 inhibit the proliferation of cancer cells without inducing significant levels of cell
death. Thus, we conclude 4 is predominantly acting in a cytostatic (Cytostasis is defined

as the inhibition of cell growth and multiplication), rather than cytotoxic.>®

2.5.10. Complex 4 induces G1 cell cycle arrest

As 4 exerts an anti-proliferative effect by inducing cytostasis, we hypothesized that cell-
cycle arrest could explain the inhibition of cell growth by the complex. To explore the
effect of4 on the cell cycle, cells were either untreated or exposed to 4 for 24 h before
fixation and flow cytometric analyses. The percentage of cells within each phase of the
cell cycle was determined by propidium iodide (PI) staining and DNA content

guantification.
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Figure 2.10. Cell cycle distributions for A2780CIS cells incubated with 0 (blank), 40 uM or 100 uM
4 for 24 h, and subsequently analysed by flow cytometry. DNA content was quantified using

propidium iodide (PI).

Figure 2.10 shows that treatment of cycling A2780CIS cells with 40 mm 4 results in a

significant concentration dependent increase in cells in G1 phase compared to the
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control (65.3% of the total population in G1 versus 42.7 %, respectively), a dramatic
apparent reduction in the proportion of S-phase cells (25.5% versus 42.1 %), and
concomitant decrease in the proportion of cells in G2/M phase (9.2 % versus15.2 %).
The higher dose of 4 (100 mm) results in an approximately twofold increase in G1 phase
cells (78.9 %) compared to the untreated control (Figure 2.10). Consistent with the low
levels of apoptotic markers described in Figure 2.9 above, there was no sub-G1
(apoptotic) population in cells treated with 4. The large increase in G1 phase cells upon
4 treatment indicates 4 inhibits cell proliferation through impeding cell cycle progress,
either by inducing cell-cycle arrest during G1lphase or by inhibiting the transition from G1

to S phase 4 does not activate the DNA-damage response network.
2.5.11. Complex 4 does not activate the DNA damage response network

We next set out to elucidate the molecular mechanism responsible for 4 induced cell
cycle arrest. Since cell cycle checkpoints modulate DNA damage/genome integrity
responses by controlling the timing of cell cycle progression, and univariate cytometric
analyses cannot easily distinguish between cells arrested in G1 or in early S phase, we
examined whether 4 induced cell cycle arrest occurs via activation of DNA damage
signalling pathways. Therefore, the status of both ATR/Chk1l and ATM/Chk2 checkpoint
signalling pathways, which are activated primarily in response to replication stress and
double-strand breaks respectively,®” was examined. Pathway activation was assessed
by determining the extent of phosphorylation of both Chkl and Chk2 using phospho-
specific and total protein antibodies that recognize activated, and all forms of each
protein, respectively. Furthermore, the levels of the phosphorylated form of the
checkpoint regulator, p53, and a proxy marker of DNA double-strand breaks, phospho-
histone H2AX (y-H2AX), were also determined. As Figure 2.11 shows, there was no

increase in phospho-Chkl (Ser345) levels in cells treated with 4 compared to an
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untreated (-ve) control. In stark contrast, cells incubated with cisplatin exhibited a
progressive, time-dependent increase in Chkl activation, presumably due to replication
stress caused by the presence of cisplatin-induced lesions. Similarly, cisplatin, but not 4,
induced significant time-dependent activation of Chk2 (phospho-Chk2, Ser516), as well

as an increase in phospho-H2AX (Ser139) and phospho-p53 (Ser10).
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Figure 2.11. Complex 4 does not activate DNA damage checkpoints. A2780CIS cells were
treated with either 40 uM 4 or 30 pM cisplatin for the indicated times prior to lysate preparation
and immunoblotting for anti-phospho Chk1 (Ser345), anti-total Chk1, anti-phospho Chk2 (Ser516),
anti-total Chk2, anti-phospho H2AX (Ser139) and anti-phospho p53 (Ser20). B-actin levels were
monitored as loading controls.

Again this observation is consistent with the expected generation of cisplatin mediated
inter-strand crosslinking, resulting in double-strand breaks and a consequent cellular
DNA damage response. These data indicate that treatment of A2780CIS cells with 4
does not activate the DNA damage response signalling network, providing confirmation

that the cytostatic 4 operates via a cellular mechanism of action distinct from cisplatin.
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2.5.12. Complex 4 up-regulates p27 and inhibits Rb phosphorylation

The transition from G1 to S phase is mediated by activation of cyclin D-Cdk4/6 and

cyclin E-Cdk2 protein kinases. Cdks may be inhibited by specific cyclin-dependent

CIP1 KIP1
1 7

kinase inhibitors (CKIs) such as p2 and p2 , and increased levels of either can
result in failure to progress from G1 into S-phase. The former is frequently up-regulated
in a p53-dependent manner as part of the DNA damage response.® External signals
predominantly modulate p27<"* levels, with serum deprivation and contact inhibition

resulting in its up-regulation, and serum addition or growth factors inducing its down-

regulation.
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Figure 2.12. (a) A2780CIS cells growing in serum-containing medium were treated with 0.1%
DMSO (control), 4, 2 or 5 at the stated concentrations for 24 h. Serum-starved cells (24 h) were
employed as a positive control. a-tubulin levels were monitored as a loading control, (b)
A2780CIS cells were incubated with 4 or a negative control (0.1% DMSO) for 24 h prior to lysate
preparation and immunoblotting with anti-phospho-Rb (Ser780) and anti-total Rb antibodies,
independent of phosphorylation state, B-actin levels were used as a loading control. All results
are representative of two independent experiments. (c) Unlike cisplatin complex 4 has not up

regulated the p*.
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As indicated above, exposure to 4 results in significant G1/S cell cycle arrest. In the
absence of evidence of p53 activation (Figure 2.12, lower panels), we investigated
whether 4 acts through the up-regulation of the G1 Cdk inhibitor, p27KIP1 by
determining levels of p27KIP1 expression as a result of treatment with 4. Serum
starvation was used as a positive control for up-regulation of p27KIP1. Western blot
analysis of A2780CIS cells treated with 4 for 24 h showed a significant dose-dependent
increase in the levels of p27KIP1 compared to an untreated control (Figure 2.12a, upper

and lower panels).

Quantifying this increase, treatment of cells with 40 uM 4 resulted in a ~ 2-fold increase
in p27KIP1 levels, while cells exposed to 100 uM 4 resulted in levels of p27KIP1
significantly greater than observed in serum-starved (i.e. quiescent) cells, a four-fold
increase compared to the (serum-containing) untreated control (Figure 2.12a, lower
panels). p27 levels in cells treated with 100 uM 2 or 5 showed comparable p27KIP1
levels to the untreated control, consistent with the absence of an effect of either
mononuclear complex on cell proliferation at these concentrations. The increased
p27KIP1 levels arising from exposure to 4 directly correlate with the inhibition of cell
growth and cell cycle accumulation in G1 phase. In order to confirm that 4 exerts its cell
cycle inhibitory effect via up-regulation of p27KIP1 and consequent inhibition of cyclin-
Cdk complexes, we examined the effect of 4 on the activation status of the tumour
suppressor retinoblastoma protein (Rb), which plays a key role in the exit from G1
phase. During the progression from G1 into S phase, active hypo-phosphorylated Rb is
deactivated via phosphorylation by the cyclin D-Cdk4/6 and cyclin E-Cdk2 kinases to
facilitate cell cycle progression. Using antibodies that recognize either phosphorylated
Rb (at Ser780) or total Rb levels, we examined the phosphorylation status of Rb in 4

treated cells by western blot analysis to determine the activation status of this pathway.
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Figure 2.12b (upper panel) shows cells exposed to 4 exhibit a progressive,
concentration-dependent decrease in levels of p-Rb phosphorylated at Ser780,
indicating the strong inhibition of Rb phosphorylation at this site. Consistent with this
observation, the ratio of hyper-phorylated Rb to hypo-phosphorylated Rb decreased with
exposure to 4 (Figure 2.12b, middle panel). These results indicate the phosphorylation of
Rb is dramatically inhibited by 4 and are in agreement with the concept that 4 up-
regulates p27KIP1. In order to investigate any contribution of p21 to the
hypophosphorylation of Rb, we undertook western blot analysis of p21 levels following
exposure to 4; however, no increase in p21 was observed after 24 h exposure (Figure

2.12c).

2.6. Conclusion
In conclusions, we have successfully synthesised Ru(ll)-Pt(ll)-terpyridine based
heterodinuclear complex and its components for comparative purpose and studied their

DNA binding behaviour.

Complex 4
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Figure 2.13. Diagram illustrating the proposed mechanism of action of 4.
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UV-Visible and viscosity studies clear shows that these metal complexes are interacting
with CT-DNA via groove binding. *"HNMR studies with nucleotide guanosine indicated
except 5 neither 2 nor 4 binds to the N7 position. ITC studies described the spontaneous
reaction between the DNA and the synthesised metal complexes. 4 was found to be
anti-proliferative in nature and stops the cell cycle at S1 We therefore conclude that the
mechanism of action of 4 is through the up-regulation of p27KIP1 and resultant inhibition
of Rb phosphorylation. The inhibition of Rb phosphorylation acts to block cell cycle entry
into S phase at the G1 restriction point, culminating in G1 cell cycle arrest and the

inhibition of cell growth (Figure 2.13).
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Chapter 3

3.1. Introduction

According to the world health organization cancer is the leading cause of death all
around the world.! One of the defining features of cancer is the rapid creation of
abnormal cells that grow beyond their usual boundaries, which can invade adjoining
parts of the body and spread to other organs, the latter process is known as
metastasizing. Photodynamic therapy (PDT) is a non-invasive and one of most
extensively used technique for the treatment of dermatological diseases and various
types of cancers, which could be controlled and used selectively to treat tumors.>* The
main advantage over traditional therapies such as surgery, radiation and chemotherapy
is that PDT produces lesser side effects. PDT is a treatment that uses a drug called a
photosensitizer or photosensitizing (PS) moiety that shows activity against tumor in
presence of light.' Ideally, PDT reagent should not show any such activity in dark.
Activity of such PDT reagent mainly depends on the efficiency of the PS or fragment in
generating long lived excited state that eventually led to the generation of reactive
oxygen species (ROS) like superoxide anion (O,*), hydroxyl radical (HO*"), hydrogen
peroxide and singlet oxygen (*O,) following energy or electron transfer process on
excitation of PS moiety at an appropriate wavelength (Figure 3.1). Such ROS species,
specifically *O, is known to be cytotoxic to living cells and can be judiciously utilized for
targeted singlet oxygen chemotherapy.

Surgical intervention for the removal of a part of an organ that is affected by cancer is
generally followed by chemo- or radio-therapy, which helps in decreasing the risk of the
cancer re-occurrence.’ However, tumor metastasis is a multistep biological process that
allows cancer cells to get away from the primary tumor, survive in the circulation, located
in distant site and grow.® Thus, more recently it has been argued that the effective
treatment for cancer largely depends on the anti-metastatic activity and cell cycle arrest

of affected live cells. Accordingly, there are considerable ongoing efforts for developing
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appropriate chemotherapeutic drugs which can prohibit the metastasis process.
Commercially available PS such as hematoporphyrins and its derivatives (HpD)
generally suffers from drawbacks such as lower solubility in aqueous solutions and weak
absorption band at 630 nm. This necessitates the use of high light doses of 100-200
Jicm? for achieving the desired control on tumor growth. Also, severe side effect is
observed for a common PDT drug like Porfimer sodium, as it is retained in the body for

about 4 months and results in skin photosensitivity.”

1 Z
PS, J—&4——— 1
T Charge 0z
1 1C Transfer )
1 1 ISC Singlet
PS ¥y — 3 Oxygen
(@)
T\ \— (-\\ 2
——— %s
Absorption Fluorescence Phosphorescence
Y \
PS ¥

Figure 3.1. Schematic of Jablonski diagram that shows the mechanism for the 'o, generation.

More recently, European Union has approved the use of meso-tetra hydroxyphenyl
chlorine (nTHPC) as a PS for PDT application.>*® Relatively much lower light doses
(10-20 J/cm?) at a longer wavelength (652 nm) for tumor control is the primary reason for
the edge of this reagent over HpD derivatives. Chlorins is basically “Chlorophyll a” and
this is being regularly used as a PDT reagent." However, this also suffers from the major
problem of desired stability in physiological conditions as well as from the problem of
photobleaching on irradiation."® These somehow limit the use of this reagent as PDT
reagent. Thus, there is a definite scope for developing an appropriate reagent that can
overcome the aforesaid drawbacks. After successful entry of ruthenium based drugs
(NAMI-A and KP1019) into human clinical trials, there is a definite surge of interest for

developing Ru(ll)-based novel anticancer drugs with improved efficiency.®'® Recently,
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certain ruthenium-porphyrin conjugates with improved cytotoxicity at lower light doses

have been reported in the literature.'*™*

However, these reagents require longer
exposure times (72 h) and they tend to form molecular aggregates in the agueous
solution.'® There were definite attempts for improving solubility of the PDT reagents for
reducing the effective exposure times.**** Possibility of achieving higher solubility for
Ru(1)-polypyridyl complexes by choosing appropriate counter anions as well as through
appropriate functionalization of the coordinated bpy functionality has actually contributed
in designing new Ru(ll)-polypyridyl complexes for their use as anti-cancer and anti-
metastatic drugs.®*® Apart from these, visible light excitation, reasonably long lived triplet
excited states, higher stability towards photobleaching have made this class of
complexes an attractive choice for use as photodynamic therapeutic reagent.’

Recent reports suggest that the conjugation of biologically relevant molecules to the
Ru(1D)-polypyridyl complexes could improve the cellular internalization. Ru(ll)-polypyridyl
complexes having appropriately functionalized bpy derivative could also help in
enhancing the lipophilicity of the complex and recent reports also suggest that higher
lipophilicity of a reagent is linked to a more efficient internalization.**?* Herein, we have
discussed the possibility of using two novel Ru(ll)-polypyridyl based reagents having
pendant tyrosine or tryptophan moiety as efficient PDT reagents. Photo-induced
cytotoxicity, anti-metastatic property, cellular uptake and ROS mediated DNA cleaving
pathways for the complexes 1 and 2 (Scheme 3.1) have been discussed with special
emphasis for using lower dose of light (10 J/cm?) for PDT purposes.

Synthesis of 1 and 2 were achieved by following previously reported literature
procedures.””* Both complexes were characterized using various spectroscopic (‘H
NMR, **C NMR, ESI-Ms, FTIR) and analytical techniques. All the spectroscopic results
as well as the results of the elemental analysis confirmed the desired purity for both

complexes, which were utilized for our studies. Photophysical properties of these two
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complexes are well established and this is the primary reason for choosing these two
complexes for our studies. Tyrosine is a non-essential amino acid that plays a crucial
role in the protein synthesis and act as a receiver of phosphate groups in biological
systems that are transferred by way of protein kinases (so-called receptor tyrosine
kinases).** Also, it is involved in the mechanism of photosynthetic oxidation of water into
molecular oxygen in photosystem Il (PSIl).”® Tryptophan is utilized for designing the
complex 2 for our studies is an essential amino acid that is required and cannot be
synthesized by the organisms. Certain tyrosine and tryptophan derivatives are known to
readily cross the blood—brain barrier and facilitate the cellular internalization.”® On the
other hand, the Ru(ll)-polypyridyl complexes are known to generate radical species (e.qg.
!0, or OH") on irradiation at their MLCT band in the visible region of spectrum and such
ROS species are generally known to damage DNA and to be cytotoxic to the living cells.
Thus, these two complexes, functionalized with amino acid moieties that help in cellular
internalization and with well-defined photophysical/physicochemical properties, were
utilized for checking the photo-induced damage of DNA molecules as well as the
cytotoxicity imparted on living cancer cells. These eventually lead to a ROS mediated

cell death.

3.2. Experimental section

3.2.1. N,N-Dimethyl-4-nitrosoaniline/histidine assay

The singlet oxygen production was measured by the N,N-dimethyl-4-nitroso-
aniline/histidine assay based on the oxidation of histidine by singlet oxygen and the
subsequent reaction of the oxidised histidine with N,N-dimethyl-4-nitrosoaniline as
previously described.?” The absorbance of the compound was adjusted to approximately
0.2 at the irradiation wavelength. In practice, 20 mM DMSO stock solution of compound

was diluted in 4 mL PBS solution (pH 7.4) containing N,N-dimethyl-4-nitrosoaniline (25
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MM) and histidine (0.01 M) and irradiated in fluorescence quartz cuvettes (width 1 cm).
Bleaching of N,N-dimethyl-4-nitrosoaniline was followed by monitoring of the absorption
at 440 nm. Negative control experiments were run by repeating the measurements in the
absence of histidine. The same conditions were also used for singlet oxygen detection in
acetonitrile, except that imidazole was used instead of histidine due to the low solubility
of histidine in this solvent. In addition, the absorbance peak of N,N-dimethyl-4-
nitrosoaniline shifts to 415 nm in acetonitrile. The absorbance at 440/415 nm was then
plotted as a function of irradiation time and the quantum yields of singlet oxygen
formation (Psampie) Were calculated using phenalenone as the standard (®reference) With the

equation 6.

S
S

/ reference

/

sample

d) Sample = ¢ reference

reference sample Equation 6

3.2.2. Cytotoxicity and confocal studies

Cell cultures were treated with 0 - 300 uM solutions of 1 and 2 in triplicate for 24 h. After
incubation, 5 pL of MTT reagent was added and incubated for 4 h. MTT = (3-(4,5-
dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide) dissolved in serum-free media.
The media was removed and the formazan dissolved using isopropanol and the
absorbance at 570 nm quantified by plate reader (reference 620 nm). ICsq values for the
two complexes were found to be >300 uM. A549 and Hctl16 cells were cultured in
DMEM media. Cell lines were maintained at 37° C in an atmosphere of 5 % CO, and
routinely sub-cultured. For CLSM, cell cultures were grown on 6 well plate with
coverslips and after 24 h of incubation, these cells were treated with solutions of 1 and 2
(30 pM) in serum containing media and further incubated for 4 h. After incubation, media
was removed and cells were washed with 1XPBS buffer. Endoplasmic reticulum staining

studies were performed using lysotracker green form life technologies. Cells were
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fluorescently imaged on a Fluoview confocal laser scanning microscope by using 60X
oil-immersion lenses. Complexes 1 and 2 were excited with laser at 442 nm and
emission monitored at 620 nm (red) wavelengths. Lysotracker was excited at 504 nm.
3.2.3. Wound healing (scratch motility) assay

MDA-MB-231 cells were cultured in Leibovitz's L15 medium with 10 % FBs. 1 X 10%/ mL
cells were seeded in 6 well plate and incubated for 24 hiin a 5 % CO, incubator at 37° C
to form a monolayer. After 24 h gaps were created using pipette tip on the confluent
monolayer and washed with media to remove cellular debris. The fresh medium
supplemented with 10 % FBS was added into well and incubated with 1 and 2 (30 uM)
for 4 h to allow the uptake by cells. Following with same conditions one cell culture plate
was photo-irradiated for 4 h and the other place kept in the dark conditions. The cell
migration observed and imaged at regular intervals (0-10 h) using Nikon live cell imaging
microscope for 10 h. The rate of migration of the cells was calculated using image pro
6.0 software provided along with Nikon microscope.

3.2.4. Comet assay

Live A549 cells were incubated with 1 and 2 for 4 h and then these cells were
suspended in PBS buffer. This suspension of the cells was embedded into the low
melting agarose (0.5 %) gel. 100 pL of this mixture is poured on top of the agarose pre-
coated comet slides. Coverslip was placed on top of the comet slides and removed after
solidification of agarose. A549 cells were lysed with alkaline solution over night at 4°C.
Then slides were removed and rinsed twice with rinsing solution to remove the residual
amounts of excess salt and detergents. The comet slide incubated for 2 h in
electrophoresis unit in 1XPBS buffer solution. Voltage (0.6 V/cm for 25 min with current
of 40 mA) applied to accumulate the damaged DNA at the end of the cathode. Then
slide was removed from electrophoresis chamber and rinsed with 400 mL of distilled

water. The comet slide was placed in staining solution (syber green solution) for 20 min.
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Again the comet slide was rinsed with 400 mL of deionised water to remove the excess
stain. The DNA damage was visualized using microscope under ultra-violet light.

3.2.5. Cellular uptake & quantification of 1, 2, by MP-AES

In order to quantify the amount of Ru(ll)-complexes taken up by the A549 cells, the
complexes 1 and 2 (30 uM) were incubated with A549 cell for the 4 h at 37°C. Cells
were washed twice with PBS buffer to remove the ruthenium in culture media. Cells
digested with 1N nitric acid followed by the diluting with 10 mL of distilled water. The
accumulation of 1 and 2 were then quantified by conducting the microwave plasma
atomic emission spectroscopy (MP-AES).

3.2.6. Cell cycle analysis

A549 cells seeded in 60 mm petri dishes and cultured in DMEM medium. Post 24 h cells
were treated with complex 1 and 2 for 4 h. Later, these cells were photo-irradiated
continuously for 2 h from a distance of 2 cm. Using trypsin EDTA cells dislodged and
collected in 15 mL falcon tubes. Cells thoroughly washed with PBS to remove
media/serum and trypsin EDTA. Then cells were suspended in 500 pL PBS and 4.5 mL
70 % chilled ethanol added drop wise to fix the cells overnight at -20° C. Ethanol
removed by PBS wash for three times at 4° C. To the cell pellet 50 uL RNase A (50
pg/mL) added and incubated for 30 min at 37° C. Cells were added with 400 pL
propidiumiodide (100 pg/mL) and incubated for 15 min at room-temperature maintaining
dark conditions. This was subjected to flow cytometry and different phases of the cell
cycle determined.

3.2.7. Invasion assay

2.5 X 10* MDA-MB231 highly metastatic breast cancer cells seeded onto each well of 24
well matrigel plate chamber. Below the matrigel chamber 750 pL of fetal bovine serum
was placed as chemo-attractant for the MDA-MB231 cells to invade. Cells were treated

with complex 1 and 2 for 4 h and then either exposed to dark or blue wavelength light
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conditions for 2 h. The cells were then allowed to invade the matrigel over-night at 37° C
in a humidified 95 % incubator. Next day, the non-invading cells were removed using
moistened cotton swabs. Cells were fixed with 100 % chilled methanol for 15 min and
then washed with phosphate buffered (1XPBS) three times. 0.4 % crystal violet was
prepared and then 500 pL was applied into the chamber containing matrigel and invaded
cells. After 15 min of crystal violet staining three PBS washes given and then air dried.
The chamber was then placed under inverted microscope to count the number of
invaded cells. The % of cell invasion calculated using equation 7.

mean number of cells invading throught
matrigel matrix coated permeable support membrane
number of cells migrating through uncoated permeable
support membrane

% Invasion = x 100 Equation7

3.2.8. Western blotting

Cells were lysed in TNN buffer (50 mM tris, pH 7.5, 5 mM EDTA, 0.5 % NP40 150 mM
NaCl and 1 mM DTT), supplemented with protease inhibitor cocktail. The concentration
of total protein in the cell lysate was determined by Bradford reagent (Thermo Scientific).
Each protein of 40 yg was loaded onto 10 % SDS-PAGE, and protein was transferred
onto PVDF membrane (Millipore) using western blot technique. After the completion of
protein transfer, the membrane was blocked for 2 h at room temperature in 5% BSA (MP
Biomedicals). The blot was then washed with 1X TBST (tris buffer saline, 0.1% Tween
20) 3 times, each for 5 min. The blot was probed with primary antibodies against
caspase-3, caspase-9, B-actin and GAPDH (Santa Cruz) for 2 h in 1:1000 dilutions for
caspase 3 and caspase 9 and 1:4000 dilutions for B-actin and GAPDH. After washing
the blot in 1XTBST, secondary antibody which was conjugated with Horseradish
peroxidase was then added in 1:4000 dilutions in 1XTBST buffer. The blot was then

developed using autoradiography in X-ray film.
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3.3. Synthesis and characterization
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Scheme 3.1. Synthetic route adopted for the preparation of L,, L,,1 and 2.
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3.3.1. Synthesis of L;: Ethyl (4'-methyl-[2,2'-bipyridine]-4-carbonyl)tyrosinate

4'-methyl-[2,2'-bipyridine]-4-carboxylic acid (500 mg, 2.336 mmol) was taken in a two
necked round bottom flask. To this thionyl chloride (25 mL) was added under inert
atmosphere. Then the solution was heated to reflux for 6 h with constant stirring. Excess
thionyl chloride was removed by distillation under reduced pressure. Dry triethylamine (1
mL) was added to a solution of L-tyrosine ethyl ester hydrochloride (636.7 mg, 2.562
mmol) in dry distilled acetonitrile (30 mL) and the resulting solution was stirred
thoroughly. To this, acid chloride solution in dry acetonitrile was added in a drop wise
manner over one hour. The solution was stirred for half an hour at room temperature and
then it was set to reflux for 12 h under inert atmosphere. The solution was then cooled
and filtered. The filtrate was evaporated to dryness, and the residue was dissolved in
dichloromethane (= 30 mL) and washed three times with water to remove excess
triethylamine. The organic phase was dried with anhydrous sodium sulfate and the
solvents evaporated to dryness. The crude product was purified by chromatography
using silica as the stationary phase and ethyl acetate/hexane as the eluent; yield 476.35

mg, 50 %. ESI-MS (m/z): calculated 405.45; found 406.38 [M + H']. *"H NMR (200 MHz,
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CDCl3): & ppm = 8.71(d, J = 5 Hz, 1H), 8.55 (s, 1H), 8.48 (d, J = 4.8 Hz, 1H), 8.12 (s,
1H), 7.64 (d, J = 4.8 Hz, 1H), 7.25 (d, J = 4.2Hz, 1H), 7.1 (d, J = 8.4 Hz, 2 H), 6.72 (d, J
= 8.2 Hz, 2H), 4.86 - 4.78 (m, 1H), 4.18 (q, J = 7.2 Hz, 2H) 3.26 - 2.98 (m, 2 H), 2.43 (s,
3 H), 1.23 (t, J = 7.2 Hz, 3 H).

3.3.2. Synthesis of L,: Ethyl (4'-methyl-[2,2'-bipyridine]-4-carbonyl)tryptophanate
4'-methyl-[2,2'-bipyridine]-4-carboxylic acid (500 mg, 2.336 mmol) was taken in a two
necked round bottom flask. To this thionyl chloride (25 mL) was added and the solution
was heated to reflux for 6 h. Excess thionyl chloride was removed by distillation under
reduced pressure. To a solution of L-tryptophan ethyl ester hydrochloride (650 mg, 2.41
mmol) in dry distilled acetonitrile (30 mL), dry triethylamine (1 mL) was added and
stirred. To This solution, acid chloride (dissolved in dry acetonitrile) was added in a drop
wise manner over one hour. The solution was stirred for half an hour at room
temperature and then refluxed for 12 h under inert atmosphere. The solution was then
cooled and filtered. The filtrate was evaporated to dryness, and the residue was
dissolved in 30 mL of dichloromethane and washed three times with water to remove
excess triethylamine. The organic phase was dried with anhydrous sodium sulfate and
the solvents evaporated to dryness. The crude product was purified by chromatography
using silica as the stationary phase and ethyl acetate/hexane as the eluent; yield 475
mg, 49.5 %. ESI-MS (m/z): calculated 428.49; found 428.38 [M + H']. *HNMR (200 MHz,
5 ppm): 8.75 (d, J = 5.0 Hz), 8.58 (s), 8.54 (d, J = 5.0 Hz), 8.21 (s), 8.14 - 8.04 (m), 7.60
(dd, J = 9.7, 2.7 Hz), 7.36 (d, J = 7.8 Hz), 7.20 - 7.10 (m), 7.07 (d, J = 6.2 Hz), 6.98 -
6.88 (M), 5.22 - 5.07 (m), 4.18 (dt, J = 7.0, 3.8 Hz), 3.48 (d, J = 5.4 Hz), 2.45 (s), 1.25 (t,
J=7.1Hz).

3.3.3. Synthesis of complex 1

Complex 1 was synthesized according to the reported literature procedure.”® About 0.19

g (0.36 mmol) of Ru(bpy).Cl,.2H,0 was dissolved in 30 mL of dry ethanol and ligand L,
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(0.15 mg, 0.36 mmol) was added to this solution. The reaction mixture was allowed to
reflux for 8 h under N, atmosphere with continuous stirring. Then the reaction mixture
was cooled to room temperature and the solvent was removed under vacuum. The
desired Ru(ll)-complex was collected by the solvent extraction method using the
dichloromethane and water system. Few drops (~0.5 mL) of CH3;CN were used while
performing solvent extraction process (0.5 mL) for efficient extraction of the complex into
the organic layer. Dichloromethane solution (having little CH3;CN) was dried under
reduced pressure and the crude red solid was subjected to the column chromatography.
For this, silica gel was used as the stationary phase and CH;CN-saturated aq. KPFg
solution was used as mobile phase. Second major fraction was collected for isolating the
desired compound in pure form. Characterization of complex 1 was carried out by using
standard analytical and spectroscopic techniques. Yield: 58.3 % (196 mg, 0.17 mmol).
ESI-HRMS (m/z) for formula: C,3H39FsN;O4PRuU; calculated 964.1740; found: 964.1743.
'H NMR 500 MHz, in CH3CN (8, ppm): & ppm 8.73 (s), 8.53 (d, J = 8.4 Hz), 8.09 (t, J =
7.9 Hz), 7.88 (dd, J = 5.8, 2.6 Hz), 7.78-7.70 (m), 7.64 (d, J = 7.9 Hz), 7.62-7.59 (m),
7.58 (d, J = 5.8 Hz), 7.43 (t, J = 6.7 Hz), 7.31 (d, J = 5.5 Hz), 7.13 (dd, J = 8.5, 3.5 Hz),
6.75 (dd, J = 8.5, 4.5 Hz), 4.86-4.80 (m), 4.18 (g, J = 8.5 Hz), 3.22 (dd, J = 14.0, 5.8 Hz),

3.09 (dd, J = 14.1, 8.6 Hz), 2.59 (s), 1.24 (t, J = 7.1 Hz).

3.3.4. Synthesis of complex 2

Complex 2 was also synthesized according to the reported literature procedures® About
0.19 g (0.36 mmol) of Ru(bpy).Cl,.2H,0O was dissolved in 30 mL of dry ethanol followed
by the addition of ligand L, (0.15 mg, 0.35 mmol). The reaction mixture was allowed to
reflux for 8 h under N, atmosphere with continuous stirring. Then the reaction mixture
was cooled to room temperature and the solvent was removed by rotary evaporation.

The Ru(ll)-complex was collected by the solvent extraction method using the
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dichloromethane (in presence of little CH;CN) and water system. Minimum amount of
acetonitrile (0.5 mL) was added for efficient extraction of the desired complex in the
organic layer. This crude compound was subjected to the column chromatography. Silica
gel was used as stationary phase and CHs;CN-aqueous saturated KPFg solution was
used as the mobile phase. Characterization of complex 2 was carried out by using
standard analytical and spectroscopic techniques. Yield: 50 % (180 mg, 0.159 mmol).
ESI-HRMS m/z (%) for formula C;sH40NgOsRu, calculated 841.2183; found: 841.2184.
HNMR (200 MHz) & ppm 9.19 (d, J = 1.2 Hz), 8.60 (s), 8.49 (d, J = 8.1 Hz), 8.38 (s),
8.06 (dd, J = 11.1, 4.6 Hz), 7.81 (d, J = 5.7 Hz), 7.70 (d, J = 5.0 Hz), 7.57 (d, J = 5.9 Hz),
7.52(s), 7.39 (t, J = 6.5 Hz), 7.25 (s), 7.21 (d, J = 4.3 Hz), 7.17 (s), 7.03 - 6.89 (m), 5.03

- 4.88 (M), 4.15 (q, J = 7.1 Hz), 3.46 - 3.34 (M), 2.55 (s), 1.21 (t, J = 7.1 Hz).

3.4. Results and discussion
3.4.1. UV-Visible and fluorescence titration studies with CT-DNA

Ruthenium(ll)-polypyridyl complexes have been widely studied for their ability to bind
with DNA through reversible or irreversible binding interaction. Water soluble complexes
1 and 2 were obtained via their anion metathesis of their respective PFs salts using [n-
BusN]CI in acetone. Interaction of the respective complex 1 (Figure 3.2a, b) and 2
(Figure 3.2c, d) with CT-DNA was investigated using UV-Visible and fluorescence
spectroscopy. Systematic titration studies (Figure 3.2a, c) revealed that addition of small
aliquots of CT-DNA to the buffer solution containing 1 or 2 induce an appreciable
hypochromic shift in n—=* (290 nm) and MLCT bands (450 nm) of the respective
complexes. The changes in the MLCT band yield a typical saturation ligand-DNA binding
curve (inset in Figures 3.2) and higher binding ratios produced no additional changes in

absorption spectra.
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Figure 3.2. UV-Visible and fluorescence spectral changes for 1 (a, b) and 2 (c, d) by the addition
of CT-DNA in Tris-HCI buffer pH = 7.4 at 25° C.

By fitting the changes in absorption at 450 nm in to the McGhee von-Hippel binding
model*® revealed that both complexes have a similar affinity for DNA, with equilibrium
binding constants, Ky, of 3.2 X 10° M and 3.3 X 10° M for 2 and 4 respectively.

Table 3.1. Binding parameters obtained from UV-Visible and fluorescence titrations for 1 and 2

with CT-DNA in Tris-HCI buffer (pH = 7.4).

1 2

Titration
Ke[Mol™] | S[bp] | Ke[Mol™] | S[bp]

Absorbance | 3.2x10° | 0.8 |[3.3X10°| 1.20

Fluorescence | 1.6 X 10° 0.6 |2.1X10°| 0.75

The addition of small aliquots of CT-DNA until there was no the enhancement in the
emission intensity of 1 and 2 at 620 nm was observed. The fluorescence emission
intensity at 620 nm was used to calculate the binding constants by fitting the data in to
the same binding model used above and the values were mentioned below in Table 3.1.

From fluorescence titration studies the addition of CT-DNA to the buffer solutions of 1
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and 2 leads to the enhancement in the fluorescence intensity of the respective
complexes. The binding affinity K, and site size S, were calculated by fitting the
obtained data from UV-Visible and fluorescence spectroscopic titrations in to McGhee
Von-Hippel model (Table 3.1). The binding affinities obtained by absorption titrations
were found to be in good agreement with those obtained by fluorescence titrations. The
changes in MLCT band yield a saturation ligand—DNA binding curve (Insets in Figure 3.2
a, b, ¢, d) and higher binding ratios produced no additional changes in absorption and

emission spectra of 1 and 2.
3.4.2. Isothermal titration calorimetry studies with CT-DNA

To corroborate the binding parameters obtained from the UV-Vis and fluorescence
titrations we have also conducted the isothermal titration calorimetry (ITC)
measurements. ITC experiments were used to measure the thermodynamical
parameters associated with the interaction of complexes 1, 2 with CT-DNA (Figure 3.3).
The thermographs displayed in Figure 3.3a and 3.3b indicates the interaction of 1 and 2

with CT-DNA respectively.
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Figure 3.3. Results of the ITC studies depicting the binding profiles for the interaction of
complexes 1 (a) and 2 (b) with CT-DNA in Tris-HCI buffer pH = 7.4 at 25° C.
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Table 3.2. ITC derived thermodynamic parameters for the interaction of 1 and 2 with CT-DNA.

Complex 1 2
Ky[Mol™] (1.18 + 0.2)10° (1.57 +0.7)10°
AH [KcalMol ] 1.23+0 3.79+0.3
TAS [KcalMol™] 2.52 10.87
AG [KcalMol™] -1.29 -7.087
S [bp] 1.73+0 0.92+0

The binding affinities for 1 (K,'= 1.18 X 10°) and 2 (K,? = 1.57 X 10°) towards CT-DNA
were in good agreement with those obtained from VU-Visible and fluorescence titrations.
Interactions of 1 and 2 were found to be enthalpically driven with small favourable
entropy (Table 3.2). The best fit for the integrated heat data was obtained using a single
set of identical sites model. Since, ITC and spectroscopic techniques used two different
binding models to calculate the binding constant (K,) and site size (S), one can find the

slight differences in the values of K, and S (bp).

3.4.3. Viscosity studies
To understand the mode of DNA binding of complexes 1 and 2 we have further
conducted viscosity measurements in Tris-HCI buffer (pH = 7.4) at (27 = 1)° C using

canon viscometer
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Figure 3.4. The relative viscosity changes of CT-DNA upon interaction with complex 1, 2
ethediumbromide and [Ru(bpy)s]°* used for control purpose.
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Viscosity results (Figure 3.4) confirmed that neither 1 nor 2 can alter the relative
viscosities of aqueous DNA solutions indicating that these two complexes are not
intercalating between the DNA base pairs. For the control purpose [Ru(bpy)s]** and
ethediumbromide were used, which are known to bind CT-DNA through groove and
intercalation modes respectively.?® All these observations suggested that 1 and 2
could interact with CT-DNA predominantly through groove binding. However, certain
effect of the electrostatic interactions between these cationic complexes with the

negatively charged phosphate backbone of the DNA cannot be completely ruled out.

3.4.4. Light induced cytotoxicity: MTT assay

Ru(ll)-polypyridyl complexes are known for the generation of reactive oxygen species
(ROS) upon irradiation with light source at the respective MLCT band maximum for the

respective complex.
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Figure 3.5. Photo-induced cytotoxicity of 1 and 2 in 2D tumors spheroids of A549, Hct116 cells (a-
d) after photo-irradiation for 4 h (green bars), and in dark for 4 h (red bars). Photo-induced
cytotoxicity of 1 and 2 in 3D tumors spheroids of A549, Hct116 cells (e-h) after photo-irradiation
for 4 h (block bars), and in dark for 4 h (pink bars).

Accordingly, we have examined light induced cytotoxicity of complexes 1 and 2 towards

the two different cancer cell lines. Live human lung cancer cells (A549) and colon cancer
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cells (Hct116) were incubated with 1 and 2 for 4 h in the dark conditions for control
experiments. These cells were also incubated on photo irradiation at the MLCT bands of
1 and 2 with blue LED light source (Arange ~ 450 - 500 nm having flux of 10 J/cmz) under
otherwise identical condition. The MTT assay studies revealed (Figure 3.5) that these
two complexes are non-toxic in the dark conditions (ICso > 300 puM). More than 85 % of
the cells survived at 300 UM concentration when incubated in dark. However, upon
photo irradiation for 4 h, the calculated ICs, values (Table. 3.3) were 25 and 28 pM,

respectively, for complexes 1 and 2.

Table 3.3. ICsq values for the complexes 1 and 2 incubated with A549 and Hct116 2D, 3D tumor

cells in the dark and upon photo-irradiation.

ICso(UM) Complex 1 Complex 2

Dark Light Dark Light

Cell type | 2D 3D 2D 3D 2D 3D 2D 3D

A549 >300 | >300 | 28+ 0.6 | 58 +0.2 | >300 | >300 | 25+0.5 | 62+0.4

Hct116 >300 | >300 | 30+ 0.4 | 65+0.1 | >300 | >300 | 30+0.2 | 59+0.3

The >10-fold difference in light and dark ICs, values adds to the significance of these
complexes for possible application as PDT agent. It is worth mentioning that literature
reports suggest most initial drug screening is performed with two dimensional cell
culture.’®3" A solid cancer, such as those of the breast, colon, stomach, lung and liver, is
a tumour mass that is hypoxic at the centre and denser than the surrounding tissue. With
recent development of tumor engineering allowed us to adopt 3D cell culture model. This
3D cell culture model performs better than the commonly used 2D models in capturing
complexity of in-vivo processes within the tumor microenvironment and this provides a

more realistic platform and physiological environment than traditional monolayer cultures
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or flat biology.?** These spheroids mimic the pathophysiology of tumors, including
hypoxic/necrotic regions as well as mimics the changes in cell shape, high proportions of
guiescent cells, alterations in gene expression profiles, and diminished permeability to
drugs.® Spheroids exhibit the phenomena of multicellular resistance (MCR), which is
manifested in the diminished efficacy of chemotherapeutics similar to in-vivo activities.*
Thus, to examine the cytotoxicity of these two photoresponsive Ru(ll)-polypyridyl
complexes towards such 3D tumors under more biologically relevant conditions, efficacy
was examined with 3D tumor model by generating tumor spheroids with A549 and
Hct116 cells. Spheroids of ca. 600 um in diameter were dosed with compounds 1 and 2
(10 — 300 uM) and then these tumors were either kept in the dark for control experiments
or were kept under photo-irradiation for 4 h with blue LED light having Agange ~ 450 - 500
nm having flux of 10 J/cm? (Figure 3.5e-h). Significant photo-induced cytotoxicity was
observed for both complexes (1 and 2) with an ICsq values two different cell lines are
provided in the Table 3.3. For control experiments, where cells were kept in the dark
conditions, more that 95 % of the cell survival was observed for [1] or [2] of ~ 300 puM.
These data clearly revealed that both complexes are non-toxic to live A549 and Hct116
cells when incubated in dark and showed significant light induced cytotoxicity towards
these cells. Further, our studies revealed that for 3D tumor models, a 2-fold increase in

ICso values as compared to the two dimensional cell models.

3.4.5. DNA photo-cleavage: Gel electrophoresis studies

We had further investigated the possible mechanism of cell death caused by complexes
1 and 2. To assess the DNA damaging ability of 1 and 2 upon photo-irradiation, we had
conducted the gel electrophoresis experiment with pUC19 plasmid DNA after incubation
with 1 or 2 for 4 h either in the dark conditions for control experiments or after exposing it

to the irradiation to light A source having Agange Of 450-500 nm having flux of 10 Jlem?. To
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understand the possible role of reactive oxygen species (ROS) for causing cell deaths,
extent of DNA damage caused by complexes 1 and 2 on irradiation was studied in detail.
pUC19 plasmid DNA (40 pg/ mL) was incubated with complexes 1 or 2 (25 or 50 pm)

and irradiated for 4 h with light (blue LED light having A > 450 nm with flux of 10 J/cm?).

(a) c Light Dark

Figure 3.6. Electrophoresis in agarose gel of pUC19 plasmid DNA with 1(a) and 2 (b) following
photo-irradiation for 4 h (lanes 1-5) and incubation in the dark conditions for 4 h (lanes 6-10) in
presence of different inhibitors. Lane C: Control plasmid DNA, lane 1: DNA with 1 or 2 (50 pM),
lane 2: DNA with 1 or 2 (100 uM), lane 3: DNA with 1 or 2 (100 uM) in presence of D,0, lane 4:
DNA with 1 or 2 (100 uM) in presence of DMSO, Lane 5: DNA with 1 or 2 (100 uM) in presence of
NaNs. In all cases [DNA] = 40 pg/mL, [NaN3] = 100 mM, [D,0O] = 100 mM, [DMSO] = 200 mM;
Lanes 6-10 represents the samples incubated in dark with same experimental conditions followed
for lanes 1-3.

Images of the electrophoresis studies in agarose gel of pUC19 plasmid DNA (Figure 3.6)
clearly revealed that the DNA cleavage had occurred when plasmid DNA samples were
photo-irradiated. Results of the control experiments performed in the dark conditions
revealed that no such DNA cleavage had actually occurred. It is well documented in the
literature that Ru(ll)-polypyridyl complexes are capable of converting water or molecular
oxygen in to the respective ROS species (OH' or 'O,) following an energy transfer
process involving their 3MLCT state.***"*® To understand which one of these two ROS is
responsible for the observed pUC19 plasmid DNA cleavage for the present study,

control experiments were performed after incubating the plasmid DNA with 50 pM of 1
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(Figure 3.6a) or 2 (Figure 3.6b) along with DMSO (scavenge OH’ radical) or D,O
(enhances the 'O, lifetime) or NaN; (*O, quencher) under photo-irradiation condition for
4 h. These reaction mixtures were subjected to agarose gel electrophoresis (Lanes 1-5,
Figure 3.6a for complex 1; Figure 3.6b for complex 2). Simultaneous control experiments
were performed after incubation in dark for 4 h under otherwise identical experimental
conditions (Lanes 6-10, Figure 3.6b for complex 1, Figure 3.6b for complex 2). It is
evident from Figure 3.6 that pUC19 plasmid DNA on incubation with complex 1 or 2
under irradiation is converted from supercoiled (SC) to nicked circular (NC) DNA. But no
such NC form of DNA is observed when samples are incubated with complex 1 or 2 in
dark. For experiments that were performed in presence of D,0, a distinct increase in the
SC to NC (lane 3) forms was observed. For experiments that were performed after
incubation with DMSO, the pattern of the damage to the plasmid remained unchanged
(lane 4). All these tend to confirm that 'O, and not OH" is generated in-situ as the ROS
on irradiation of Ru(ll)-polypyridyl complex 1 or 2 under the experimental conditions that
were used for our studies. In order to further confirm this, the samples were co-
incubated with NaN3, which was known to be an efficient scavenger for *O, (lane 5). It is
evident from Figure 3.6 that the presence of NaNj; results in the inhibition of conversion
of SC into NC. Thus, gel electrophoresis results clearly reveal that both 1 and 2 are
highly efficient in damaging the plasmid DNA in presence of light through in-situ
generation of 'O, as ROS. Results of the control experiments also confirm that these two
complexes fail to generate any ROS in the dark condition and are thus inactive for DNA
damage. These results are encouraging for developing highly efficient photodynamic

therapeutic agents.
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3.4.6. Single-Cell Gelelectrophoresis (SCGE) or Comet assay

Over the past two decades, the single-cell gel electrophoresis (SCGE), or comet assay
has become the standard and widely used method for measuring DNA damage at
cellular level, with applications in genotoxicity testing, human biomonitoring and
molecular epidemiology, ecogenotoxicology, as well as fundamental research in DNA

damage and repair.*
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Figure 3.7. Comet images of A549 cells treated with 1 (a) and 2 (b) under photo-irradiation (left)
in the dark (right) conditions.

The comet assay works based on the lysis of cells with non-ionic detergent like triton-X
and high-molarity sodium chloride. This treatment removes cell membranes, cytoplasm,
and nucleoplasm, and disrupts nucleosomes, most of the histones being solubilized by
the alkali solution.* In this report, we have treated A549 cells with 1 (30 pM) and 2 (30
pM) following photo-irradiation (Figure 3.7a i-iv, 37b i-iv) and kept in the dark conditions

(Figure 3.7a, 37b). Then the cells were embedded in low melting agarose (0.5%) on a
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microscope comet slide pre-coated with 1% normal melting agarose. The cell lyses with
detergent and treatment with alkali solution produced unwind and denatured single
stranded DNA containing supercoiled loops linked to the nuclear matrix. The
electrophoresis of the comet slid containing cells treated with 1 in presence of light
resulted in the cleavage of the DNA (Figure 3.7a, i-iv); But no cleavage was observed in
the case of cells treated with 1 in absence of light (Figure 3.7a, v-viii). Similar kind of
results were anticipated and also observed in the case of complex 2 (Figure 3.7b i-iv,
photo-irradiated cells and Figure 3.7b v-viii, cells in the dark). The results in structures
resembling comets, observed by fluorescence microscopy; the intensity of the comet tail
relative to the head reflects the number of DNA breaks. The likely basis for this is that
loops containing a break lose their supercoiling and become free to extend toward the
anode. SYBR green was used to visualize the DNA by exposing to UV light. The
increasing the longer and darker the comet tail is direct evidence for the amount of DNA
damage. From Figure 3.7a (iii, viii), the fluorescence intensity profile plots for 1 and
Figure 3.7b iii, viii for 2 indicating that the DNA damage on the tail was more compared

with heads of the comets.

3.4.7. Evaluation of 'O, production ability of 1 and 2

To measure the quantum yields of 'O, generation by complexes 1 and 2 we utilized the
N,N-Dimethyl-4-nitrosoaniline/imidazole (RNO) assay. The production of 'O, by 1 and 2
was monitored and quantified by indirect method in both acetonitrile and water (Figure
3.8). N,N-Dimethyl-4-nitrosoaniline/imidazole assay that works based on the reaction of
singlet oxygen with imidazole to form tetrannular species that eventually quenches the
absorbance of the RNO at 440 nm. Due to the limited solubility of histidine in acetonitrile,
imidazole was used for quenching the absorbance of the RNO. The singlet oxygen

guantum vyields for 1 and 2 were calculated by monitoring the emission intensity of

94



Chapter 3

phenalenone at 440 nm. Phenalenone used as standard in both the solvents acetonitrile

and water (Table 3.4).
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Figure 3.8. Detection of 'o, generated in acetonitrile by 1 (a, b, e, f) and 2 (c, d, g, h) by RNO

assay.

Table 3.4. Singlet oxygen quantum yield for complex 1, 2 and [Ru(bpy).(dmbpy)]**.

Complex Water Acetonitrile
1 0.20 0.80
2 0.25 0.72
[Ru(bpy).(dmbpy)]** 0.32 0.57

The nature of the solvent has greatly affected the 'O, quantum yields produced by 1, 2
and [Ru(bpy).(dmbpy)]?*. The 'O, quantum yields were calculated using the following
equation 6. Phenalenone a universal reference compound for the determination of

singlet oxygen quantum yield was used as a standard.?’

Ssample ',reference

d)SampIe = d) reference Equation 6

sreference Isample

where, S is the slope of the absorption vs. time and | is the rate of absorption which was

calculated using the formula | = 1-10°®) (OD is the absorbance at 440 nm).**
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Figure 3.9. Phosphorescence emission spectra of *O, produced by the complex 1 (a) and 2 (b).

Literature reports reveal that the phosphorescence band for 'O, appears in the NIR
region at 1275 nm.*? Steady state luminescence studies with photo-irradiated (ARange ~
450-500 nm having flux of 10 J/cm?) aq. buffer sample of 1 or 2 showed a distinct

phosphorescence band at 1275 nm, which further confirmed the generation of *O,.

3.4.8. Cellular uptake and confocal imaging studies

Since 1 and 2 displayed significant photo-cytotoxicity towards A549 and Hct116 cancer
cell lines, we have further conducted the confocal laser scanning microscopy (CLSM)
studies to identify the cellular accumulation of these photo-cytotoxic complexes. The live
cell imaging studies were conducted by incubating the 1 and 2 with A549 (Figure 3.10a,
b) cells for 4 h at 37° C. The co-localization studies were performed using the
commercially available lysotracker green. The close comparison of the CLSM images as
well as the images of the co-staining experiments with lysotracker staining agent clearly
revealed that intracellular emission for 1 and 2 was found that they are not
superimposed with lysotracker green. The distinct emission of 1 and 2 was observed
from the cell nucleus as well as in the cell membrane (Figure 3.10c) indicating that these
two lipophilic complexes have been distributed throughout the cell. The literature reports
also reveal that more lipophilic cationic reagents are generally accumulated

preferentially in the regions like cell membrane while analogous reagents having
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comparable overall charge and relatively low lipophilicity would have preference for
nuclei.”*** The dimethyl substituted [Ru(bpy).(dmbpy)]** complex showed a dot-like
structure on the cell membrane (which was previously reported by our group)® with red
fluorescence in bright-field microscopy, a pattern that was observed earlier for

localization of lipophilic reagents at the cell membrane.*>*

Lysotracker Merge
(a)
Lysotracker Merge
(b)
1
(c)

Figure 3.10. CLSM images of A549 cells incubated with 1 (a) and 2 (b) for 4 h at 37° C. The co-

localization studies performed with lysotracker green. The enlarged CLSM images of A549 cells

incubated with reagents 1 and 2 (c).

From Figure 3.10c the enlarged confocal microscopy images revealed that unlike the
parent control dimethyl substituted complex [Ru(bpy).(dmbpy)]** the reagents 1 and 2
were evenly localized in the cell nucleus, membrane as well as some part of the
cytoplasm. This may be attributed due to the conjugation of highly lipophilic tyrosine and
tryptophan ligands. Such dot like structures scattered in the cytoplasm presumably
suggested that the reagents were also distributed in cytoplasmic vacuoles, which are

known to play a subordinate role in endocytosis.***’
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3.4.9. Partition coefficient logP measurement

The partition coefficient (logP) values were calculated using shake-flask method to
determine the lipophilicity of 1 and 2. From Table 3.5 data clearly revealed that the
lipophilicity of complex 1 (logP = -1.31) is higher than 2 (logP = -1.72). This experiment
also proves that the conjugation of amino acids i.e., tyrosine and the tryptophan to basic
structural unit dimethyl substituted [Ru(bpy).(dmbpy)]?* (logP = -1.01) have certainly

effected the logP values of the final complexes 1 and 2.

Table 3.5 Lipophilicity (logP) values obtained for 1, 2 and [Ru(bpy),(dmbpy)]** using shake-

flask method.*

Complex LogP Ru accumulation in ppm/1 X 10° cells by MP-AES
Light Dark
1 -1.31+0.2 0.81 ppm 0.18 ppm
2 -1.72+0.5 0.54 ppm 0.11 ppm
[Ru(bpy).(dmbpy)]** | -1.01 + 0.1 0.98 ppm 0.19 ppm

From the literature reports it has been debated by many research groups that the
lipophilicity of a reagent is the most important property than overall charge that influence
the cellular internalization process. In our present study the lipophilicity of all three
complexes were followed the order [Ru(bpy),(dmbpy)]?’>1>2. Thus, -cellular
internalization would presumably follow the order [Ru(bpy).(dmbpy)]** 1>2. This was
further confirmed by the results obtained from MP-AES (Microwave Plasma Atomic
Emission Spectroscopy) studies (Table 3.5). As it was assumed that the order of cellular
uptake of complexes was followed [Ru(bpy).(dmbpy)]** >1>2. These results are in good

agreement with the lipophilicity of all three complexes.
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3.4.10. Anti-metastatic activity test

The results obtained from the MTT assay and gel electrophoresis, it is evident that these
two complexes have high potential for killing the cancer cells. We have further
conducted an anti-metastatic experiment in MDA-MB231 cells in which the cell
metastatic rate is high to test their anti-metastatic activity. Complexes 1 and 2 were
incubated with MDA-MB231 cells in the dark conditions as well as photo-irradiated with
blue light (A = > 450 nm). A wound was pre-created using wound creating stick before
the addition of Ru(Il) complexes.
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Figure 3.11. Anti-metastatic activity of complex 1 (a-d), and 2 (e-h) tested on MDA-MB231 cells.
The distance travelled by MDA-MB231 cells was measured in micrometers upon incubation with
various concentrations (7.5, 15, 28 uM) of 1 (i) and 2 (j) in the dark (green bars) and photo-

irradiation conditions (pink bars).

The cells were allowed to metastasize for 10 h. The bright-field images were captured at
different time intervals. From the Figure 3.11 the photo-induced anti-metastatic activity of

the 1 (Figure 3.11a-d) and 2 (Figure 3.11e-h) can be observed after photo-irradiation for
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4 h. The wound was completely healed after 10 h in the dark conditions (Figure 3.11b);
however, when the cell cultures were photo-irradiated with blue LED (A = > 450 nm) for 4
h, the cells stopped migrating and started dying (Figure 3.11d, and 311h for 1 and 2
respectively). Distance travelled by cells were calculated and plotted a graph (Figure
3.11i for 1 and 3.11j for 2) which indicated that with respect to the increasing
concentration of complexes, the migration of cells were decreased and ultimately leads
to cell death. This results concluded that these two Ru(ll) complexes induces the greater
photo-cytotoxicity by inhibiting cell migration.

3.4.11. Invasion assay

One of the hallmarks of cancers is cell invasions and metastasis into nearby and distal
organs initiated by various protein de-regulations. Highly metastatic cells lose cell to cell

adherence and break off. This invades basement membrane and endothelial walls to

enter the blood stream or lymph nodes.
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Figure 3.12. (a) Effect of 1 and 2 on MDA-MB231 cell invasion, (b) The percentage of cells
invaded was reduced to 17.5 % with 1 and 37.5 % with 2 in the presence of light (blue bars).

However there was no change in the dark controls (green bars).
The cells are then carried away to distal organs and gets deposited forming primary
metastasis. The tumor forming cells still possess the characteristics to invade and settle

into other organs to form tumors giving rise to secondary metastasis. Therefore, invasion
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and metastasis needs to be controlled to prevent cancers from spreading throughout the
human body. To assess the potential of 1 and 2 in controlling the cell invasion we further
incubated them with highly metastatic live MDA-MB231 cells on top of matrigel (Figure
3.12a) and allowed the cell to invade in the presence and absence of visible light. Figure
3.12b clearly reveals that considering the 100 % cells invaded in case of control
experiment the percentage of cells invaded through matrigel was drastically reduced by
complexes 1 (17.5 %) and 2 (37.5 %). This experiment also revealed that the complex 1
can prevent the cells from invasion more efficiently than complex 2.

3.4.12. Cell cycle analysis studies

In order to investigate the possible effect of 1 and 2 on cell cycle progression, the A549
cells were treated with 1 and 2 for 4 h in dark and in presence of light (> 450 nm). Cell
cycle analysis studies were conducted using flow cytometry. The cell cycle distribution
after treating with 1 and 2 at 30 uM for 4 h in the dark (Figure 3.13) does not have any

effect on cell cycle progression.
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Figure 3.13. The cell cycle analysis of A549 cells treated with 1 and 2 in the dark conditions (a, c)
and after photo-irradiation (b, d). The graphical representation, (e) of the cell cycle distribution in

A549 cells up on treatment at the ICsg values of 1 and 2.

However, when exposed to light the percentage of cells at GO/G1 phase showed an
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evident increase of 12.53 % and 3.65 % for complex 1 and 2 at their ICs, concentrations
(~30 uM) which was accompanied by a corresponding reduction in the percentage of
cells in S and G2/M phases. Obviously, 1 caused more pronounced changes in cell
cycle than 2 in GO/G1 phases under identical conditions. Hence we conclude that the
anti-proliferative mechanism induced by complexes 1 and 2 on A549 cells was G0/G1

phase arrest.
3.4.13. Complex 1 and 2 induces apoptosis by caspase-3 and caspase-9 activation

We next set out to elucidate the molecular mechanism responsible for light induced cell
death by complexes 1 or 2. Cell cycle checkpoints modulate DNA damage and/or
genome integrity responses by controlling the timing of cell cycle progression, and it is
not easy in univariate cytometric analyses to clearly distinguish between cells arrested in
G1 or in early S phase. This led us to examine whether light induced cell cycle arrest
occurs through the activation of DNA damage signalling pathways. For this, A549 cells

were treated with complex 1 or 2 in dark or under light irradiation.

Ctrl 2 1 Ctrl 2 1
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Figure 3.14. A549 cells growing in serum-containing medium were treated with 1 and 2 for 24 h
prior to lysate preparation and immunoblotting with antibodies. The blot was probed with primary
antibodies against caspase-3, caspase-9. B-actin levels were used as a loading control. All

results are representative of two independent experiments.

It was found that there was a significant increase in the expression level of apoptosis
markers caspase-9 and caspase-3 in photo-irradiated cells (Figure 3.14). Where as in

the dark treated samples there was no difference in the expression level of caspase-3

102



Chapter 3

and caspase-9. This indicated that compound 1 and 2 with photo-irradiation resulted
apoptosis of the A549 cells. As discussed earlier, exposure to visible light for cells
incubated with 1 or 2 resulted in the generation of ROS (102). The 'O, is known to
damage the DNA and are also responsible for altering the mitochondrial trans
membrane potential. Literature reports reveal that the pro-apoptotic proteins, released
from mitochondria, are responsible for activation of caspase-3 and caspase-9 and the
cell finally leads to apoptosis. Thus, these photoactive compounds could be used for
treatment of solid tumors by specifically illuminating in the visible light which would not
cause any ROS production in the dark condition.

3.5. Conclusions

Two Ru(l)-polypyridyl complexes conjugated with amino acids tyrosine (1) and
tryptophan (2) was investigated for their potential application as photodynamic
therapeutic (PDT) agents. Complexes 1 and 2 showed preferential binding toward CT-
DNA with moderately strong binding affinity K, = 1-5 X 10° mol™. Isothermal titration
calorimetry (ITC) studies indicate that the reactions of both 1 and 2 with CT-DNA were
driven by the endothermic process. Viscosity study proved that 1 and 2 binds CT-DNA
through groove binding mode. Most importantly, complexes 1 and 2 exhibits light
induced cytotoxicity in the presence of visible light (A, = 450 nm, 10 J/cm?) with less
exposure times and found to be non-toxic in the dark conditions (the key feature required
by the PDT agents). Gel electrophoresis and comet assay results indicated the DNA
damaging capability of these photo active molecules. The invasion assay and wound
healing experiments proved that these compounds can inhibit the cells travelling through
the tissues. These visible light excitable Ru(ll) complexes are showed anti-metastatic

activity, and produced *O,, which damages the DNA upon photo-irradiation.
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Chapter 4

4.1. Introduction

The major limitation of the Ru(ll)-terpyridine complexes, discussed in chapter 2, was the
short lived excited state of the Ru(ll)-terpyridine center. This accounted for a faster
deactivation and lower efficiency for generation of the active *0,." Terpyridine based
Ru(ll) complexes generally have small energy gap between the emissive *MLCT state
and the *MC state (Figure 4.1),> which consequently accounts for a faster deactivation
through *MC state. To get around this problem, we have synthesized the 2,2'-bipyridine
analogue of the earlier reported version of the terpyridine derivative. Synthesis,
physicochemical as well as its DNA binding properties and cytotoxicity activity are
reported in this chapter 4. From the Figure 4.1 it can be seen that in the absence of an
external quencher, the decay from the *MLCT state mainly occurs via non-radiative
decay to the ground state or via thermal activation to higher lying excited states, i.e.
metal-centered triplet states (*MC) or higher MLCT states.>® This higher MLCT state is
believed to be more singlet in character and is therefore, more short-lived than the
lowest *MLCT state. It was reported to be between 400 and 1000 cm™ higher in energy
than the lowest excited state. Depending on the energy difference between and ordering
of the ®MLCT and °MC states, the thermal activation can either result in the
establishment of equilibrium between the lowest *MLCT state and a higher state, or
irreversible thermal activation leading to decay through the ®*MC state. Once in the *MC
state the non-radiative decay is typically very fast due to large structural distortion with
respect to the ground state. This is a prominent deactivation pathway for many excited
Ru(ll)-polypyridyl complexes. If the energy gap between the emissive *MLCT state and
the *MC state is small, this will consequently decrease the observed excited state
lifetime significantly.? The excited state lifetime of Ru(ll) complexes mainly dependent on

the radiative and non-radiative rate constants as given by equation 8.
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T =1/ [K°+K°exp(-Ea./RT)] Equation 8

Where K° = K, + K, (sum of radiative (k) and non-radiative (k,) process). Since
[Ru(tpy).]** complexes are weakly emitting, the non-radiative decay constant is more
important than radiative rate constant. The two major pathways for non-radiative decay
are as follows.

(i) Direct contribution from *MLCT to ground state,

(i) Through thermally accessible *MC to ground state.
To reduce K, we need to increase the gap between *MLCT and *MC. The best possible
way to reduce the gap between them is either the stabilization of *MLCT or

destabilization of *MC or both.

A

IMLCT

tw |
>

hv SMLCT

Ground state

Figure 4.1. Schematic description of the excited states of Ru(ll)-polypyridyl complexes. The rate

constants are denoted ‘k’ together with a suffix indicating the type of transition.

Consequently, the relative energy ordering as well as the energy difference between the
different excited states is very important for the photophysical behavior of Ru(ll)-
polypyridine complexes. [Ru(tpy)s]** and related bis-tridentate complexes typically have
a smaller *MLCT-*MC energy gap than [Ru(bpy)s]**, and thus significantly shorter
excited state lifetimes at room temperature which consequently leads to the production
of insignificant levels of '0,. Accordingly, synthesis, characterization, photophysical

properties and DNA binding studies were conducted for mono nuclear Ru(ll) and
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binuclear Ru(ll)-Pt(ll) complexes in this chapter 4. From the cellular uptake studies in
MCF-7 cancer cell lines we found that these two complexes accumulated in the
cytoplasm and exhibited low cytotoxicity even after 24 h incubation period in the dark as
well as in the photo-irradiation conditions. UV-Visible, fluorescence titrations and
isothermal titration calorimetry studies with calf-thymus DNA suggest that these two
complexes show moderately strong binding interaction for CT-DNA (calf-thymus DNA).

The viscosity studies proved that they interact with DNA through groove binding mode.
4.2. Experimental section
4.2.1. Confocal microscopy and MTT assay

Cell cultures were treated with 0 - 300 uM solutions of 1 and 2 in triplicate for 24 h. After
incubation, 0.5 mg/ml appropriate reagent for MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was added and further incubated for 4 h. The media
was removed and the formazan was dissolved using isopropanol and the absorbance at
570 nm was quantified by plate reader (reference 620nm). ICs, values for the three
complexes were found to be >300 uM. MCF-7 cells were cultured in DMEM media. Cell
lines were maintained at 37° C in an atmosphere of 5 % CO, and routinely sub-cultured.
For live CLSM studies, cell cultures were grown on 6 well plate with coverslips, after 24
h of incubation the cells were treated with solutions of 1 and 2 (50 pM) in serum
containing media and incubated for 4 h. After incubation, media was removed and cells
were washed with 1XPBS buffer. After fixation with 4 % paraformaldehyde, the coverslip
mounted onto glass slide using mounting medium. Endoplasmic reticulum staining
studies were performed using ER tracker green (E34251) form life technologies. For
fixed cells, studies with complexes 1 and 2 were performed after fixing the cells with 4 %
paraformaldehyde and treatment with 0.2 % TritonX-100. Cells were fluorescently

imaged on a Fluoview confocal laser scanning microscope by using 60X oil-immersion
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lenses. Complexes 1 and 2 were excited with laser at 442 nm and emission monitored at
620 nm (red) wavelengths. ER tracker was excited at 504 nm, emission recorded at 540

nm. All the captured images were modified using the ImageJ software for better results.

4.3. Synthesis and characterization

A XY S0 X B N z
| O° oy SR Re
N & SeO, _ NH, N~ Ny

> R — .

N7, dry CCly N7 dry DCE, N
- e Na(AcO);BH |

L1 L2

Ru(bpy),Cl,
Ethanol, 8h,reflux

B
&
[
\
-2
/%
\ 7\ ¢

Scheme 4.1. The synthetic methodology adopted for the preparation of 1 and 2.
4.3.1. Synthesis of L;: 1-(4'-methyl-[2,2'-bipyridin]-4-yl)ethan-1-one

The compound 4,4'-dimethyl-2,2'-bipyridine (dmb) (1.8 g, 9.68 mmol) and SeO, (1.1 g,
9.9 mmol) were added into 1,4-dioxane (50 mL) and the mixture was heated to reflux for
24 h. the solution was filtered off while hot to remove Selenium, the filtrated was cooled
to room temperature and allowed to stand for 1 h, and filtrate was removed. The pale
yellow colored precipitate of carboxylic acid derivative, the filtrate was evaporated to
dryness and the residue was redissolved in ehtylacetate (200 mL) this solution was
treated with Na,CO3 (0.1 M, 20 mL) to remove residual carboxylic acid and solvent
extraction was done using 0.2 M aqueous solution of sodium bisulphate (NaHSO3, 3 X
30 mL). The combined aqueous solutions were adjusted to pH 9.0 using NaCO3; and this

final aqueous solution were extracted with dichloromethane following solvent extraction
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procedure. Organic layers were combined and evaporated to dryness under reduced
pressure. No further purification was required for this compound. Sample was
characterized by standard analytical methods. Yield: 25 % (0.48 g, 2.4 mmol). ESI-MS =
198.2 (M"); *H NMR (200 MHz, CDCl;) & ppm: 10.1 (s, 1H), 8.81 (d, J = 4.9 Hz, 1H),
8.75 (d, J = 0.6 Hz, 1H), 8.50 (d, J = 4.9 Hz, 1H), 8.20 (s, 1H), 7.64 (dd, J = 4.9, 1.5 Hz,
1H), 7.12 (d, J = 4.9 Hz, 1H), 3.63 (d, J = 1.2 Hz, 1H), 2.38 (s, 3H), 1.97 (s, 2H).
Elemental analysis: Calculated: C, 72.71; H, 5.09; N, 14.13; Found C, 72.52; H, 5.08; N,

14.1.

4.3.2. Synthesis of L,: 1-(4'-methyl-[2,2'-bipyridin]-4-yl)-N-(pyridin-2-

ylmethyl)methanamine

The ligand L, was synthesized following the previous literature reports.®’ One equivalent
of 2-aminomethyl pyridine (102 pL, 1 mmol) and one equivalent of 1-(4'-methyl-[2,2'-
bipyridin]-4-yl)ethan-1-one (0.2 g, 1 mmol) were dissolved in dry 1,2-dichloroethane and
then treated with solid sodiumtriacetoxyborohydride [Na(AcO)sBH, 1.5 equivalent]. The
reaction mixture was stirred at room temperature, and completion of the reaction was
monitored by TLC using dichloromethane/methanol (9:1, v/v) solvent system. The
reaction mixture was then quenched with saturated NaHCO; solution and the desired
product was extracted thrice with dichloromethane. The combine organic layers were
dried over sodium sulfate and solvent was removed under reduced pressure on a rotary
evaporator. Desired compound was isolated as a brownish colored oily substance and
this was further purified by column chromatography using the dichloromethane/methanol
(95:5, v/v) as the mobile phase and the silica gel as stationary phase. Yield: 47 % ( 0.15
g, 0.51 mmol), ESI-HRMS = 291.1604 (M"); *H NMR (200 MHz, CDCl;) & ppm: 8.63 (d,
J = 5.0 Hz, 1H), 8.55 (dd, J = 7.8, 5.0 Hz, 2H), 8.36 (s, 1H), 8.23 (s, 1H), 7.65 (dd, J =

10.6, 4.7 Hz, 1H), 7.39 (d, J = 5.0 Hz, 2H), 7.21 (d, J = 4.9 Hz, 1H), 7.15 (d, J = 4.8 Hz,
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1H), 3.97 (s, 2H), 2.78 (s, 2H), 2.44 (s, 3H). Elemental analysis calculated: C, 74.46; H,

6.25; N, 19.30; found C, 74.50; H, 6.40; N, 19.10.
4.3.3. Synthesis of [Ru(bpy).(bpy-amp)]** (1)

Ru(bpy).Cl, (0.96 g, 0.18 mmol) and ligand L(1-(4'-methyl-[2,2'-bipyridin]-4-yl)-N-(pyridin-
2-ylmethyl)methanamine) (0.5 g, 0.18 mmol) were taken in to a two neck round bottom
flask and were dissolved in 40 mL of ethanol. The reaction mixture was allowed to reflux
for 8 h under nitrogen atmosphere. Then it was cooled to the room temperature and
ethanol was evaporated to dryness under reduced pressure. The orange red solid
obtained was redissolved in minimum amount of water (10 mL). To this about 2 mL of
saturated KPF solution was added and stirred at room temperature. An orange red color
precipitate was obtained, which was further kept at 8° C for 4 h. This was then filtered
and the crude product was collected. This was subjected to the column chromatography
using acetonitrile as a solvent phase. Second major fraction was isolated as the desired
product and this pure complex was characterized by standard analytical and
spectroscopic techniques. Yield: 55 % (0.10 g, 0.1 mmol); ESI-HRMS: 703.1878; 'H
NMR (200 MHz, CD;CN) & ppm: 8.49 (dd, J = 7.9, 5.4 Hz, 1H), 8.37 (d, J = 5.8 Hz, 3H),
8.27 (d, J = 7.7 Hz, 1H), 8.20 — 8.14 (m, 1H), 8.00 — 7.86 (m, 4H), 7.81 — 7.74 (m, 1H),
7.69 — 7.57 (m, 5H), 7.52 (d, J = 5.9 Hz, 1H), 7.49 — 7.39 (m, 2H), 7.33 — 7.26 (m, 2H),
7.23(d, J = 4.9 Hz, 1H), 7.17 (dd, J = 4.6, 0.9 Hz, 1H), 7.14 — 7.09 (m, 1H), 7.06 (dd, J =
3.4, 1.9 Hz, 1H), 7.04 — 7.01 (m, 2H), 6.98 (dd, J = 4.1, 3.6 Hz, 2H), 2.41 (t, J = 5.9 Hz,
2H), 2.25 (s, 3H), 2.12 (s, 2H). Elemental analysis calculated C, 45.93; H, 3.45; N,

11.28. Found: C, 45.85; H, 3.5; N, 11.70.
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4.3.4. Synthesis of [Ru(bpy).(bpy-amp)PtCl,]** (2)

Into a 100 mL two neck round bottom flask, [Ru(bpy).(bpy-amp)](PFs). (0.15 g, 0.15
mmol) and K,PtCl, (0.08 g, 0.15 mmol) were dissolved in 5 mL of millipore water and
allowed to react for 3 h in the dark conditions. The deep orange color precipitate was
formed and this was filtered. The precipitate was washed thrice with millipore water to
remove the excess K,PtCl, and followed by washing with diethyl ether and dried in the
desiccator. The crude product was not subjected to the column chromatography due to
the labile nature of the chloride ligand the compound may decompose in the silica
column. Further characterization was done using standard analytical methods. Yield: 96
% (0.15 g, 0.19 mmol); ESI-HRMS: 242.2840; 'H NMR (200 MHz, CD;CN) & ppm: 8.49
(dd, J = 7.9, 5.4 Hz, 1H), 8.37 (d, J = 5.8 Hz, 3H), 8.27 (d, J = 7.7 Hz, 1H), 8.20 — 8.14
(m, 1H), 8.00 — 7.86 (m, 4H), 7.81 — 7.74 (m, 1H), 7.69 — 7.57 (m, 5H), 7.52 (d, J = 5.9
Hz, 1H), 7.49 — 7.39 (m, 2H), 7.33 — 7.26 (m, 2H), 7.23 (d, J = 4.9 Hz, 1H), 7.17 (dd, J =
4.6, 0.9 Hz, 1H), 7.14 — 7.09 (m, 1H), 7.06 (dd, J = 3.4, 1.9 Hz, 1H), 7.04 — 7.01 (m, 2H),
6.98 (dd, J = 4.1, 3.6 Hz, 2H), 2.41 (t, J = 5.9 Hz, 2H), 2.25 (s, 3H), 2.12 (s, 2H)."*°Pt
NMR (Pt(N),Cl,) = 2100 ppm. Elemental analysis: Calculated C, 43.86; H, 3.29; N, 10.77

and Found: C, 43.85; H, 3.32; N, 10.70.
4.4. Results and Discussion
4.4.1. Photophysical characterization

The water soluble chlorides salts of 1 and 2 were synthesized by the anion metathesis
method. The UV-Visible spectra for both the complexes were recorded in acetonitrile
solvent media. [Ru(bpy)s]** was used as reference for evaluating the relative quantum

yields.
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Table 4.1. Photophysical properties of 1 and 2 recorded in acetonitrile.

Complex | Azps/nm (g 10°m* cm'l) Aex Max/inm (Agms) | Aems Max/nm [ON t(ns)
244 (18.59) 249
1 287 (54.74) 305 620 0.048 | 336
463 (9.41) 463 (617)
244 (28.08) 232
2 287 (79.35) 293 619 0.045 | 340
464 (13.85) 464 (617)

The absorption spectra clearly revealed that the visible region for both 1 and 2
complexes was dominated by broad Ru(dr)—bpy/L(r*) and/or bpy/L(n*) based MLCT
transitions at ~463 nm, while emission band for respective complex was attributed to a
3MLCT-based transition (~ 623 nm for e = 463 nm). Spectroscopic data for complex 1:
ARDS, = 287 nm, ¢ = 22100 Mcm™; 825 = 463 nm, & = 12920 Mlem™; AEMS = 623 nm

for Aex Of 463 nm; Spectroscopic data for 2 complex: AA2S, = 287 nm (e = 22850 Mcm’

: AADS = 465 nm, € = 12920 Micm™; AEMS = 623 nm. The excited state life time and
guantum vyield for these two molecules were calculated in acetonitrile solvent and

reported in the Table 4.1

4.5. DNA-binding studies

4.5.1. UV-Visible and fluorescence titration with CT-DNA

The water soluble complex 1 and 2 were obtained via their anion metathesis of their
respective PFs salts using [n-BuyN]CI in acetone. Chloride salt of the respective
complex, thus obtained, was isolated as precipitate in the acetone solution and was
isolated by filtration with necessary washing with cold acetone. The chloride salts of
complex 1 and 2 were utilized for investigation of the interaction with CT-DNA was using

UV-Visible (Figure 4.2) and fluorescence spectroscopy (Figure 4.3). From the Figure 4.2
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addition of small aliquots of CT-DNA to the buffer solution containing 1 or 2 (Figure 4.3a,
b) did not show any bathochromic shift either in t—=* (290 nm) or in MLCT (450 nm)
bands but leads to the considerable amount of hypochromic shift in t—n* (290 nm) and
MLCT bands (450 nm). Typical enhancement in emission intensities for complexes 1
and 2 were observed when emission spectra for respective complex were recorded in
presence of increasing amount of CT-DNA (in an ag. buffer solution) (Figures 4.3a &

4.3b).

Table 4.2. CT-DNA binding constants were derived following McGhee Von-Hippel method.

Titration 1 2
Ke[Mol™] | S[bp] | Ks[Mol™] | S[bp]
Absorbance | 3.2 X 10* 0.9 |5.3x10* 1.0

Fluorescence | 1.6 X 10* 0.8 |[2.1x10* 0.9

(a) (b)
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Figure 4.2. Change in the absorption spectra of 1 (a, ¢) and 2 (b, d) on interaction with CT-DNA.
The spectra were recorded in Tris-HCI buffer, pH 7.4.
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Figure 4.3. Change in the absorption spectra of 1 (a, c) and 2 (b, d) interacting with CT-DNA. The
spectra were recorded in Tris-HCI buffer, pH 7.4.

The changes in MLCT band yield a saturation complex—DNA binding curve (Figures 4.3c
& 4.3d) and higher binding ratios produced no additional changes in absorption and
emission spectra of 1 and 2. The binding affinity Ky, and the number of binding sites S,
were calculated by fitting the data obtained from UV-Visible and fluorescence titrations in
to McGhee von-Hippel model (Table 4.2). The binding affinities obtained from the

absorption titrations were found to be in good agreement with those obtained from the

fluorescence titrations.
4.5.2. Isothermal titration calorimetry studies

Relative binding affinity of complexes 1 and 2 towards calf-thymus DNA (CT-DNA) were
evaluated using isothermal titration calorimetry (Figure 4.4). Binding constants and
thermodynamic parameters reported in the Table 4.3 clearly revealed that the binding
affinities for both the complexes moderately strong, however, much weaker than those

which binds DNA through intercalation.®?*° The data shown in Table 4.3 indicates that
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these two complexes are spontaneously bound to DNA are lower than those of

analogous Ru(ll)-terpyridine derivatives having the same platinum functionality group

that was discussed in the chapter 2.'*
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Figure 4.4. ITC binding profiles for the interaction of CT-DNA with complexes 1 (a) and 2 (b).

Table 4.3. The ITC derived DNA binding constants and thermodynamic parameters.

Complex 1 2
Kp[M™] (1.5 +0.18)10" | (1.6 + 0.17)10°
AH [KcalM™] 7.9+0.3 -2.3+0.17
-TAS [KcalM™] -14.9 -28.87
AG [KcalM™] -6.9+0.02 -5.7+0.41
S [bp] 0.7+ 0.0 0.8+0.0

Complex 2 with platinum center was expected to be more hydrophilic than the analogous

complex 1 and anticipated to favor the interaction with DNA. Binding affinity of 2 towards

CT-DNA was higher than the complex 1 by a factor of ~10 times. A positive enthalpy

(AHc = 7.9 = 0.3 KcalM™) and a high negative entropy (-14.9 KcalM™) changes was

observed for interaction of 1 with CT-DNA. These observations tend to suggest that the

interaction of 1 with CT-DNA was entropically driven.
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The interaction of 2 with CT-DNA showed a small negative enthalpy (AHr¢c = (-2.3
+ 0.1) KcalM™) and a large negative entropy change (-28.87 KcalM™). Therefore,
the interaction of 2 with CT-DNA is driven by high negative entropy change and
this means that the randomness of the system is drastically decreased by the
formation of adduct of complex with CT-DNA. The High negative entropy change
was anticipated, as platinum containing compounds generally interacts with the
N7 atom of the guanosine in the duplex DNA. The binding affinity of these two
complexes is 2 > 1. All these observations suggested both of these compounds
interact with CT-DNA predominantly through groove binding. However, as it was
mentioned before, certain trivial influence of the electrostatic interactions between
these cationic complexes with the negatively charged phosphate backbone

cannot be completely ruled out.
4.5.3. Viscosity studies

Viscosity defines a fluid’s internal resistance to flow; an increase in the viscosity
indicates more resistance to flow. Hence, viscosity has become one of the indispensable
methods to monitor the interaction of ligand with DNA. There are several effects on DNA
viscosity that can describe the binding modes of a DNA-ligand. As discussed in previous
chapter, intercalators such as ethidium bromide and [Ru(phen),(dppz)]** cause an
increase in the relative viscosity of the DNA.**** However, a partial and/or non-classical
intercalation process may results in bending/kinking of the DNA helix, with typically less
dramatic (positive or negative) or negligible changes in the relative DNA viscosity.™ On
the other hand, a groove binder which binds in the DNA grooves fails to lengthen the
DNA helix and to enhance the viscosity.* In addition, cationic complexes such as
[Ru(bpy)s]**, which interacts with DNA through an electrostatic binding mode, have no

influence on DNA viscosity.™
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Figure 4.5. Change in the relative viscosity of CT-DNA with increasing amount of
ethidiumbromide, 1, 2 and [Ru(bpy)s]**.

The effects of ethediumbromide, [Ru(bpy)s]**, 1 and 2 complexes on the viscosity of CT-
DNA are showed in Figure 4.5. On increasing the amounts of ethediumbromide the
relative viscosity of DNA was found to increase, which confirmed that ethidiumbromide
interacted with CT-DNA via intercalation. However, the [Ru(bpy)s]**, 1 and 2 complexes
tested for their effect on relative DNA viscosity which indeed showed groove binding

mode.
4.5.4. Gelelectrophoresis studies

As it was discussed in chapter 3 the Ru(ll)-polypyridyl complexes can cause damage to
DNA by generating the reactive oxygen species (ROS).***° To investigate the ability of 1
and 2 to damage DNA upon photo-irradiation, we have conducted the gel
electrophoresis experiment of pUC19 plasmid DNA by incubating with both 1 and 2 for 2
h in the dark conditions and photo-irradiated at A = 450 nm.?® The pUC19 plasmid DNA
(40 pg/ mL) was incubated with 1 and 2 (25 or 50 um) and irradiated for 2 h with light (A
= 450 nm, 10 J/cm?). After this the samples were loaded on to the 0.8 % agarose gel.
The gel was allowed to run at 100 mA for 45 min. Ethediumbromide was used as DNA

intercalating agent to visualize under the UV-light illumination.

119 |



Chapter 4

(b)

NC
linear

SC

Figure 4.6. Gelelectrophoresis of pUC19 plasmid DNA with 1 (a) and 2 (b) following photo-
irradiation for 4 h (lanes 3, 4) and incubation in the dark conditions for 4 h (lanes 1, 2) Lane Citrl:

Control plasmid DNA. 1 kb ladder was loaded for comparison purpose.

Gel images shown in Figure 4.6 clearly indicate that the DNA cleavage occurred when
the samples were photo-irradiated (lane 3, 4 in both). While in the dark conditions, no
DNA cleavage was observed (lanes 1, 2). It is well known that the Ru(ll)-polypyridyl
complexes can convert the water or molecular oxygen in to their ROS (*O, or OH")
through energy transfer process from their *MLCT state.?*?*?* Complex 1 or 2 converted
the supercoiled (SC) DNA into the nicked circular DNA (NC) when the samples were
photo-irradiated (Figure 4.6a/b, lanes 3, 4). But the partial DNA conversion was found
when the samples treated in the dark (Figure 4.6a/b, lanes 1, 2). For comparison
purpose we have loaded the 1kb ladder along with the reaction mixtures. This was
clearly revealed that complexes 1 and 2 are causing damage to the DNA in the presence

of light.
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4.5.5 Cytotoxicity studies: MTT assay

In order to assess the potential application of these two reagents as PDT agent we have
further conducted the cytotoxicity studies these complexes 1 and 2. We have incubated
the MCF-7 cells at various concentrations starting from 0 - 300 uM for 24 h. Cytotoxicity
tests were performed using MTT assay in triplicate. After 24 h incubation, cells were
treated with 5 uL of MTT reagent for 4 h. After this the MTT = (3-(4, 5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) dissolved in serum-containing media.

—
Q
~
o
2
=

100 - (b)100- it

£ 2

.-5 —_

© 3

=50 S50

o )

) @)

=S =S

0 04

0 50 100, 150 200 0 50 100, 150 200
Concentration in uM Concentration in uM

Figure 4.7. Cytotoxicity results of MCF-7 cells for 1 (a), 2 (b) in the absence and presence of light.

The media was removed and the formazan crystals was dissolved using isopropanol and
the absorbance at 570 nm quantified by plate reader (reference 620 nm). The evaluated
ICso values for the two complexes were found to be > 200 uM (Figure 4.7a for 1 and
Figure 4.7b for 2). Even though both complexes are causing the DNA damage, the low
toxicity of these two compounds were not clearly been understood. However, the cellular
DNA repair mechanism that exists in the cells presumably the reason behind the cell
survival even after 24 h treatment. Figure 4.7 shows the MTT assay results for both the
complexes. Even at the higher concentration (> 200 pM) of the complexes 90 % of the
cell survival was observed. Since, these complexes does not show any dark toxicity we
have further incubated MCF-7 cells with 1 and 2 and followed by photo-irradiation with

visible light (A > 450 nm). Even in the presence of visible light excitation these
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compounds failed to induce any toxicity. However, one cannot avoid the possibility that

these complexes producing insignificant amount of reactive oxygen species (ROS).
4.5.6. Cellular uptake and confocal microscopy studies

The results obtained from the MTT assay suggested that these two complexes were not
toxic toward MCF-7 cells. To investigate, whether these compounds were taken up by
the live MCF-7 cells or not, we have further incubated the 1, 2 complexes with live MCF-
7 cells at 37° C for 4 h and conducted the confocal laser scanning microscopy (CLSM)

studies.

Lysotracker

0

Lysotracker

Figure 4.8. CLSM images of MCF-7 cells incubated with 1, 2 for 4 h. Co-staining experiments

were conducted using lysotracker green.

The co-localization studies were achieved using the commercially available lysotracker
green. From the Figure 4.8 the comparison of the CLSM images of the cells incubated
alone with 1 or 2 and the images of the co-staining experiments with lysotracker staining
agent clearly revealed that these two complexes are mainly accumulated in the
cytoplasm. The intracellular emission signals detected for the 1 and 2 was found that
they were not exactly superimposed with lysotracker green. The literature reports also
reveal that lipophilic cationic reagents generally accumulated in the regions such as cell

membrane while analogous reagents having positive charge and relatively low
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lipophilicity would have preference for nuclei.®*® The dimethyl substituted
[Ru(bpy).(dmbpy)]** complex showed a dot-like structures on the cell membrane.™ With
red fluorescence in bright-field microscopy, a pattern that was observed earlier for
localization of lipophilic reagents at the cell membrane.?®* Such dot like structures
scattered in the cytoplasm presumably suggested that the reagents were also distributed

in vacuoles, which are known to play a role in endocytosis.?"#

4.6. Conclusions

In conclusion, we have successfully synthesized, characterized mono nuclear Ru(ll)-
polypyridyl and heterodinuclear Ru(ll)-Pt(Il) complexes. UV-Visible and fluorescence
titration of both the complexes with CT-DNA indicated that the binding efficiency towards
DNA is rather weak. These results were corroborated with ITC titration experiments
where we found similar binding constants. ITC studies also showed the interaction
between the metal complexes and CT-DNA was highly spontaneous and entropically
driven. Viscosity measurements proved that 1 and 2 interacting with to the DNA through
grooves binding mode. From the MTT assay results we conclude that these two metal
complexes were low-cytotoxic or non-toxic (ICso > 200 uM) to the MCF-7 cells in both
absence and presence of visible light exposure. The lower cytotoxicity of was accounted
for their inability to produce the significant amount of 'O, in the aqueous environment.
Form the confocal microscopy studies it was very clear that these two complexes were

taken up by the live MCF-7 cells and accumulated in the cytoplasm.
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Chapter 5

5.1. Introduction

Non-invasive imaging methodology is usually preferred for observing individual
events in cells associated to those traditional biochemical methods that give
average results for cells exposed to certain experimental treatment for studying
cell functioning, differentiation, reproduction and also the gene expression in living
organisms.’ Such processes are expected to affect the natural intracellular
processes while the imaging studies are accomplished in physiologically authentic
environments. They have relevance for cell/molecular biology, studying bio-
chemical processes, medicine, pharmacology and diagnostics.? Hence,
visualization of cellular structure by fluorescence microscopy is a powerful
technique in modern days. There are significant steps involved in designing
suitable imaging reagents for visualization of specific organelles with organelle-
selective dyes in the membrane-enclosed intracellular structures, because this
helps in acquisition of insight for monitoring important biological processes.®*
Stability towards photo-bleaching, cell membrane permeability, nominal
cytotoxicity and luminescence in the longer wavelength following excitation with
non-harmful visible light are some of the essential criteria for any such efficient
imaging reagent.>®"?

For imaging application, target like ER, a specific organelle in the cells of
eukaryotic organisms, is of great significance.®*® Proteins for the secretory
pathway are inserted into the membrane of the ER, where they are
processed/folded into their native conformation. Misfolded proteins are retained in
the ER and transported to the cytosol for ER-associated protein degradation,
which has a serious implication in physiology.'® ER can be stained with a variety

of commercially available lipophilic probes and typical highly ER specific dyes
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include the lipophilic carbocyanine (DIOC6 or DIOC5 with Stokes shift (AASs) of
~14 nm) or boron-dipyrromethane (BODIPY) dyes (E34251 or E34250 with AASs
of ~28 and 7nm, respectively).'’ Such dyes suffer from the limitations of narrow
ALSs, photo-bleaching and partial toxicity.> There are only two reports, which
reveal that the above referred limitations could be addressed for either ER or
mitochondria-specific dyes by using dinuclear Ru(ll)-polypyridyl based
complexes.’® Martin et al. also showed that the DNA groove-binding dinuclear
complex [{Ru(phen),},-{u-tpphz}]** (where tpphz = tetrapyridophenazine) could be
used to image nuclear DNA in eukaryotic cells,* while the 4,7-diphenyl-1,10-
phenanthroline (DIP) analogue [{Ru(DIP).},-{u-tpphz}]** was localised in ER.® To
the best of our knowledge, barring these two publications, there is no such report
for ER-specific Ru(ll)-polypyridyl based imaging reagent for live mammalian cells.
It has been argued that lipophilicity of the dye molecule is crucial for ER-specific
dyes.™ A recent report also reveals that Ru(ll)-polypyridyl-peptide conjugated with
lower lipophilicity is preferentially localized in nucleus.*®'” All the above referred
Ru(ll)- and some Ir(lll)-based ER-specific dyes are known to induce the toxicity by
ER stress and the ICs, values for these reagents are typically <150 uM which
defies the suitability of using such reagent for application as an imaging

reagent. 18,19,15,20

This chapter describes the synthesis characterization and biological applications
of two new and easily accessible uracil (1) or 5-fluorouracil (2) functionalized
Ru(ll)-polypyridyl derivatives having AASs of ~160 nm for specific imaging of
endoplasmic reticulum, cell membrane and cytoplasmic vacuoles, lipid dense
regions in live MCF-7 cells (Figure 5.1). Both complexes showed insignificant

cytotoxicity and a lipophilicity dependent cellular internalization process.
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Importantly, in fixed MCF-7 cells, localization of dyes 1 and 2 were observed only
in nucleus and such observation is hitherto unknown. It is noteworthy that the
model complex 3 [Ru(bpy).(L3)]**; bpy = 2,2'-bipyridine & L; = 4,4'-dimethyl-2,2'-
bipyridine, (Figure 5.1) did not show any such specificity either in live or in fixed
MCEF-7 cells.

5.2. Experimental section

5.2.1. Crystallographic study of complex 1

As-synthesized crystal of complex 1 was obtained by slowly diffusion of diethyl
ether in to a CH3;NO, solution of complex 1. The data collection was done at
298K. The crystal was mounted on a Super Nova Dual source X-ray
diffractometer system (Agilent Technologies) equipped with a CCD area detector
and operated at 250 W power (50 kV, 0.8 mA) to generate Mo Ka radiation (A =
0.71073 A) and Cu Ka radiation (L = 1.54178 A) at 298K. Data were integrated
using CrysAlisPro software with a narrow frame algorithm. Data were
subsequently corrected for absorption by the program SCALE3 ABSPACK1
scaling algorithm. Additional crystallographic data is available in supporting

information.

5.2.2. MTT assay and confocal studies

Cell cultures were treated with 0-300 pM solutions of 1, 2 and 3 in triplicate for 24 h.
After incubation 0.5 mg/ml of MTT reagent was added and incubated for 4 h. MTT = (3-
(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was dissolved in water at 5
mg/ml. The media was removed and the formazan was dissolved using isopropanol and
the absorbance at 570 nm quantified by plate reader (reference 620 nm). ICs, values for
the entire three complexes were found to be > 300 uM. MCF-7 cells were cultured in

DMEM media. Cell lines were maintained at 37° C in an atmosphere of 5 % CO, and
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routinely sub-cultured. For live confocal imaging studies, cell cultures were grown on 6
well plate with coverslips, after 24 h of incubation the cells were treated with solutions of
1, 2, and 3 (50 uM,) in serum containing media and incubated for 4 h. After incubation,
media was removed and cells were washed with 1XPBS buffer. After fixation with 4 %
paraformaldehyde, the coverslip mounted onto glass slide using mounting medium.
Nuclear staining was performed by using DAPI. Endoplasmic reticulum staining studies
were performed using ER tracker green (E34251) form life technologies. For fixed cells,
studies with complexes 1, 2, and 3 were performed after fixing the cells with 4 %
paraformaldehyde and treatment with 0.2 % TritonX-100. To study different stages of
mitosis, MCF-7 cells were seeded in coverslips and treated with 150 nM nocodazole for
14 h for mitosis arrest. Later nocodazole was removed and was supplemented in fresh
complete DMEM medium. At 90™ minutes after release from mitosis metaphase stage,
cells were fixed with formaldehyde and stained for CLSM studies. At 160" minutes
telophase stage of these cells was collected and stained for CLSM. Cells were
fluorescently imaged on a Fluoview confocal laser scanning microscope by using 60X
oil-immersion lenses. Complexes 1, 2, and 3 were excited with laser at 442 nm and
emission monitored at 620 nm (red) wavelengths. DAPI was excited by using a 359 nm
diode laser and emission detected with a 420-480 nm long-pass band-filter. ER tracker

was excited at 504 nm.

5.2.3. Cellular uptake & Quantification of 1, 2, and 3 by (MP-AES)

Cellular accumulation studies for complexes 1, 2, and 3 were conducted on the
MCF-7 cell line. Briefly, 2.5 X 10° — 1.0 X 10° cells were seeded on a petridish;
the metal complexes were then added to give final concentrations of 50 pM and
allowed a further 24h of drug exposure at 37° C. After this time, cells were treated

with trypsin, counted using haemocytometer and cells collected were digested
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overnight in concentrated nitric acid (73 %) at 60° C; Samples were made up to
exactly 10 mL using deionized water and the amount of ruthenium taken up by the
cells was estimated by MP-AES (Microwave Plasma Atomic Emission
Spectroscopy), using an Agilent Technologies instrument (Model No: 4100 MP-
AES). The solvent used for all MP-AES experiments was double deionized water
(DDW). The concentrations used for the calibration curve were in all cases 0, 5,
7.5, 10 ppm. The isotope detected was '°'Ru; readings were made in duplicate

(N2 gas mode).
5.3. Synthesis and characterization
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Figure 5.1. Synthetic methodology adopted for the synthesis of L, L, 1, 2 and 3.

5-Flourouracil (5-FU) and Uracil (U) are well known for their rapid cellular

uptake.”* With an aim to exploit this property two new uracil derivatives

131 |



Chapter 5

[Ru(bpy)2(L)]?* (1); and [Ru(bpy).(L,)]** (2) were synthesized. The model complex
[Ru(bpy)2(Ls)]** (3) was also prepared for the comparison purpose. Selection of
CI™ as counter anions for 1, 2, and 3 enabled us to achieve the desired solubility in
aq. buffer (Tris-HCI buffer, pH = 7.4) media. Synthetic methodology as well as
various analytical and spectroscopic data (‘*H/*°F NMR and HRMS spectra) of
complexes 1 (Cl),, 2 (Cl),, and 3 (Cl), are agreed well for the desired purity of
these complexes. It can be assumed that the U and 5-FU permeate cell
membrane using the facilitated transport mechanism and 5-FU remains the main
reagent for the treatment of colorectal cancer.*®% 5-FU is known to be converted
to fluorodeoxyuridine monophosphate, which forms a stable complex with
thymidylate synthase. This further inhibits deoxythymidine monophosphate
production and interrupts the DNA synthesis.?? However, the presence of N'Hs.qy
is crucial for such action (scheme 4.1). Our synthetic design involved the removal
of this N*H with an aim to block its cytotoxicity as well as to avail the advantage of

the cell membrane permeability.?®

Accordingly, complexes 1 and 2 were
synthesized. Complex 3 was prepared as a model compound to investigate the

role of U/5-FU in cell membrane permeability.

5.3.1. Synthesis of L; and L,: The ligands L, and L, were prepared by alkylation
of 4-(bromomethyl)-4'-methyl-2,2'-bipyridine in DMSO directly with uracil to give 1-
((4'-methyl-[2,2'-bipyridin]-4-yl)methyl)pyrimidine-2,4(1H,3H)-dione(L;) and with 5-
fluorouracil at N' position to give 5-fluoro-1-((4'-methyl-[2,2"-bipyridin]-4-
yl)methyl)pyrimidine-2,4(1H,3H)-dione(L,), Reaction of L; and L, with
[Ru(bpy).Cl,].xH,0 in ethanol for 8 h under reflux conditions afford a deep orange
colored complexes 1 and 2 which were then purified by column chromatography

(silica 100-200 mesh and 100 % acetonitrile as eluent) and characterized using
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standard analytical techniques. Note: Ligand L3 (4,4'-dimethyl-2,2'-bipyridine) was
obtained from Sigma-Aldrich and used without further purification for the synthesis

of complex 3.

5.3.2. Synthesis of L;: 1-((4'-methyl-[2,2'-bipyridin]-4-yl)methyl)pyrimidine-

2,4(1H,3H)-dione

A mixture of uracil (0.112 g, 1 mmol), K,CO3 (0.276 g, 2 mmol) and KI catalytic ca.
25 mg, a catalytic amount) in 10 mL of DMSO was stirred under N, for 10 min. 4-
(bromomethyl)-4'-methyl-2,2'-bipyridine (0.644 g, 2.45mmol) predissolved in
DMSO was then slowly added via a syringe and the resultant chocolate brown
mixture was stirred under N, at room temperature for 3h. Water (100 mL) was
then added and the suspension was extracted with dichloromethane. The
collected organic layers were dried over anhydrous sodium sulphate and solvent
was removed in vacuum to give a half-white solid. The crude was subjected to the
silica column chromatography using dichloromethane and acetone as eluent 99:1
(v/v). The second spot on the TLC plate was collected as L;: Yield (0.145 g, 49.26
%). ESI-MS: m/z = 316.91 [L,;+Na']; *H NMR (200MHz, methanol-d,) 8.65 (d, 1H,
J =5.7 Hz), 8.52 (d, 1H, J = 4.8 Hz), 8.24 — 8.18 (2H, m), 7.73 (d, 1H, J = 7.9 Hz),
7.38 (d, 1H, J = 3.4 Hz), 7.32 (d, 1H, J = 6.6 Hz) , 5.77 (d, 1H, J = 7.9 Hz), 5.10
(2H, s), 2.49 (3H, s). Elemental analysis calculated: C, 65.30; H, 4.79; N, 19.04;

Found: C, 64.9; H, 4.73; N, 18.98.

5.3.3. Synthesis of L,: 5-Fluoro-1-((4'-methyl-[2,2'-bipyridin]-4-

yl)methyl)pyrimidine-2,4(1H,3H)-dione

A mixture of 5-fluorouracil (0.130 g, 1 mmol), K,CO3 (0.276 g, 2.0 mmol) and Ki

(ca. 25 mg) in 10 mL of DMSO was stirred under N, for 10 min. 4-(bromomethyl)-
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4'-methyl-2,2'-bipyridine (0.644 g, 2.45 mmol) pre-dissolved in DMSO (5 mL) was
then slowly added via a syringe and the resultant chocolate brown mixture was
stirred under N, at room temperature for 3 h. Water (100 mL) was then added and
the suspension was extracted with dichloromethane. The collected organic layers
were dried over anhydrous sodium sulphate and the solvent removed in vacuum
to give a half-white solid. The crude was subjected to the silica column
chromatography using dichloromethane and acetone as solvent mixture 99:1
(v/v). The second spot from the bottom on the TLC plate was collected as Ly:
Yield (0.150 g, 48 %) ESI-MS: m/z = 334.93 [L,+Na']. *H NMR (200 MHz, CDCl,)
8.89 (1H, s), 8.68 (d, 1H, J = 4.8 Hz), 8.54 (d, 1H, J = 4.8 Hz), 8.33 (1H, s), 8.25
(1H, s), 7.19 (d, 2H, J = 10.3 Hz), 5.77 (d, 1H, J = 7.7 Hz), 5.00 (2H, s), 2.45 (3H,
s).”®F NMR (400 MHz, CDCls) -74.85 (1F, s). Elemental analysis calculated: C,
61.53; H, 4.20; N, 17.94; Found: C, 61.1; H, 4.14; N, 17.86.

5.3.4. Synthesis of [Ru(bpy)2(L1)](PFs). (1), [Ru(bpy)2(L2)](PFe). (2) and
[Ru(bpy)2(Ls)](PFe)2 (3)

Two new uracil/5-fluorouracil derivatives [Ru(bpy)2(L1)]?" (1); and [Ru(bpy).(L,)]*
(2) were synthesized. Model complex that was used for studies was
[Ru(bpy)2(Ls)]?* (3) (where L; = 4,4'-dimethyl-2,2'-bipyridine). For complexes 1 and
2, Ly is 1-((4'-methyl-[2,2'-bipyridin]-4-yl)methyl)pyrimidine-2,4(1H,3H)-dione) and
L, = 5-fluoro-1-((4'-methyl-[2,2'-bipyridin]-4-yl)methyl) pyrimidine-2,4(1H,3H)-
dione). Complexes 1, 2 and 3 were prepared using the reaction of [Ru(bpy),Cl,]**
(0.145 g, 0.3 mmol) with the appropriate ligand L, (0.1205 g, 0.3 mmol) or L, (0.112
g, 0.3 mmol) or Lz (0.05 g, 0.3 mmol) in ethanol under reflux condition for 8 h.
After cooling, addition of saturated aqueous potassium hexafluorophosphate

(KPFs) solution precipitated out the complexes as orange red solids. Which were
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filtered off using G4 glass cantered crucible. The precipitate washed with Millipore
water (5 X 3 mL) followed by diethyl ether and dried over P,Os in desiccator. Both
the complexes were purified by silica gel (100-200 mesh) column chromatography

using acetonitrile and saturated KPF¢ solution 98:2 (v/v) as eluent.

Characterization of 1: yield (0.159 g, 53 %), ESI-MS: m/z for M** = 707.1448
found, 707.1451 calculated, [M-2PF¢]*. *HNMR (400 MHz, CDsCN) 9.26 (1H, s),
8.52 (4H, d, J = 8.0), 8.43 (1H, s), 8.34 (1H, s), 8.10-8.04 (4H, m), 7.75 (4H, d, J =
4.5), 7.69 (1H, d, J = 5.8), 7.57 (1H, d, J = 5.7), 7.49-7.39 (5H, m), 7.31-7.25 (2H,
m), 5.70 (1H, d, J = 7.8), 5.05 (2H, s), 2.56 (3H, s). Elemental analysis (as
chloride salt) calculated: C, 55.53; H, 3.88; N, 14.39; Found: C, 55.41; H, 3.9; N,

14.4.

Characterization of 2: yield (0.165 g, 55 %) ESI-MS: m/z for M** = 725.1362
found; 725.1357 calculated [M-2PF¢]". *"HNMR (500 MHz, CD5;CN) 9.52 (1H, s),
8.51 (4H, d, J = 7.4), 8.44 (1H, s), 8.31 (1H, s), 8.07 (4H, t, J = 7.8), 7.73 (4H, t, J
=6.6), 7.69 (1H, d, J = 5.8), 7.64 (1H, d, J =6.2), 7.57 (1H, d, J = 5.8), 7.46-7.38
(4H, m), 7.32 (1H, d, J = 5.4), 7.27 (1H, d, J = 5.6), 5.01 (2H, s), 2.57 (3H,
s).”®FNMR (400MHz, CD5CN) -168.99 ppm. Elemental analysis as chloride salt
calculated: C, 54.28; H, 3.67; N, 14.07; Found: C, 54.2; H, 3.65; N, 13.96.

Characterization of 3: yield (0.151g, 57 %) ESI-MS: m/z for M?** = 299.07. *HMR
(200 MHz, CDsCN) 8.58 (2H, s), 8.54 (2H, s), 8.43 (2H, s), 8.14-8.04 (4H, m),
7.80 (4H, d, J = 5.6), 7.60 (2H, d, J = 5.8), 7.50-7.40 (4H, m), 7.31-7.26 (2H, m),
2.57 (6H, s). Elemental analysis as chloride salt calculated: C, 57.49; H, 4.22; N,

12.57; Found: C, 57.4; H, 4.2; N, 12.48.
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5.3.5. Single crystal X-Ray diffraction studies and crystal structures of complex 1

As-synthesized crystal of complex 1 was coated with paratone-N and placed on top of a
nylon cryoloop (Hampton research) and then mounted in the diffractometer. The data
collection was done at 298 K. The crystal was mounted on a Super Nova Dual source X-
ray diffractometer system (Agilent Technologies) equipped with a CCD area detector
and operated at 250 W power (50 kV, 0.8 mA) to generate Mo Ka radiation (A = 0.71073
A) and Cu Ka radiation (A = 1.54178 A) at 298 K. Initial scans of each specimen were
performed to obtain preliminary unit cell parameters and to assess the mosaicity
(breadth of spots between frames) of the crystal to select the required frame width for

Pro

data collection. CrysAlis™™ program software was used suite to carry out overlapping ¢
and w scans at detector (20) settings (26 = 28). Following data collection, reflections
were sampled from all regions of the Ewald sphere to redetermine unit cell parameters
for data integration. In no data collection was evidence for crystal decay encountered.
Following exhaustive review of collected frames the resolution of the dataset was

Pro

judged. Data were integrated using CrysAlis™ software with a narrow frame algorithm.
Data were subsequently corrected for absorption by the program SCALE3 ABSPACK*

scaling algorithm.

Figure 5.2. The ellipsoids in ORTEP diagrams are displayed at the 50 % probability level.
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These structures were solved by direct method and refined using the SHELXTL 97
software suite. Atoms were located from iterative examination of difference F-maps
following least squares refinements of the earlier models. Final model was refined
anisotropically (if the number of data permitted) until full convergence was achieved.
Hydrogen atoms were placed in calculated positions (C-H = 0.93 A) and included as
riding atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C
atoms. In some cases modeling of electron density within the voids of the frameworks
did not lead to identification of recognizable solvent molecules in these structures,
probably due to the highly disordered contents of the large pores in the frameworks.
Highly porous crystals that contain solvent-filled pores often yield raw data where
observed strong (high intensity) scattering becomes limited to ~1.0 A at best, with higher
resolution data present at low intensity. A common strategy for improving X-ray data,
increasing the exposure time of the crystal to X-rays, did not improve the quality of the
high angle data in this case, as the intensity from low angle data saturated the detector

and minimal improvement in the high angle data was achieved.

Additionally, diffused scattering from the highly disordered solvent within the void spaces
of the framework and from the capillary to mount the crystal contributes to the
background and the ‘washing out’ of the weaker data. Electron density within void
spaces has not been assigned to any guest entity but has been modeled as isolated
oxygen and/or carbon atoms. The foremost errors in all the models are thought to lie in
the assignment of guest electron density. The structure was examined using the ADSYM
subroutine of PLATON to assure that no additional symmetry could be applied to the

models. The ellipsoids in ORTEP diagrams are displayed at the 50 % probability level.
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Table 5.1. Crystal structure refinement details of complex 1.

Empirical formula C37 Haz F12 Ng O4 P, Ru
Formula weight 1058.73

Temperature 298 K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2lc

Unit cell dimensions a=39.898(4) A a=90°

b =10.0280(8) A B =107°
¢ =22.1207(14) A y = 90°

Unit cell volume

8462.4(13)
Z 8
Density (calculated) 1.662 mg mm™
Absorption coefficient 0.551
F(000) 4256
Crystal size 0.3x 0.2 x 0.2 mm?®
Theta range for data collection  2.95to 29.14
Index ranges -51<=h<=53, -13<=k<=13, -27<=1<=29
Reflections collected 23879
Independent reflections 22963
Absorption correction Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 9749/0/587
Goodness-of-fit on F? 1.606
Final R indices [I>=2sigma(l)] R; =0.0812, wR;, = 0.1504
R indices (all data) R; =0.1609, wR, = 0.1662
Largest diff. peak and hole 0.841 and -0.626 e.A®
CCDC No 1035338

5.4. Results and discussion
5.4.1 Photophysical characterization of complexes 1 and 2

Optical spectra for complexes 1 and 2 are shown in Figure 5.3, which clearly

revealed that the electronic spectra in the visible region for both complexes was
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dominated by broad metal-to-ligand charge-transfer (MLCT; Ru(dn)—bpy/L;(7*)

and/or bpy/L,(n*) based transitions at ~455 nm.
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Figure 5.3. (a) Absorption, (b) emission, and (c) lifetime spectra for 1, 2, and 3 recorded in

acetonitrile.

while emission band for respective complex was attributed to a *MLCT transition
(~620 nm for Ag, = 455 nm) as the d5c for the ISC process for Ru(ll)-polypyridyl

complexes is reported to be ~1 and occur within 40 fs.** Spectroscopic data for
complex 1: AAES = 290 nm, & = 22130 M cm™; A42S = 457 nm, £ = 12920 M*em™;
DS = 620 NM (Pgms = 0.048) for Agy Of 455 nm and 11, = 323 ns (x2 = 1.14)
using 442 nm laser source; Spectroscopic data for complex 2: xﬁ‘;; =290 nm (g =
23060 Mtcm™); ADS, = 456 nm, € = 13850 Mtcm™; AEDS = 617 nm (®gms =0.050)
for Agy Of 455nm and ty», = 336 ns (Xz = 1.02); 3: Aﬁ‘,[t;i = 290 nm (¢ = 23460 M~
em™; A82S = 453 nm, £ = 14051 Micm™; AEMS = 616 nm (Dgms = 0.055) for ey =

455nm and 1y, = 321 ns (3% = 1.12) using 442 nm laser source.
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Table 5.2. Photophysical properties of the complexes 1, 2, and 3 recorded in pure

aqueous medium.

Complex | Aaps/nm (¢ /10°M™ cm™) | Aex max/nm (hem) | Aem Max/nm (hey) | @ | t(nS)
246 (18.59) 249
1 287 (54.74) 305 617 0.048 | 336
455 (9.41) 461 (617)
247 (28.08) 232
2 287 (79.35) 293 619 0.050 | 323
455 (13.85) 461 (619)
247 (28.08) 232
3 287 (79.35) 293 620 0.049 | 326
455 (13.85) 461 (620)

5.4.2. Isothermal titration calori

metry studies

Relative binding affinity of complexes 1, 2, and 3 towards calf-thymus DNA (CT-

DNA) were evaluated using

isothermal

titration calorimetry (Figure 5.4).

Association constants and thermodynamic parameters (Table 5.3) clearly reveal

that the binding affinities for complexes 1 and 2 are much higher than that of 3

towards CT-DNA.
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Figure 5.4. ITC binding profiles for the interaction of 1 (a) and 2 (b) and 3 (c) with CT-

DNA at 25° C in Tris-HCI buffer pH=7.4.
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Table 5.3. ITC derived CT-DNA binding parameters for 1, 2, and 3.

Complex 1 2 3
Ka [M] (2.51 +0.16)10" | (7.23 +0.24)10" | (2.05+0.85)10°
AH [KcalM™] 1.47 +0.02 -35.5+0.41 0.51+0.25
-TAS [KcalM™] 7.47 -28.87 5.03
AG [KcalM™] -6.0 +0.02 -6.68 + 0.41 -4.52+0.25
N [bp] 0.98 + 0.01 0.61 + 0.00 0.354+0.14

The data shown in table 5.3 clearly indicate that the affinities of these three
complexes are much lower than those of analogous Ru(ll)-polypyridyl derivatives
having functionality which favour an efficient DNA intercalation process.*
Complex 2 with 5-FU derivative was expected to be more lipophilic than the
analogous complex 1 and anticipated to favour the interaction with DNA. Binding
affinity of 2 towards CT-DNA was higher than the complex 1 by a factor of 2.9. A
small positive enthalpy (AHc = 1.47 = 0.02 KcalM™) and a high positive entropy
(7.47 KcalM™) changes was observed for interaction of 1 with CT-DNA. These
observations tend to suggest that the interaction of 1 with CT-DNA was
entropically driven. The interaction of 2 with CT-DNA showed negative enthalpy
(AH7c = -35.5 KcalM™) and entropy changes (-28.87 KcalM™). High negative
enthalpy change was anticipated, as fluorine containing compounds generally
have higher solvation enthalpy. This also indicated that the interaction was
enthalpically driven as well. A slight positive enthalpy (AHc = 0.51 + 0.25
Kcalmol™) and a positive entropy (5.03 KcalM™) changes was observed for
interaction of 3 with CT-DNA which is an entropically driven interaction. The
binding affinity of all three complexes for the CT-DNA is 2>1>3. Further studies
also confirmed that none of these three complexes could alter the relative

viscosities of aqueous DNA solutions. All these observations suggested that 1, 2,
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and 3 could interact with CT-DNA predominantly through groove binding.
However, certain trivial influence of the electrostatic interactions between these
cationic complexes (1, 2, and 3) with the negatively charged phosphate backbone

cannot be completely ruled out.

5.4.3. Viscosity measurements

To determine DNA binding mode, relative viscosity of CT-DNA was measured in
the presence of increasing concentrations of 1, 2 and 3. The intercalator
ethidiumbromide and groove-binder [Ru(tpy).]*" were used as controls for their
respective modes of binding. In contrast to ethidiumbromide, neither complex 1
nor 2 increased the relative viscosity of DNA solutions, indicating that these

complexes are not metallo-intercalators (Figure 5.5).
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Figure 5.5. Change in relative viscosity of CT-DNA with increasing the concentrations of

complex 1, 2, and 3.

Both complexes were bound DNA through groove binding mode. Besides the non-
substituted complex 3 was previously reported for its groove binding behavior.?* This
behavior is consistent with previous reports on other extended Ru(ll)-terpyridyl

complexes.”
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5.4.4. pBR322 plasmid DNA cleavage studies

Ru(ID-polypyridyl complexes are known for their DNA cleavage property by
generating the reactive oxygen species such as 'O,. We have further conducted
the agarose electrophoresis studies by incubating pBR322 plasmid DNA with

complexes 1 or 2.

(a)

16h 24h
e - e

Figure 5.6. The gelelectrophoresis image of pBR322 plasmid DNA incubated with 1 (a)
and 2 (b) at different (4, 16 and 24 h) time intervals.

Since 5-FU is a well-known anticancer drug which is being used currently for the
tratement of colorectal cancer patients it was anticipated that these novel
complexes may be cytotoxic and can cleave the plasmid DNA into smaller
fragments. Figure 5.6 shows that the complex 1 and 2 can almost completely
converted the supercoiled plasmid DNA into nicked circular form in 24 h time. The
reaction mixture of the complex 1 or 2 with plasmid pBR322 DNA was incubated
at room temperature and allowed to react. At various time intervals the samples
were kept at -20° C to monitor the time dependent cleavage. The low
concentrations of 1 (40 pM) or 2 (40 pM) were used to check the DNA damage
activity of these lipophilic cationic molecules which can convert the supercoiled
DNA into nicked circular form. At longer incubation time (16-24 h), the complete
conversion of supercoiled form into linear form has been taken place (Figure 5.6a,

b).
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5.4.5. Cytotoxicity studies

With the positive results obtained DNA cleavage studies it was anticipated that

these two complexes will be toxic towards the cancer cell line.
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Figure 5.7. MTT assay results for the complexes 1 and 2 in HEK293 and MCF-7 cells after

24 h incubation.

To estimate the ICs, values we have conducted the cytotoxicity studies of
complexes 1, 2, and 3 on HEK293 and MCF-7 cells using MTT (MTT = (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay methodology. The
cell viability was found to be > 85 % after incubation with high concentrations (300
uM) of 1, 2, and 3 for 24 h. Thus, MTT assay confirmed that the insignificant
toxicity of all three complexes towards HK293 and MCF-7 cell lines. Evaluated
ICso values were found to be > 300 uM (Figure 5.7). These results are against to
those obtained from gelelectrophoresis studies and accounted for the intra cellular

DNA repair mechanism exist in the live cells.
5.4.6. Live cellular imaging studies

Negligible toxicity towards MCF-7 cells encouraged us to explore their application
potential as imaging agents and accordingly live MCF-7 cells were incubated
separately with 50 uM of 1, 2, and 3 at 37° C. Close comparison of the confocal

laser scanning microscopic (CLSM) images as well as the images of the co-
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staining experiments with well-known ER staining agent clearly revealed that
intracellular emission for 1 and 2 were found to be exactly superimposed with

those for ER-Tracker™ green (Figure 5.8a, b).
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Figure 5.8. CLSM images show the live cell uptake of 1 and 2. Co-localization studies

performed with ER-Tracker™ green.

ER tracker

ER tracker

Figure 5.9. Confocal images of live MCF-7 cells incubated with complex 1 and 2.

Also, distinct emission of 1 and 2 was also observed from the cell membrane,
indicating that the cell membrane was also a target for the reagents 1 and 2
(Figure 5.9a). Identical studies with 3 did not show any such specificity towards

lipid dense regions like ER or cell membrane. Moreover, complex 3 was
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distributed throughout the cell (Figure 5.10a). The enlarged confocal images for
reagents 1 and 2 (Figure 5.9) revealed dot-like structures with red fluorescence in
bright-field microscopy, a pattern that is observed earlier for localization of
lipophilic reagents at the cell membrane.?® Such dot like structures scattered in
the cytoplasm presumably suggested that the reagents were also sequestered in
cytoplasmic vacuoles, which are known to play a subordinate role in

endocytosis.?*%

5.4.7. Correlation between the lipophilicity and cellular uptake.

Partition coefficients (logP) for these three complexes were evaluated by shake-
flask method and these were correlated to the lipophilicity of respective
complexes. Lipophilicity of the complexes 1 (logP = -0.85), 2 (logP = -0.50), and 3
(logP = -1.1) were evaluated. (http://www.molinspiration.com/cgi-bin/properties).
This data clearly reveal that logP is the highest for complex 2 followed by 1 and 3.
There were some contrasting views in correlating the distinct role of lipophilicity
and overall charge of the Ru(ll)-polypyridyl derivatives to the cellular

internalization.

However, it has been argued by many research groups that lipophilicity of the
reagent is more important than the overall charge of the cationic Ru(ll)-complexes
in influencing the cellular uptake process.?”*>?*?%2° For our present study, all
three complexes had the same overall charge (2+), while their lipophilicity
followed the order 2>1>3. Thus, one would presume that the cellular
internalization would follow the order 2>1>3 and the experimental data are in
accordance with the presumption (Table 5.3). This was further confirmed by the

results of the MP-AES studies.
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Table 5.3. LogP values obtained using shake-flask method. Molinspiration software was used for

calculation of logP values for uracil and 5-FU.

Ru accumulation
Complex | logP ppm /10° cells
1 -0.85 1.5
-0.50 2.3
3 -1.1 0.8

Fluorine substitution in complex 2 was used to improve the lipophilicity as
compared to complex 1. Thus, evaluated results were in good agreement with the
trend described in the previous literature reports.?* The literature reports also
reveal that more lipophilic cationic reagent are generally accumulated
preferentially in the regions like ER, while analogous reagents having comparable
overall charge and relatively lower lipophilicity would have preference for

nuclei.®*3°

Bright field

Bright field

Figure 5.10. Live MCF-7 cells incubated with 1, 2 at 4° C.

Earlier reports reveal that internalization of Ru(ll)-polypyridyl derivatives could
occur through energy-dependent and/or energy-independent processes.?®3!32
The cellular uptake of complexes 1 and 2 were found to be significantly reduced

at temperature 4°C (Figure 5.10). Figure 5.10 clearly reveal that complex 1 and 2

were taken up by the cells with energy-dependent transport mechanism.*® This
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further suggested that the cellular uptake of complexes 1 and 2 presumably
happened following an energy dependent endocytosis pathway.?***3 However,
one could not completely rule out the possibilities of an adverse influence of the
reagent diffusion through the cell membrane due to reduced reagent solubility and

decrease in cell membrane fluidity with lowering of temperature.

5.4.8. Fixed cell imaging studies

Literature reports reveal that the lipid bodies of cytoplasm in living cells are
dynamic and their identification has methodological limitations, as lipid bodies
dissipate upon drying or dissolve upon cell fixation.*® This clearly reveals that the
fixation of cells using paraformaldehyde (PFA) is expected to alter the subcellular
distribution of internalized reagents. For example, some peptide-fluorophore
conjugates have been shown to move from the cytoplasm to the nucleus following
the fixation with formaldehyde.®” To check such a possibility, we examined
confocal laser scanning microscopic (CLSM) images of the PFA fixed MCF-7 cells
after incubation with 50 uM of reagents 1 and 2 (Figure 5.11).

Co-staining experiments were also performed with DAPI, a commonly used
commercial nuclear staining agent. For cells treated with 1 and 2, CLSM images
were recorded following excitation with 442 nm laser and intra cellular emission of
respective complexes were observed at 620 nm. Superimposed fluorescence
intensity profile plots (blue and red color emission spectra) of the intracellular
emission signals of DAPI with those of 1 or 2, confirmed that both reagents were

as efficient as DAPI in staining the nucleus of the MCF-7 cells.
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Figure 5.11. Confocal microscopy images of PFA fixed MCF-7 cell stained with 1 and 2.

Co-localization studies performed using DAPI.

To examine the cellular uptake and staining properties of the analogous model
complex 3, we incubated the live MCF-7 cells with complex 3 for 4 h, and then
imaged using confocal microscopy. The CLSM images revealed that unlike 1 and
2, the non-specific internalization of 3 in cytoplasm and nucleus of live MCF-7

cells (Figure 5.10a) was observed.

Merge DAPI 2 Merge

[ii] Interphase Metaphase Telophase
(d) - 1
Y (e)

i

Control

Dnase |

2

RNase A

Figure 5.12. Confocal images of MCF-7 cells stained with 1 (a-c) and 2 (d-f), (ii) confocal
images of MCF-7 cells during different stages of cell division using 1 and 2 as the cellular

imaging agents.

Besides, the treatment of PFA fixed MCF-7 cells with 3 also resulted in non-
specific staining of cellular compartments (Figure 5.10b). Presumably, this could

be attributed to the lack of the functional moieties (U/5-FU) and lower lipophilicity
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(logP = -1.1) of complex 3. In order to check the preferential binding of these two
reagents to nuclear DNA, deoxyribonuclease (DNase |) and ribonuclease (RNase
A) digest experiments were carried out. DNase | is an enzyme that catalyzes the
hydrolytic cleavage of phosphodiester linkages in the DNA and RNase A is a type

of nuclease that catalyzes the degradation of RNA into smaller components.>®

DAPI was used for control experiments. Comparison of the CLSM images of the
cells pretreated with DNase | (Figure 5.12(i) b & €) and RNase A (Figure 5.12(i) c
& f) clearly revealed that the intracellular fluorescence intensities of reagents 1
and 2 from the nucleus of MCF-7 cells were significantly reduced for cells that
were pre-treated with DNase | and not for those pre-treated with RNase A. This
confirmed that 1 and 2 are mainly targeting nuclear DNA in the fixed cell nucleus.
To emphasize more on the specificity of complexes 1 and 2 binding to DNA, we
synchronized the cells by treating with colchicine and released at different time
points to obtain the cell cycle stages of prophase, metaphase, and telophase
(Figure 5.12(ii)). Clear staining of the DNA at various stages could be seen using

complexes 1 and 2.

5.4.9. Photostability test

We have also examined the photostability of these two dyes and compared with
that for DAPI by using confocal microscopy (Figure 5.13(a) and fluorescence
spectroscopy methods (Figure 5.13(b)). The fluorescence intensity of DAPI upon
continuous irradiation in fixed MCF-7 cells (at 359 nm for 300 sec) was drastically

reduced.
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Figure 5.13. Photostability test for 1, 2, and DAPI in MCF-7 cells tested by confocal
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microscopy (a), (b) and by fluorescence spectroscopy (c).

In contrast, fluorescence intensity of 1 and 2 were only reduced by ~ 20% upon
exposure at 442 nm for 300 sec, reflecting the photostability of these two fluorescent
staining reagents. Despite remarkable stability and high emission quantum yield, the use
of quantum dot material as imaging reagent is restricted owing to the high toxicity.3**%4!

Considering these features; the scope of visible light excitable reagents 1 and 2 with

a AASs of ~ 160 nm is significant.

5.5. Conclusion

In conclusion, we have successfully developed two new U/5FU conjugated Ru(ll)-
complexes (1 and 2) as imaging reagents. Unlike model reagent 3, both reagents

were preferentially localized in lipid dense regions like ER, cell membrane, and
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cytoplasmic vacuoles of live MCF-7 cells. This illustrated the role of U/5FU
functionality in achieving specificity for the lipid dense regions in live cells.
Relatively higher lipophilicity of 2 helped in achieving better cellular internalization.
For fixed cell, the lipid layer disruption helped in explicit localization in cell nucleus
through specific interaction with cellular DNA. Insignificant toxicity, photo-stability,
visible light excitation, and large AASs of ~160 nm are other key features for these
two reagents and have significant characteristics for application as an imaging

reagent.
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Conclusion of the Thesis

The thesis entitled “Design, synthesis and DNA interaction studies with novel
photosensitizer molecules as efficient photodynamic therapeutic agents” describes the
synthesis of novel Ru(ll) and Ru(ll)-Pt(I)-polypyridyl complexes. In this thesis the DNA
binding properties of several new Ru(ll) complexes have been investigated in search of
novel anti-cancer agents. The first chapter is basically the introductory chapter, which
describes “Introduction to the eukaryotic cell and its components like DNA, endoplasmic
reticulum, cell membrane, cellular uptake and cell division processes etc. This chapter 1
also described the applications of ruthenium base complexes as anti-cancer drugs and

cellular imaging reagents.

In chapter 2 we have discussed; how the dinuclear Ru(ll)-Pt(ll) complexes can interact
with DNA and the importance of the combination of both the ruthenium and platinum
metal centres in achieving the required cytostatic activity. This chapter also gave the
insight to the design, synthesis and cytostatic Ru(ll)-Pt(ll) bis(terpyridyl) anticancer
complex that blocks entry of cell cycle into S-phase. The promising metal complexes
other than cisplatin is the Ru(ll) or Ru(lll) complexes which exhibit relatively low ligand
exchange rates, which are comparable to those of platinum(ll) complexes. The main aim
of the thesis work is to achieve bimodal toxicity by synthesizing the cisplatin analogue
which is combined with Ru(ll) unit that can generate the 'O,. Accordingly, we have
successfully synthesized a new binuclear metal complex and performed detailed
biological studies to understand the mechanism of the cytostatic activity of these new

anti-proliferative reagent molecules.

The synergistic effect of light, molecular oxygen and a photosensitizer (PS) has been

utilized in achieving photodynamic therapeutic (PDT) property for the treatment of
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cancer. In search of novel PS the chapter 3 described the photo-induced cytotoxicity,
anti-metastatic behaviour of Ru(ll)-polypyridyl complexes through the generation of *O,.
These photo-active Ru(ll) complexes which were conjugated to the amino acids
Tyrosine and Tryptophan have shown the anticipated photo-induced cytotoxicity in both
the 2D and 3D tumor cell lines. Due to the conjugation of the lipophilic amino acids these
complexes have easily been taken up by the A549 cancer cells. These complexes were
also capable of inhibiting the cellular migration and invasion by G1 cell cycle arrest. They

also induce the cell apoptosis by up-regulation of the apoptosis markers caspase 3/9.

The foremost limitation of the Ru(ll)-terpyridine complexes, discussed in chapter 2, was
the short lived excited state of the Ru(ll)-terpyridine centre. This accounted for a faster
deactivation and lower efficiency for generation of the active 'O,. In this chapter 4 we
have synthesized the analogous Ru(ll)-Pt(l)-polypyridyl complexes those discussed in
chapter 2. These complexes were found to be failed to induce the cytotoxicity in A549
cancer cells under the photo-irradiation conditions or in the dark conditions. However,
they could cleave the plasmid DNA into nicked circular form which is a sign for the DNA
damaging ability of these two molecules. The reason for the lower cytotoxicity of these

complexes was presumably the cellular DNA repair mechanisms exist inside the cell.

There are significant activities in designing appropriate imaging reagents for visualization
of specific organelles as this helps in gaining insight for monitoring important biological
processes. Chapter 5 discussed about the design and synthesis of new Ru(ll)-
polypyridyl complexes which were conjugated with uracil or 5-fluorouracil moiety. These
reagents were found to stain the nuclear DNA in the PFA fixed MCF-7 cells. In this
chapter 5 we have studied the cellular imaging applications of the synthesized Ru(ll)

complexes. We also have demonstrated the stability towards photo-bleaching, cell
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membrane permeability; these complexes have showed the nominal cytotoxicity and
luminescence in the longer wavelength following excitation with visible light. Our studies
revealed that these lipophilic reagents could get localized specifically in the ER region of
the live MCF-7 cells following an endocytosis pathway. Detailed studies with RNase A
and DNase | reveal that for fixed cells localization happened in nucleus through
interaction with DNA and unlike DAPI, these reagents are stable towards
photobleaching. The specific selectivity in the DNA-binding of these molecules means
that such complexes may find future potential applications as probes of DNA structure

and function in roles ranging from molecular biology to medicine.

Future scope of the research

The studies conducted in this thesis may provide a basis for the future design and
optimization of Ru(ll)-polypyridyl complexes in searching of novel anti-cancer drugs and
cellular imaging reagents. The judicious selection of the lipophilic moiety could improve
the cellular internalisation of Ru(ll) metal complexes, which consequently leads the
higher cytotoxicity of the reagents. Therefore, the flexible substituent chemistry of these
Ru(ll) complexes allows the design and synthesis of many novel Ru(ll)-polypyridyl

complexes conjugated with the biologically relevant molecules.
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Figure 2. ESI Mass spectra recorded in acetonitrile.
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Figure 19. "HNMR spectra recorded in acetonitrile-ds.
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Figure 20. ESI Mass spectra recorded in acetonitrile.
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Figure 23. ESI Mass spectra recorded in acetonitrile.

B % @ INT2888 SN TR TLLTIMA
0w [ee] CO 0O 0O CO CO 00 0O [ L L N N N
[ | = | 4= N/ A
4
S
/I N /I
NS N\l NS
/Ruz\+
e
N S
~ 3
~

= e _ T
= =
i -

4 204

600 620 640 650 680 700 720 T40 7680 780 800 820

728

Tt T T T Tt T
860 880 900 820

L7

.y

6.00-1

= 426

f1 (ppm)

Figure 24. '"H NMR spectra recorded in acetonitrile-ds.
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Figure 25. ESI Mass spectra recorded in acetonitrile.
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Figure 26. 'H NMR spectra recorded in acetonitrile-ds.
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Figure 27. ESI Mass spectra recorded in acetonitrile.
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Figure 29. ESI Mass spectra recorded in acetonitrile.
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Figure 30. 'HNMR partial spectra recorded in chloroform-ds.
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Figure 31. ESI Mass spectra recorded in acetonitrile.
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Figure 32. "HNMR spectra recorded in acetonitrile-ds.
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Figure 33. ESI Mass spectra recorded in acetonitrile.
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Figure 34. "HNMR spectra recorded in acetonitrile-d
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Figure 35. ESI Mass spectra recorded in acetonitrile.
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A Cytostatic Ruthenium(ll)-Platinum(ll) Bis(terpyridyl) Anticancer

Complex That Blocks Entry into S Phase by Up-regulating p2

KIP1
7

Vadde Ramu,® Martin R. Gill,"™ Paul J. Jarman,” David Turton,® Jim A. Thomas,*

Amitava Das,*™ and Carl Smythe*"!

/Abstract: Cytostatic agents that interfere with specific cellu-
lar components to prevent cancer cell growth offer an at-
tractive alternative, or complement, to traditional cytotoxic
chemotherapy. Here, we describe the synthesis and charac-
terization of a new binuclear Ru"-Pt" complex [Ru(tpy)(tpyp-
ma)Pt(Cl)(DMSO)** (tpy =2,2":6',2"-terpyridine and
tpypma =4-([2,2":6',2"-terpyridine]-4"-yl)-N-(pyridin-2-ylme-

thyl)aniline), VR54, which employs the extended terpyridine
tpypma ligand to link the two metal centres. In cell-free con-
ditions, VR54 binds DNA by non-intercalative reversible
mechanisms (K,=1.3x10°m™") and does not irreversibly
bind guanosine. Cellular studies reveal that VR54 suppresses
proliferation of A2780 ovarian cancer cells with no cross-re-

sistance in the A2780CIS cisplatin-resistant cell line. Through\
the preparation of mononuclear Ru" and Pt" structural deriv-
atives it was determined that both metal centres are re-
quired for this anti-proliferative activity. In stark contrast to
cisplatin, VR54 neither activates the DNA-damage response
network nor induces significant levels of cell death. Instead,
VR54 is cytostatic and inhibits cell proliferation by up-regu-
lating the cyclin-dependent kinase inhibitor p27*' and in-
hibiting retinoblastoma protein phosphorylation, which
blocks entry into S phase and results in G1 cell cycle arrest.
Thus, VR54 inhibits cancer cell growth by a gain of function
at the G1 restriction point. This is the first metal-coordina-
tion compound to demonstrate such activity. D

Introduction

Based on the success of cisplatin, platinum-based drugs
remain the first line of treatment—either alone or in combina-
tion with other anticancer drugs—for a variety of cancers, in-
cluding head and neck, testicular and ovarian."” One of the tar-
gets of cisplatin is DNA, where—following ligand substitu-
tion—the molecule binds irreversibly to the nucleobases, typi-
cally at N, sites of guanine, creating both intra- and interstrand
cross-links.”? Since the cellular DNA mismatch repair or nucleo-
tide excision repair systems do not process these lesions effi-
ciently, an apoptotic cell death response is induced.” Despite
the success of cisplatin, intrinsic or acquired drug resistance
combined with toxicity represents a significant challenge for
the future of platinum chemotherapy.”! Mechanisms that con-
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Chem. Eur. J. 2015, 21, 9185-9197 Wiley Online Library

9185

tribute to platinum-based resistance include changes in effi-
ciency of drug accumulation, intracellular thiol levels and DNA
adduct repair," with resistance often being multifactorial. Such
resistance requires ever-greater doses of platinum therapeutic,
eventually precluding safe use of the drug due to the inherent
high toxicity of the molecule.

One strategy to overcome this problem has involved the
design of new transition metal-based compounds, which aim
to utilise the opportunities afforded by coordination chemistry
to explore novel chemical space in cancer biology. Specifically,
by employing a variety of metal centres, the effect of ancillary
and active ligand(s) on reactivity, cellular uptake and anti-pro-
liferative potency has been explored in detail.”’ With some ex-
ceptions,® work in this area has often focussed on the devel-
opment of potent, purely cytotoxic systems. However, clinical
application of cytotoxic drugs is often restricted by narrow
therapeutic windows and inherent off-target tissue toxicity.”
This principle may be illustrated by platinum-based drugs
themselves: carboplatin, a less potent cisplatin-derivative, was
introduced in an attempt to reduce the nephrotoxicity and
emetic properties of the parent complex,™ while clinical trials
of the highly cytotoxic trisplatinum agent BBR 3464 ceased
due to its severe dose-limiting side-effects.”

As insights into the cell biology of cancer have developed,
targeted therapy has emerged as an alternative approach to
conventional cytotoxic chemotherapy.” Utilising a detailed un-
derstanding of the molecular aetiology of individual tumours,
targeted therapies aim to inhibit the growth and spread of
cancer either by selectively down-regulating intracellular path-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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New imaging reagents for lipid dense regions in
live cells and the nucleus in fixed MCF-7 cells¥

Vadde Ramu,? Firoj Ali,° Nandaraj Taye,” Bikash Garai,? Aftab Alam,®
Samit Chattopadhyay*° and Amitava Das*®

Two new uracil (U) and 5-flurouracil (5-FU) labeled ruthenium(i)-polypyridyl based cellular imaging
reagents are reported. Confocal laser scanning microscopic images with live and paraformaldehyde
(PFA) fixed MCF-7 cells are examined using these two low-cytotoxic reagents. Experimental results show
that these two complexes, appropriately functionalized with U (1) and 5-FU (2), have specific affinity for
the lipid dense regions like the endoplasmic reticulum, cell membrane, and cytoplasmic vacuoles in live
MCF-7 cells, and dye internalization in these regions happened following an endocytosis pathway.
Interestingly, these two complexes are found to be localized in the nucleus of the PFA fixed cells. For
fixed cells, presumably the lipid layer disruption helped in the explicit localization of the complexes 1
and 2 in the cell nucleus through specific interaction with cellular DNA. Poor and non-specific inter-
nalization of an analogous model complex 3, without having a U or 5-FU moiety, reveals the definite
influence of U or 5-FU as well as the role of lipophilicity of the respective complex 1 and 2 in the
cellular internalization process. Apart from these, a large Stokes shift (~160 nm) and an appreciably long
lived *MLCT excited state (~320 ns) in aq. buffer medium (pH 7.4) are other key features for complexes
1 and 2. Unlike the common nuclear DNA staining reagents like DAPI, these low-cytotoxic reagents are
found to be highly stable towards photo-bleaching upon irradiation with 455 nm at the MLCT band for

Received 2nd July 2015,
Accepted 3rd August 2015

DOI: 10.1039/c5tb01309g

www.rsc.org/MaterialsB these complexes.

Introduction

The non-invasive imaging approach is generally preferred for
observing individual events in cells compared to the traditional
biochemical methods that give average results for cells exposed
to certain experimental treatment for studying cell functioning,
evolution, differentiation, reproduction, and also gene expres-
sion in living organisms." Such processes are expected to affect
the native intracellular processes while the imaging studies are
performed in physiologically authentic environments and have
relevance for cell/molecular biology, studying bio-chemical
processes, medicine, pharmacology and diagnostics.> Accord-
ingly, visualization of cellular structures by fluorescence micro-
scopy remains a powerful research tool in recent years. There are
significant activities in designing appropriate imaging reagents
for visualization of specific organelles with organelle-selective
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dyes in the membrane-enclosed intracellular structures, as this
helps in gaining insight for monitoring important biological
processes.>” Stability towards photo-bleaching, cell membrane
permeability, nominal cytotoxicity and luminescence in the
longer wavelength following excitation with non-harmful visible
light are some of the essential criteria for any such efficient
imaging reagent.”® For imaging application, a target like the ER,
a specific organelle in the cells of eukaryotic organisms, is of
great significance.”'® Proteins for the secretory pathway are
inserted into the membrane of the ER, where they are pro-
cessed/folded into their native conformation. Misfolded proteins
are retained in the ER and transported to the cytosol for
ER-associated protein degradation, which has a serious implica-
tion in physiology."® The ER can be stained with a variety of
commercially available lipophilic probes and typical highly ER
specific dyes include the lipophilic carbocyanine (DiOC6 or DiIOC5
with Stokes shift (AASs) of ~14 nm) or boron-dipyrromethane
(BODIPY) dyes (E34251 or E34250 with A/Ss of ~28 & 7 nm,
respectively)."* Such dyes suffer from the limitations of narrow
AJSs, photo-bleaching, and partial toxicity.'* There are only two
reports which reveal that the above referred limitations could be
addressed for either ER or mitochondria-specific dyes by using
dinuclear Ru(n)-polypyridyl based complexes.” Gill et al. also
showed that the DNA groove-binding dinuclear complex

J. Mater. Chem. B, 2015, 3, 7177-7185 | 7177
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A specific probe for Hg?* to delineate even H* in
pure aqueous buffer/Hctl16 colon cancer cells:
Hg(i)—n?-arene n-interaction and a TBET-based
fluorescence responsef
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Samit Chattopadhyay*® and Amitava Das*®
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A new molecular probe that demonstrates a distinct TBET process,
induced by the Hg(i)-y?-arene r-interaction, in pure aqueous
medium with a large pseudo-Stokes shift of 200 nm.

Intramolecular triplet-triplet energy transfer is being pursued more
recently for developing efficient fluorescence-based receptors, as
the average lifetime of the triplet state is much longer than the
singlet state." However, such a triplet-triplet energy transfer is spin-
forbidden by the dipole-dipole mechanism (Forster-type mechanism)
and is only allowed by the electron exchange mechanism (Dexter-type
mechanism)." Such a triplet-triplet energy transfer requires either an
effective orbital overlap or coupling mediated by an appropriate
conduit. More importantly, such a through bond energy transfer (TBET)
process is not limited by the fact that donor and acceptor fragments
ought to have a spectral overlap. This offers the opportunity to achieve a
large pseudo-Stokes shift to avoid self-quenching of the donor fluoro-
phore and fluorescence detection errors because of excitation back-
scattering effects.> Additionally such an energy transfer dyad also helps
in avoiding the problem of photo-bleaching of the probe fluorophore.>?
For fluorophore dyad systems that have an insignificant spectral overlap
between the donor emission and acceptor absorption, the FRET
process could be operational along with the TBET process. The
challenge of demonstrating the TBET process in a small molecule
based fluorophore dyad without the complete absence of the spectral
overlap has not been met to date, barring one recent example.*
Among various fluorophores, acyclic xanthene forms of different
rhodamine derivatives have been widely used as imaging reagents
because of their high emission quantum yield, cell membrane
permeability, non-toxic nature towards live cells and finally the switch
on fluorescence response upon conversion of a cyclic lactam form to
the acyclic one.> However, such reagents generally have a Stokes shift
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India. E-mail: a.das@ncl.res.in; Fax: +91 2025902629; Tel: +91 2025902385
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of about 50 nm and respond to H" as well as certain metal ion(s) with
a fluorescence on response.” More recently, a much larger Stokes
shift was reported for a receptor with TBET-based response on specific
binding to Hg”".° However, there existed a small spectral overlap
between the donor and the acceptor fragments and this did not
completely exclude the possibility of the FRET-based response along
with the predominant TBET process. Thus, examples of TBET-based
cassettes for intracellular imaging applications are actually rare.*®

Among various metal ions, Hg”" is one of the most potent
neurotoxins known and its deleterious influences on human as well
as plant physiology are well documented in a range of literature
reports and the lowest Hg(u) concentration that is allowed in safe
drinking water is 0.2 ppb.”® Keeping this in mind, it is imperative to
develop a reagent that could specifically recognize, detect and
quantitatively estimate mercury ion concentration as low as the
above referred limit in pure aqueous/buffer medium having physio-
logical pH. Hg>" is known to be an efficient quencher of molecular
fluorescence due to a facile spin-orbit coupling process.'® The
solvation enthalpy for Hg”" is also significant (1824 kJ mol ). Thus,
designing an ultrasensitive fluorescence-based specific probe for
Hg(u) with a high Strokes shift is a challenging issue.

In the present communication, we have described a new probe
molecule that allowed us to achieve specificity in detecting Hg®" in
aqueous buffer medium through formation of a Hg(u)}-n‘>arene
complex. This not only allowed us to delineate Hg>* from H* based
on a distinctly different fluorescence response, but also helped us to
achieve a significant pseudo-Stokes shift of ~200 nm through a TBET-
based response. Such an example is rare in the contemporaty literature.

Detailed synthesis of L, R; and R, (Scheme 1), their spectral
(*H NMR and *C NMR) and analytical characterization data are
provided in the ESL{ Reagent L showed an intense absorption band
at 386 nm for the benzimidazole derivative of the phenanthrene
moiety and apart from this, no other absorption band was observed
when spectra were recorded for 20 pM solution of L in aq. buffer
medium (aq. HEPES buffer; 10 mM; pH 7.2) containing 0.4 mM
Triton X100 (TX100) (Fig. 1a (inset)). This assignment was based on
the observed electronic spectral band for the model compound Ry at
375 nm. A biologically benign neutral surfactant (TX100) allowed

Chem. Commun., 2014, 50, 14421-14424 | 14421
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A new Zn'"-2,2":6",2"'-terpyridine complex, derivatized with
a coumarin moiety (L{Zn), acts as a fluorescent chemosensor
for different biologically important phosphates like PPi, AMP
and ADP in mixed aqueous media. Depending on the pro-
portion of the aqueous fraction present in the solvent mix-
ture, L;Zn shows a preference for different phosphate moie-
ties at physiological pH. In an aqueous acetonitrile (2:3, v/v)

medium this reagent shows a preference for AMP as com-
pared to ADP, ATP and PPi. The binding affinities of L;Zn
with different phosphate ions and associated shifts in the
electronic spectra were rationalized by DFT calculations.
Such an example of a receptor that is selective for AMP un-
der physiological conditions is rare in the literature.

Introduction

The selective recognition and sensing of biologically im-
portant phosphate ions have been the focal point of current
research because these ions play crucial role(s) in various
metabolic processes.!™¥ More importantly adenosine tri-
phosphate (ATP) and pyrophosphate (PPi) are involved in
energy transduction in organism-controlling metabolic pro-
cesses by participation in enzymatic reactions, e.g. DNA
replication, etc.>~71 Furthermore, the detection of PPi is im-
portant in real-time DNA sequencing methods,®! as well as
in cancer research and is formed by the hydrolysis of ATP
into adenosine monophosphate (AMP) in cells. AMP and
adenosine diphosphate (ADP) are well known to play a cru-
cial role in the energy cycle, as well as in various other bio-
logical processes.”) Accordingly, detection and discrimi-
nation of these phosphates are important for evaluating the
generation of each of these ions during various biological
processes and clarifying their roles in these processes.
Among various methodologies adopted for developing sen-
sor molecules for anionic analytes in aqueous environments,
metal ion—anion coordination is recognized as one of the
most popular for ions with a high hydration energy, e.g.
fluoride, various phosphates, acetate ions. In this regard,
the Zn>* complex with vacant coordination sites is signifi-
cant as the Zn>" ion generally has higher affinity towards
phosphate functionality. Higher affinity and stronger Zn'-
phosphate binding is expected to be reflected in the more
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pronounced influence on the molecular orbital energy levels
and thereby on the output spectral response. Besides this,
Zn?* does not exhibit any emission quenching effects to flu-
orophore because of its electronic (3d'%4s%) configuration.
Thus, examples of the Zn>*-based chemosensors for re-
cognition of biological phosphates, which work either in
aqueous environments or under physiological conditions,
are relatively more common in the literature than those that
work on the hydrogen-bonded adduct formation pro-
cedure.['%!1] However, examples of an appropriate receptor
that shows preferential binding affinity towards AMP or
PPi, compared to other common anions like F, Cl", Br,
I, NO;~, CH;COO", C¢HsCOO-, SO, HSO,4~, H,PO4~
and other biologically important phosphate ions like ATP,
CTP, ADP under different mixed aqueous buffer-solvent
environments, are scarce in the literature. This promoted us
to design and synthesize Zn'" complexes as a fluorescent
probe for different phosphates like AMP and PPi. Most of
the Zn'" complexes, which are used as the receptor for phos-
phate ions, are generally either various derivatives of Zn"-
dipicolylaminel'%!1a-11hl or Cul'-dipicolylamine,!' '] bar-
ring one recent reference where Zn""—cyclen (1,4,7,10-tetra-
azacyclododecane) is reported to show comparable affinity
towards ATP and PPi.l'>2l There are only few examples
available in the literature where Cu'/Cd"—cyclen derivatives
are used as receptors for AMP/PPi.['2134 Though the Cu"f
complex shows specificity toward PPi, observed binding af-
finity was not appreciable; while the anion binding response
for the Cd™-cyclen derivative works on displacement phen-
omena and lacks any specificity towards PPi. In a recent
report, Gao et al. have shown that a dizinc(II)-cyclen deriv-
ative could also be used for specific binding to deoxythymi-
dine and thymidylylthymidine.['3®] In this article we report
synthetic methodology, characterization and binding stud-

Eur. J. Inorg. Chem. 2011, 3050-3058
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