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ABSTRACT

Recently in the field of chemotherapeutics to combat the side effects of
cisplatin, ruthenium complexes are being investigated extensively. In this
work, a bidentate benzimidazole based ligand, HL [HL=2-(1H-
benzo[d]imidazol-2-yl)-6-methoxyphenol] was utilized to obtain three
Ru(Il) arene complexes having a generalized formula [Ru(n®-p-
cym)(L)(X)] (where p-cym = p-cymene, X = CI) and [Ru(n’-p-
cym)(L)(X)]PF¢ (where p-cym = p-cymene, X = (i) PPh; = triphenyl
phosphine, (i1)) PTA = 1,3,5-triaza-7-phosphaadamantane) to explore their
prospective anticancer activities. All of the synthesized compounds were
characterized thoroughly using different analytical techniques including
MS, NMR, FTIR, UV-Vis and fluorescence spectroscopy. A stability
study using UV spectroscopy confirmed that the complexes remained
stable in biological medium. It was also observed that both the ligand and
the complexes are fluorescent in nature. A fluorescence quenching
experiment with serum albumin proteins revealed that there is good
interaction between the complexes and HSA (Human Serum Albumin)
and BSA (Bovine Serum Albumin). The applications of the synthesized
compounds were further explored by conducting a DNA binding study
using absorption spectroscopy and fluorometric titration with DAPI (4°,6-
Diamidino-2-Phenylindole) to check whether the compound interacts with
the DNA via groove binding. The complexes were additionally checked
for their lipophilic nature and found to be catalyzing the transfer of
hydrogen from NADH to get it converted into (Nicotinamide Adenine
Dinucleotide) NAD", thus inducing oxidative stress. An MTT Assay
revealed the extent of cytotoxicity of the compounds against different
tumor cell lines. Furthermore, Hoechst staining indicated the ability of the

complexes to bring about apoptosis in cancer cells.
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CHAPTER 1 Introduction

1.1 General Introduction

Cancer is a group of diseases that occurs when abnormal cells divide in an
uncontrolled way and has the potential to invade other parts of the body.
In 2018 itself, the number of new cases diagnosed were 18.1 million and
9.5 million patients were reported to have died due to the disease (Figure
1.1)." 1t is caused due to changes to genes that control our cell functions.
Cancers can be broadly classified into carcinomas - derived from epithelial
cells, sarcomas - originating from connective tissues, lymphoma and
leukemia which is formed in the blood generating cells and blastoma

.. .. 2
arising from embryonic tissue.

Breast
261 419 (12.7%)

Lung
Other cancers 2206 771 (11.4%)

7116 263 (36.9%)

Colorectum
1931 590 (10%)
Bladder
573 278 (3%)
Thyroid Prostate
586 202 (%) 1414 269 (7.3%)
Oesophagus Stomach
604 100 {3.1%) 1069 103 {5.6%)

Cervix uteri ; Liver
604 127 (3.13) 905 677 (4.7%)

Total ; 19 292 789

Ovea sz Gzhzcan 20
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Figure 1.1: Estimated number of new cases in 2020, worldwide.


https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000045693&version=Patient&language=en

1.2 Metal Based Medicines and Cisplatin

Metals in trace amounts play a critical role in various metabolic functions
in our bodies. They form components in the active sites of multiple
enzymes and proteins and are actively involved in multiple biological
processes like electron transfer reactions or the transportation of biological
components across the body.”> Throughout history of metallodrugs, metal
containing medicines have been used to treat diseases like arthritis,
diabetes, cardiovascular and gastrointestinal disorders and other microbial
and viral diseases.* However, it is the accidental discovery of anticancer
activity of cisplatin or cis-diamminedichloroplatinum(Il) in the 1960s that

sparked the interest towards metal based chemotherapeutics.

No repair
(apoptosis)

Repair
(resistance)

Figure 1.2: Cisplatin and its mechanism of action.

While being the most widely known, it is extremely effective to treat lung,
bladder, head, neck and cervical cancers.” ® It is now extensively known
that cisplatin binds to the DNA of the cell and causes hindrance to the
process of DNA replication that ultimately leads to the termination of cell
multiplication (Figure 1.2).” Unfortunately, cisplatin affects healthy cells
as well as cancer cells, therefore causing side effects like kidney toxicity,

10.11 . . . ey el
" For instance, nausea is caused because of inhibition

nausea, vomiting.
of enzyme through coordination of Pt to sulthydryl groups in protein.

Apart from this, patients sometime develop tolerance to the drug after
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repeated doses known as drug resistance, causing failure of treatment,

thereby creating a need for alternative anticancer drugs.'?

1.3 Ruthenium Anticancer Complexes

Thus in the pursuit of searching for a replacement, ruthenium complexes
have emerged as an excellent replacement for platinum based
metallodrugs in the field of chemotherapy due to a number of reasons.
While Pt(II) can provide four coordination sites though a square planar
geometry, six coordination sites of an octahedral ruthenium complex gives
more flexibility in modulating the steric and electronic properties of the
complex by introducing desired ligands. Importantly, Ru drugs also show
a higher selectivity for cancer cells without affecting the healthy
cells.”” Rapidly multiplying cancer cells are in constant need of iron and
hence transferrin receptors are over expressed. This observation combined
with the property that Ru, by virtue of belonging to the same group as Fe,
mimics it and thereby shows good binding with albumin proteins, results
in an effective delivery of the drugs to the cancer cells.'* A theory also
speculates that if Ru drugs are administered in the +3 oxidation state
which is the less reactive oxidised state, it will prove to be less harmful to
the healthy cells. The complexes then get activated only in the tumor cells
which tend to have a reducing atmosphere caused by a low oxygen
concentration, high glutathione levels and acidic pH."” Ru(IT) complexes
and that of platinum(Il) have similar ligand exchange rates of which is
another reason for Ru to be considered as Pt alternative but with additional
advalntages.16

Cancer cells divide rapidly due to a loss of control of factors that are
regulated by DNA. A lot of ruthenium compounds selectively bind to
DNA as the metal atoms which are electron-deficient, act as acceptors of
electron from the DNA moieties which act as nucleophiles. Moreover,

unlike cisplatin, an advantage of Ru(Il) complexes is that they can target



proteins other than targeting DNA in a cell.'” Enzymes have important
functions in various cellular processes like division of cells and apoptosis.
Targeting any of these processes hinder normal cell function thus showing

anticancer activity.

1.4 Ruthenium Arene Compounds

Half-sandwich arene ruthenium (II) complexes [(n°-arene)Ru(X)(Y)(Z)] in
particular, have attracted attention as promising candidates for anticancer
activity (Figure 1.3). They are a class of compounds that have a piano
stool geometry, where X and Y are either a bidentate ligand or two ligands
that are monodentate while the remaining ligand is generally a leaving
group, often a halogen. An inherent advantage of these compounds is that
the arene rings are hydrophobic, that makes it easy for the Ru(Il)
complexes to go across the hydrophobic layer of phospholipids in the cell
membrane and enter into the cells.'” The mechanism proceeds via the
halogen group undergoing aquation which is reported to be the rate
determining step, often succeeded by binding to the phosphate group of a
DNA nucleotide.'™" Introduction of an aryl group has been observed to
significantly amplify this water exchange rate causing an enhancement in
the reactivity of the complexes by lowering its pk, value.”**!

RAPTA compounds are a special type of arene ruthenium(Il) complexes
having a monodentate phosphine ligand PTA (1,3,5-triaza-7-
phosphaadamantane). The ligand PTA is chosen because of its good
solubility in water and its property to get protonated first in an acidic
environment.”> RAPTA-C (containing two chloride ligands and a p-
cymene as the arene moiety) and RAPTA-T (containing two chloride
ligands and toluene as the arene moiety) were found to be not very
cytotoxic, but they successfully stopped metastasis in the lungs of mice
that were infected with mammary carcinoma. It is also reported that

RAPTA-C is effective against colorectal and ovarian cancers.'’
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Figure 1.3: General structure of Ru arene complex with the formula [(n’-
arene)Ru(X)(Y)(Z)].

Among other explored Ru metallodrugs, imidazolium trans-[tetrachloro
(dimethylsulfoxide)(imidazole)ruthenium (II)] and indazolium trans-
[tetrachlorobis(1H-indazole)ruthenium (II1)] which is abbreviated as
NAMI-A and KP1019 respectively (Figure 1.4), entered into the clinical
trials, but the studies were put to rest due to transient nephrotoxicity
caused by NAMI-A and poor solubility in water of KP1019.%2° However,
two other complexes, [Ru(n’-p-cymene)Cly( 1,3,5-triaza-7-
phosphaadamantane)] or RAPTA-C, and KP1339 which is the sodium salt

of KP1019 are currently undergoing clinical trials.

% B S X

Clu, | &

ca? T“ S,
CI/ \Cl
% E DMSO

Figure 1.4: Structure of (4) KP1019 and (B) NAMI-A.



1.5 Importance of Ligands

Importantly, the selection of the arene ring, the ligand which chelates to
the metal centre and the leaving group has a marked significance on the
activity of the drugs.”® A recent study found that increasing alkyl chain
length or aromatic conjugation at the C- or N-terminals of Ru(Il)-p-
cymene complexes using acylthiourea ligands increased both lipophilicity
and anticancer activity.”’ In another study by Prabaharan et al., among the
six Ru (II) arene complexes incorporated with the ligand, 2-furyl methyl
benzhydrazone, the complex with electron donating methoxy group as the
ligand substituent exhibited the highest cytotoxicity because of its electron
donating nature.” Ru(I) complexes with salicylate ligand has been shown
to selectively target the activity of thioredoxin reductase which is often
found in excess in tumor cells and thus promote the generation of reactive
oxygen species (ROS), which ultimately results in apoptosis of A549
cancer cells.’® Further, there are reports of utilization pyrene and
thiophene containing Schiff bases, tetrazole and picolinamide derivatives,
and certain NSAIDs or non-steroidal anti-inflammatory drugs were
utilized as ligands to obtain metallodrugs with excellent antiproliferative

e . . . . . 31-36
activities via various mechanism of actions in the recent past.


https://www.sciencedirect.com/topics/chemistry/salicylate

1.6 Organization of the Thesis

Chapter 1: This chapter briefly describes about cancer, the importance of
metals in medicine and cisplatin, the emergence of ruthenium compounds
as an alternative chemotherapeutic path, the efficiency of ruthenium arene
compounds in particular and the importance of choice of ligands.

Chapter 2: This chapter contains the motivation behind this work and
review of some of the past work done in this topic.

Chapter 3: This chapter includes the materials, instrumentation,
procedure for the synthesis of ligands and complexes and experimental
techniques for studying DNA and protein interactions, cytotoxicity assay,
lipophilicity study and Hoechst staining process.

Chapter 4: This chapter discusses the results obtained.

Chapter 5: This chapter summarizes the work reported in this thesis and

discusses about the future scope of the project.






CHAPTER 2 Past Work

2.1 Review of Past Work and Project Motivation

In one of the recent reports by Pragti et al., cytotoxicity of four Ru(Il)
arene complexes with 2-aminomethyl pyridine and CI/PPh; as coligands
and SO;CF3/PF¢ as counter anions are studied (Figure 2.1). It was found
that the fluorescence spectrum of HSA got quenched on gradual addition
of the complexes, indicating good binding between the complexes and
proteins. Among the four, complex 3 showed maximum interaction with
the proteins since it consists of a lipophilic isopropyl and a methyl group
on the p-cymene and a PPh; group as coligand causing an enhanced
lipophilicity.

UV—Vis spectroscopy was utilized to study how the complex interacted
with DNA. With the increase in CT-DNA concentration to the complexes,
hyperchromism was observed suggesting that the DNA and complex are
not binding via intercalation but instead via groove binding. Competitive
fluorometric titration was performed whereby with increasing amount of
complex 1-4 to DNA — DAPI solution, the fluorescence intensity of DNA-
DAPI complex decreases as DAPI is displaced by complexes. This further
confirms that the complexes utilize groove binding to bind to the
complexes. Complexes 3 and 4 showed the maximum binding because of
the presence of hydrophobic PPh; groups.

MTT Assay showed that complex 3 has the highest cytotoxicity due to
PPh; group and p-cymene groups causing greater lipophilic interaction
with targeted biomolecules. The complexes also have the ability to oxidize
NADH to NAD' thus over-producing Reactive Oxygen Species (ROS)
thereby killing cancerous cells. This hydride transfer from NADH to

Ru(Il) occurs via ring slippage mechanism.



[ 4

/

Figure 2.1: Reaction scheme, DNA binding curve, ICsy values of the

complexes synthesized in reference number 32.

In another paper, ruthenium(Il) arene complexes with naphthalimide
moieties which are known to be DNA intercalators are reported as
anticancer agents’ . In one of the series, the naphthalimide unit is attached
to the arene and in the other via an imidazole ligand (Figure 2.2).

All the synthesized complexes are found to be more cytotoxic than
RAPTA complexes, more selective towards cancerous cells and also
effective against those cancer cells which have become cisplatin resistant.
Moreover, the compounds which have a substitution of NMe, with the
naphthalimide group are more active than the ones without substitution
since internal charge transfer enhances intercalation and thus toxicity.

The target inside the cell for these compounds is not only the DNA but
also the protein as ruthenium is found to preferentially bind to proteins
while the naphthalimide part interacts with the DNA. This two way
mechanism is a possible reason for the increased cytotoxicity when

compared to RAPTA-C.*’

10
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Figure 2.2: Synthesis of naphthalimide tagged Ru complexes synthesized

in reference number 37.

Two other piano-stool complexes [(1n°-p-cym)M(L)CI]CI (where and L=
thiosemicarbazone ligand and M= Ru, Os) were synthesized and reported
by Gatti et al. (Figure 2.3). From 'H NMR it could be seen that
interconversion between E and Z isomers took place in a protic solvent
like methanol. The mechanism proceeds through the abstraction of the
acidic aromatic ring proton by the solvent. The interconversion between
the isomers is proved by NOSEY where the ligand’s iminic hydrogen
interacts with the protons which are aromatic which is possible only in the

7 isomer.
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The complexes are cytotoxic enough against HCT116 colon cancer cell
lines that they are 20 times more potent compared to the ligand alone.
Also, all the complexes collectively have lower resistance factors than
cisplatin. Especially ruthenium complex 3 is seen to overcome cisplatin

resistance as seen for A2780 ovarian cancer cell lines.*®
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“Clinical drug cisplatin (CDDP) &s used as positive control

Figure 2.3: Reaction scheme and ICsy values of complexes synthesized in

reference number 38.

In the past, the anti-inflammatory, antitumor, antibacterial, antiviral,
antiparasitic and antifungal properties of biologically active benzimidazole
based ligands have been studied extensively since a similar kind of core
structure exists in various pharmaceutical compounds (Figure 2.4).%*
Ru(II) complexes using benzimidazole based ligands like 2-aminophenyl
benzimidazole® and methyl 1-butyl-2-arylbenzimidazolecarboxylate**
have been synthesized in the recent past that showed strong binding
capabilities with CT-DNA and consequently showed strong cytotoxicity
against cancer cells. Apart from attacking the DNA in the nucleus, cell
death might also be caused due to production of superoxide anions caused

by mitochondrial damage as shown in a work with Ru(Il) complex with a

bis-benzimidazole derivative ligand.45 In another study46, a series of Ru(Il)

12



arene complexes using 2-pyridin-benzimidazole and 2-phenyl-
benzimidazole based ligands was synthesized with the arene part varying
between p-cymene, benzene and phenoxyethanol. The cytotoxicity was
found to be associated with a dual mode of binding to CT-DNA via
covalent interaction and intercalation, with the p-cymene complexes

showing a higher activity.
H
N

)

N

Figure 2.4: Structure of benzimidazole moiety.

Inspired by these findings, three Ru(Il)-arene complexes have been
synthesized in this work where a fluorescent benzimidazole derivative
ligand has been incorporated while varying the coligand coordinated in the

sixth position.
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CHAPTER 3 Experimental Section

3.1 Reagents and Chemicals

All of the chemicals bought from Sigma Aldrich, India and Alfa Aesar
were highly purified and were no more purification has been done before
use. Chemicals like PBS buffer and MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) were purchased from Himedia

Chemical, India. The experiments were carried out in open atmosphere.

3.2 Methods and Instrumentation

For recording ESI-MS spectra, mass spectrometer from Bruker-Daltonics,
microTOF-Q II was utilized. Bruker AVANCE 1III 400 MHz Ascend
BioSpin was used to record the proton 'H and “C NMR data.
Tetramethylsilane was used as reference for recording NMR. Fourier
Transfer Infrared data was obtained using KBr pellets by a Tensor 27
FTIR spectrometer from Bruker whose range was from 4000 to 500 cm .
Fluorometric experiments were conducted in HORIBA’s Fluoromax-4
(model no. FM-100) spectrofluorometer with a quartz cuvette of path
length 1 cm at 25.0 £ 0.2 °C. Spectrophotometric measurements for
absorption study were done by using a similar cuvette on a Varian UV-Vis
spectrophotometer (Model: Cary 100). A Perkin-Elmer lambda-650 DRS
UV-Visible spectrophotometer, equipped with an integration sphere
diffuse reflectance attachment (range 200-1200 nm) against BaSO, as
reference was utilized for UV-Vis analyses. Staining assay was done with

the help of confocal microscope Fluoview FV100 (OLYMPUS, 449
Tokyo, Japan).

15



3.3 Synthesis of Ligand and Metal Complexes

3.3.1 Synthesis of Ligand  2-(1H-benzo[d]imidazol-2-yl)-6-
methoxyphenol (HL)

Synthesis of ligand was performed using a previously reported method."’
To synthesize the ligand, ortho-vanillin (0.152 g, 1 mmol), 1,2-phenylene
diamine (0.108 g, 1 mmol) and sodium bisulphite (0.150 g, excess) was
made to dissolve in N, N-dimethylformamide (DMF) and the reaction was
carried out for 12 hours in reflux conditions. The solution was then made
to cool down and ice cold water was used to quench the reaction. The
resulting precipitate was filtered and thoroughly washed with MQ-H,O
and dried to obtain a creamy white product. Yield: 0.179 g, 75%.

3.3.2 Synthesis of [Ru( 776-p-cym)(L)Cl] (1)

To obtain complex 1, the synthesized ligand HL. (0.039 g, 0.16 mmol) in
MeOH (10 mL) was added in a dropwise manner to a 10 mL methanol
solution of the Ru(Il) dimer [(n°-p-cymene)RuCly], (0.050 g, 0.08 mmol)
which was then made to stir at 25°C for 6 hours. The solvent was then
made to evaporate using high vacuum to obtain an orange-brown

compound. Yield: 0.082 g, 68%.

3.3.3 Synthesis of [Ru(1*-p-cym)(L)PPh3]PF(2)

To synthesize complex 2, triphenylphosphine (PPhs) (0.042 g, 0.16 mmol)
was made to dissolve in 10 mL methanol and mixed with a solution
containing complex 1 (0.082 g, 0.16 mmol) and 15 mL MeOH. The
reagents were then stirred for 12 hours at the normal room temperature.
After the reaction is completed, to the intermediate solution, a solution of
ammonium hexafluorophosphate (NH4PF¢) (0.026 g, 0.16 mmol) and
methanol was added and further kept for stirring at room temperature for 2
hours further. After the reaction was carried out, the solvent from the

mixture was made to evaporate under high vacuum and an orange-brown
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product was obtained. Yield: 0.077 g, 65%.

3.3.4 Synthesis of [Ru( 7]6-p-cym)(L)(PTA)]PF 6(3)

Synthesis of complex 3 was carried out by adding 1,3,5-triaza-7-
phosphaadamantane (PTA) (0.025 g, 0.16 mmol) in methanol to a mixture
of complex 1 (0.082 g, 0.16 mmol) and MeOH in a dropwise manner after
which the reagents were kept for stirring for 12 hours at room temperature.
After that ammonium hexafluorophosphate (NH4PF¢) (0.026 g, 0.16
mmol) dissolved in methanol (10 mL) was added into the solution and
further stirred for another 2 hours at 25°C. Then using a vacuum, the

solvent was made to evaporate to obtain a reddish brown compound.

Yield: 0.076 g, 65%.

3.4 Lipophilicity Study

The lipophilicity of complexes quantified by log P values was determined
using the shake-flask procedure with two phases, one of which was a
mixture of pure water (HPLC grade) and DMSO and the other being an n-
octanol phase. Initially, the optical densities of the complexes were
measured separately at three different concentrations in both octanol and a
mixture of water and DMSO (2:1) (due to poor solubility in water). From
the slope of absorbance vs. concentration plot, the extinction coefficient
was calculated. 5 mg of the compounds were taken in a solution
comprising of 10 mL water-DMSO and 10 mL octanol. The two phases
were then shaken for duration of 15 minutes and kept isolated to
equilibrate for 24 hours at 25°C. After the two phases separate, 1 mL of
the complex in both the phases was separated and the concentration was
determined spectrophotometrically, by the Lambert Beer’s law from the
absorbance of the spectra obtained.*® P, value was calculated according

to the equation:

concentration in octanol

Pojw = - (1)

concentration in water
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3.5 Protein Binding Study

Tryptophan fluorescence quenching assays with human and bovine serum
albumin (HSA and BSA respectively) were used to determine the amount
of protein binding by the produced compounds. The HSA and BSA
excitation wavelengths were 280 nm and the quenching of the emission
intensity at 345 nm was measured with increasing concentrations of the
quencher (ligand HL and complexes 1-3). Throughout the experiment, the
widths of the excitation and emission slits, as well as the scan speeds,
were kept constant. With Tris buffer solution (strength = 50 mM), a stock
solution of BSA/HSA (strength = 10 pM) was prepared and kept at 4 °C
for future use. Synthetic chemicals were used to make stock solutions with
a concentration of 5 mM. The fluorescence intensity was measured as a
blank in a fluorometric titration using 2 mL of protein solution. For
titration in each step, 2 pL stock solution was added to the solution of
BSA/HSA, and the fluorescence intensity was evaluated. To quantify
fluorescence quenching, upto a total volume of 20 pL compound’s stock
solution was added to the working cuvettes. The quenching of
fluorescence was further examined using the Stern—Volmer equation®,

which is as follows:

Fo
+ = 1+Kqo[Q] =1+ Ksy[Q] ...(2)

where Fy and F are the fluorescence intensities when a quencher is
excluded and included respectively in the experiment, K, stands for the
bimolecular quenching rate constant, 1o is the fluorophore's average
lifespan without a quencher, and [Q] is the quencher concentration (metal
complexes). Ksy in M stands for the Stern—Volmer quenching constant.
The following formula is used to compute the binding constant K, and the

number of complexes bound to the protein (n). *

(FOF;F)] =logKa. + nlog[Q] ..(3)

log [
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3.6 DNA Binding Study

3.6.1 Absorption spectroscopy

Metal complexes' interactions with DNA were investigated using the
electronic absorption approach. Calf thymus, also known as CT-DNA was
kept at 4°C. CT-DNA in a solution of NaCl (50 mM) and Tris in water (5
mM, pH = 7.2) provided an absorbance ratio of 1.9 (Azs0/Azs0, A =
absorbance at 260 and 280 nm) in the UV spectra, showing that protein
was absent in the DNA. After 1:100 dilutions, the DNA concentration was
determined by measuring the extinction coefficient or the € value at 260
nm. Stock solutions of the complexes were generated by weighing the
required amount of complexes and dissolving the same in DMSO. They
were kept at 4°C and utilized within four days. Titrations of absorption
spectra were performed at 25°C in the buffer solution that was prepared to
study the ability of the complexes to bind to the CT-DNA. The
concentration of the complex was kept constant at 10 uM while it was

titrated against the DNA solution whose concentration was increased

gradually (0-150 uL).*

3.6.2 Emission spectroscopy

The complex's binding ability to CT-DNA was measured with via
fluorometric titration of a DAPI- DNA solution in Tris-HCI (5 mM)/NaCl
(50 mM) buffer (pH=7.4). For 30 minutes, CT-DNA was incubated with
DAPI at a ratio that was predetermined ([DNA]/[DAPI] = 2.0). The
quenching impact on fluorescence after complex addition to this solution
was studied by recording the fluorescence data (excitation wavelength =
350 nm, emission wavelength = 458 nm). The experiment was conducted
by maintaining a constant strength of the solution of DNA and DAPI in
buffer ([CT-DNA] = 10 uM and [dye] = 15 uM). To this, the stock
solutions of the complexes were added with an increment of 10 pL in each

step until 150 puL volume. after which the fluorescence was recorded.
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3.7 Cytotoxicity Assay

Cell lines were acquired from NCCS or National Centre for Cell Sciences.
It was grown in Dulbecco's Modified Eagles medium (DMEM) containing
fetal bovine serum (FBS, 10%), penicillin (100 g/mL), L-glutamine (200
mM), and streptomycin (10 mg/mL) at 37°C in a humid environment with
CO; (5%). Cells were cultivated and grown in a logarithmic growth phase

until the cell count reached 1.0 x 10° cells/mL.

3.7.1 Evaluation of cytotoxicity

The complex's cytotoxicity against MCF-7 and HeLa cells was determined
using the MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazoliumbromide] test. To summarize, all cells were seeded (5
x 10" cells/well) on a 96-well plate and maintained for 24 hours in a CO,
environment to grow. Cells were then incubated for 24 hours with varying
doses (0.25-100 uM) of compounds (in a solution of DMSO or H,0). The
culture media was withdrawn after incubation, and 10 pL of the PBS
solution of MTT (conc. = 5 mg/mL) was added to each well. MTT was
removed following incubation in the dark for 4 hours, and DMSO or H,O
(100 puL to each well) was added to make the formazan formed (purple)
soluble. The experiment was repeated three times. Colorimetric analysis
was conducted with an ELISA microplate reader at 570 nm. The cell
viability percentage was computed and represented as follows: percent cell
viability = (OD value of cells that were treated)/ (OD value cells that were
untreated (control)) x 100.*-° Using the Prism GraphPad software tool
ICsy values or the concentration of the dose of a complex that destroyed
50% of the cells was calculated using the plot of OD vs concentration. The

ICs values given are mean + SEM.
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3.8 Hoechst Staining

Hoechst stain 33258 was used to examine the morphology of the cells.
The 5 x 10* HeLa cells were put in six-well plates with a coverslip in each
well and cultured in a CO, incubator overnight for adhesion. The cells
were subsequently treated with the complexes at their ICsy concentrations
and kept for one whole day while untreated cells served as controls. These
cells were then fixed with 4% paraformaldehyde and were made
permeable with 0.1 percent Triton x 100. These cells were then stained at
25°C for 30 minutes with the dye Hoechst 33258 (5 ug/mL) before being
washed with PBS buffer. The coverslips were then put on glass slides and
the fluorescence was examined using an OLYMPUS confocal

. 51,52
microscope.”
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CHAPTER 4 Results and Discussion

4.1 Structure and Synthesis

Three Ru(Il) arene complexes (1-3) with pseudo-octahedral geometry
where three coordination sites are occupied by a p-cymene ring have been
synthesized and characterized. Two of the other coordination sites are
taken up by the synthesized benzimidazole derivative ligand (HL) whose
O and N act as donor centres. The sixth position of the pseudo-octahedral
complex is involved in coordination with a ligand that varies between Cl,
PPh; or PTA. PPh; was used as coligand because it is expected to increase
the lipophilicity while PTA is expected to increase the solubility in water.
The objective of this work is also to test the effect of solubility on the
cytotoxicity of the synthesized complexes. Compound 2 and 3, which are
cationic in nature are treated with ammonium hexafluorophosphate salt to
counter balance the charge of the compound. The chlorido complex 1 was
synthesized by reacting the Ru dimeric precursor with the previously
synthesized ligand (HL) which was further treated with PPh; or PTA
followed by the necessary counteranions in excess as required for

obtaining complexes 2 and 3 (Scheme 4.1, Scheme 4.2).

23



4.2 Reaction Schemes

4.2.1 Synthesis of Ligand (HL)

NaHSO, H
DMF
12h Reflux N/
OCH,

1,2-Phenylenediamine  Ortho-vanillin Ligand (HL)

HO OCH;,

Scheme 4.1: Reaction scheme for the synthesis of ligand (HL).

4.2.2 Synthesis of Complexes 1-3

/Ru
MeOH H,CO O 1‘\1
—————
s S
N

Complex 1

—|PF;
FQ i) MeOH, 6h, RT >—Q—
——
nd  ocu, | ii) PPhy, 12, RT

Ru
iiiy NH,PFg, 2h, RT | “pph
Ligand (HL) ’ neo o7 | 3

: N
Ru p-cymene dimer N
QL0 !

PPh; = @ Complex 2

—| PF
N i) MeOH, 6h, RT >—Q—
. ——
PTA i Ru

Nr J ii) PTA, 12h, RT
~
LN iii) NH,PF, 2h, RT  Hy,CO 07 PTA

a%es

Complex 3

ZN 75

7N / @

Ru Ru
\ 7

Scheme 4.2: Reaction scheme for the syntheses of complexes 1-3.
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4.3 Characterization

4.3.1 Mass Spectra

All the synthesized compounds were characterized by ESI-MS spectra.
The ligand (HL) shows a base peak corresponding to [HL + H]" (Figure
4.1) whereas for complex 1, the peak is obtained due to the [RuL(p-cym)]”
fragment (Figure 4.2). Complexes 2 and 3 exhibit peaks in the spectra
corresponding to the cationic portion of the complexes themselves in both
the cases (Figure 4.3, Figure 4.4).

[C14H2N,0, + H]*

2410084

100 200 300 00 500 00 PAL 800

Figure 4.1: ESI-MS of ligand (HL); ESI-MS (m/z) C;4H;:N0;:
Calculated for [C14H12N>O; + H]+: 241.09: Found: 241.0984.

[C;4H;5N,0,Ru]*

>
0 i l -

0 450 500 350 600 650 no 750 m/z

Figure 4.2: ESI-MS of complex 1; ESI-MS (m/z) C;4H>sN>O>CIRu:
Calculated for [C24H25N202Ru]+: 475.10; Found: 475.1030.
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[C4,H4oN,0,PRU]*

| —

Figure 4.3: ESI-MS of complex 2; ESI-MS (m/z) Cy4HyN>O2PRu:
Calculated for [C12HoN>O>PRu] " : 737.19; Found: 737.1591.

- [CioHyN-O,PRU]*

17% 1010 l
.
500 a0

Figure 4.4: ESI-MS of complex 3; ESI-MS (m/z) C;oH3;;NsO>PRu:
Calculated for [C3pH37N5sOPRuj " : 632.17; Found: 632.1819.

4.3.2 NMR Spectra

NMR spectroscopic data of complex 1-3 and ligand (HL) were found in
accordance with the predicted structures. The data was recorded with
samples dissolved in DMSO-ds. The "H NMR spectra display peaks in the
0 5.71-5.82 ppm region for the p-cymene aromatic protons while the
peaks appearing in the & 6.6 -7.7 ppm region represent the protons of the
ligand (HL) in the aromatic region. The peaks at 6 2.8, 1.7-2.09, 0.9-1.2
ppm are due to the p-cymene ring side chains and the one around 13.2
ppm arises because of the N-H proton which couples with the OH proton
peak in case of the ligand. The PTA protons give peaks in the region
4.73-4.26 ppm and the peaks for PPh; aromatic ring protons are displayed
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in the region & 7.44-7.15 ppm. The complexes also present a singlet peak
due to the methoxy proton at around 6 3.8 ppm.

4.3.2.1 NMR Spectra of Ligand (HL)

"H NMR (400.13 MHz, 298 K, DMSO-ds) &, ppm: 13.22, 13.30 [d, H of
N-H and O-H], 7.74-6.95 [aromatic protons of the ligand], 3.85 [s, 3H, CH
of OCH;] (Figure 4.5). °C NMR (100.61 MHz, DMSO-ds) 8, ppm:
152.40 [C of NH-C=N], 149.05 [C of C-OCH,], 148.81 [C of C-OH],
123.76, 122.90, 119.17, 118.40, 118.06, 114.38, 112.96, 111.97 [C of
ligand], 56.17 [C of OCH3] (Figure 4.6).
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Figure4.5: "H NMR spectrum of ligand (HL).
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Figure4.6: °C NMR spectrum of ligand (HL).

4.3.2.2 NMR Spectra of Complex 1

'H NMR (400.13 MHz, 298 K, DMSO-de) 8, ppm: 13.29 [s, 1H, H of N-
H], 7.69-6.95 [aromatic protons of the ligand], 5.82-5.77 [aromatic
protons of p-cym ring], 3.84 [s, 3H, CH of OCHs], 2.85 [m, IH,
CH(CHj3),], 2.09 [s, 3H, CH of C¢H4CH3], 1.20 [d, 6H, CH of C(CH3),]
(Figure 4.7). C NMR (100.61 MHz, DMSO-ds) 3, ppm: 152.02 [C of
NH-C=N], 149.03 [C of C-OCHj3], 148.68 [C of C-OH], 123.53, 119.28,
118.27, 114.54, 112.75, 106.84, 100.55 [C of ligand], 86.83, 85.97 [C of
p-cym ring], 56.24 [C of OCHj3], 30.44 [CH of p-cym ring], 21.96 [CMe,
of p-cym ring], 18.33 [Me of p-cym ring] (Figure 4.8).
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Figure4.7: '"H NMR spectrum of complex 1.
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Figure 4.8: °C NMR spectrum of complex 1.
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4.3.2.3 NMR Spectra of Complex 2

'H NMR (400.13 MHz, 298 K, DMSO-de) 8, ppm: 13.29 [s, 1H, H of N-
H], 7.75-6.81 [aromatic protons of the ligand], 7.39-7.22 [aromatic
protons of PPhs], 5.31-5.24 [aromatic protons of p-cym ring], 3.87 [s, 3H,
CH of OCH;3], 2.88 [m, 1H, CH(CHs).), 1.76 [s, 3H, CH of CcH4sCHj3],
0.92 [d, 6H, CH of C(CHs),] (Figure 4.9). "C NMR (100.61 MHz,
DMSO-d¢) 9, ppm: 154.76 [C of NH-C=N], 149.02 [C of C-OCHj;],
148.29 [C of C-OH], 134.55, 130.58, 128.31 [C of PPh;], 124.31, 123.04,
119.67, 119.07, 118.52, 115.14, 109.00, 102.77 [C of ligand], 90.03, 87.03
[C of p-cym ring], 56.41 [C of OCH3], 30.18 [CH of p-cym ring], 21.80
[CMe; of p-cym ring], 17.55 [Me of p-cym ring] (Figure 4.10). *'P NMR
(126 MHz, DMSO-ds) 6, ppm: -23.91 [s, PPh;], -144.09 [sept, PFs]
(Figure 4.11).
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Figure4.9: 'H NMR spectrum of complex 2.
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4.3.2.4 NMR Spectra of Complex 3

'H NMR (400.13 MHz, 298 K, DMSO-dg) 8, ppm: 13.87 [s, 1H, H of N-
H], 7.63-6.62 [aromatic protons of the ligand], 5.86-5.84 [aromatic
protons of p-cym ring], 4.73 [s, 6H, 3xXNCH,N], 4.26 [s, 6H, 3xPCH,N],
3.77 [s, 3H, CH of OCHz3], 2.89 [m, 1H, CH(CH;),], 1.97 [s, 3H, CH of
CeH4CHs], 1.12 [d, 6H, CH of C(CHs),] (Figure 4.12). °C NMR (100.61
MHz, DMSO-ds) 9, ppm: 162.79 [C of NH-C=N], 154.34 [C of C-OCH3],
142.53 [C of C-OH], 124.57, 123.93, 123.45, 119.24, 118.36, 116.60,
115.41, 114.49 [C of ligand], 89.80, 89.77, 88.86, 88.63, 88.17, 88.13 [C
of p-cym ring], 85.74, 85.70 [C of NCH,N], 71.71, 71.30 [C of NCH,P]
56.63 [C of OCHs], 30.60 [CH of p-cym ring], 22.16 [CMe; of p-cym
ring], 21.68 [Me of p-cym ring] (Figure 4.13). *'P NMR (126 MHz,
DMSO-d¢) 3, ppm: —29.53 [s, PTA], —144.19 [sept, PF¢] (Figure 4.14).
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Figure 4.12: 'H NMR spectrum of complex 3.
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4.3.3 FT-IR Spectra

Fourier Transfer Infrared (FTIR) spectra was measured using the
instrument Brunker Tensor 2 FTIR spectrometer using KBr pellets. The
peaks of the IR-spectra matched with the expected characteristic bands of
various functional groups of the ligands and the complexes.

The FTIR spectra of all the compounds show a peak in the region 1565-
1570 cm™ confirming the presence of C=N bond in our compounds.” A
peak at 1250 cm’! is also observed which corresponds to vc.o.c. The peak
for N-H and O-H stretching frequency for all the compounds were found
to be overlapping in the range of 3200-3460 cm”. All the above
mentioned peaks are a contribution of the ligand (HL) which is present in
all the compounds (Figure 4.15). The difference between the spectra of the
complexes and ligand is that in that of the complexes peaks for Ru-P or
Ru-Cl appeared in the range of 805-846 cm™. This observation also proves
that complexation with Ru was successful (Figure 4.16, Figure 4.17,

Figure 4.18).
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Figure 4.15: FT-IR spectrum of ligand (HL).
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Figure 4.17: FT-IR spectrum of complex 2.
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Figure 4.18: FT-IR spectrum of complex 3.
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4.3.4 Elemental Analysis

Elemental analysis for ligand (HL) (%): Calc. for C14H;2N>O,: C, 69.99;
H, 5.03; N, 11.66; Found: C, 69.83; H, 5.11; N, 11.72.

Elemental analysis for complex 1 (%): Calc. for Cy4HpsCIN,O,Ru: C,
56.52; H,4.94; N, 5.49; Found: C, 56.45; H, 5.02; N, 5.52.

Elemental analysis for complex 2 (%): Calc. for C4pH40FsN2O,P,Ru: C,
57.21; H, 4.57; N, 3.18; Found: C, 57.08; H, 4.62; N, 3.21.

Elemental analysis for complex 3 (%): Calc. for Cs;oH37F¢NsO,P,Ru: C,
46.39; H, 4.80; N, 9.02; Found: C, 46.43; H, 4.72; N, 8.96.

4.3.5 UV Spectra

The UV-Vis spectra (Figure 4.19) shows that both ligand (HL) and the
complexes 1-3 produce a peak in the region of 220-250 nm which
corresponds to m—m* transition along with another one in the 300-335 nm
region which is due to n — m* transitions.”’ Apart from this, only the
complexes show an additional peak in the range of 350-400 nm which

represents the MLCT transition™
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Figure 4.19: UV- visible absorption spectra of ligand (HL) and
complexes 1-3.
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4.3.6 Fluorescence Spectra

As the complexes are found to be fluorescent in nature therefore to record
the emission spectra, complexes 1-3 were excited at the wavelengths
corresponding to the excitation wavelengths given in Table 4.1. Around
363 nm, the ligand (HL) shows the emission band which is found to be
weaker than the corresponding ruthenium complexes. In case of the
compounds 1-3, emission bands are observed at 357 nm for complex 3, at
358 nm for complex 2, and at 359 nm for complex 1 in increasing order of
intensities (Figure 4.20). Furthermore, other higher intensity bands are
observed at around 485 nm for all the compounds (Table 4.1) with the
relative intensity of 31> 2> HL.

Table 4.1: Excitation and emission wavelengths of ligand (HL) and
complexes 1-3.

Compound UV-Vis (nm) Aexcitation (1M1M) Aemission (NM)

Ligand (HL) 327,238 327 363, 482
Complex 1 357,315, 233 315 359, 486
Complex 2 378,324, 236 324 358, 485
Complex 3 377,324,243 324 357, 484
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Figure 4.20: Fluorescence spectra of ligand (HL) and complexes 1-3.
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4.4 Stability Study of the Complexes

The synthesized complexes have been tested for their stability as they
should not decompose in biological medium in order to function properly.
A solution of 1% DMSO/PBS was taken and the complexes (0.1 mM)
were dissolved in it after which their UV spectra were recorded at various
time intervals ranging from 0-48 hours (Figure 4.21). It was observed that
there is no noticeable change in the UV spectra peaks which confirms that

the complexes maintain their stability in biological medium.
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Figure 4.21: Stability study of the (a) complex 1, (b) complex 2, and (c)
complex 3 (in 1% DMSO in PBS Solution) using UV spectroscopy.

38



4.5 Lipophilicity Study

An important parameter for metal based drugs is its lipophilicity as it
sheds light on the potential extent of cellular uptake through cell
membranes and on its ability to bind to proteins which is essential for
transportation.” Lipophilicity expressed in terms of partition coefficient
(log Pow) was determined through shake flask method by measuring the
ratio of equilibrium concentration between the n-octanol (organic) phase
and water (aqueous) phase. The coefficient was calculated using the
optical density through UV spectroscopy and the results are presented in
Table 4.2. As anticipated complex 2 which contains three hydrophobic
phenyl rings as a part of PPhs group showed the highest log P value of
1.098 while complex 1 and 3 demonstrated lower lipophilicity.

Table 4.2: Values of partition coefficients (log P) of complexes 1-3 in

octanol/water.
Compound log Po/w
Complex 1 -0.853
Complex 2 1.098
Complex 3 -0.614
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4.6 Protein Binding Study

4.6.1 Fluorescence Spectra

Serum albumin proteins help in the transportation of metallodrugs via
blood to the targeted cells. Therefore it is very important to study whether
the synthesized complexes can show sufficient binding with these
proteins. Two such serum albumins used for the study are 1) Bovine Serum
Albumin or BSA and ii) Human Serum Albumin or HSA. The difference
between BSA and HSA is that the former has two residues of tryptophan
(Trp-134) and (Trp-212) whereas the latter contains only one (Trp-214).>°
In UV region, BSA/HSA emits fluorescence primarily due to this
tryptophan residue. When BSA/HSA binds to other molecules, the
fluorescence emitted due to tryptophan changes depending on the changes
in the protein conformation and by studying this change in fluorescence

the extent of complex binding with protein can be investigated.
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Figure 4.22: Fluorometric titration spectra of BSA (10 uM) in buffer
solution with (a) ligand (HL), (b) complex 1, (c) complex 2, and (d)
complex 3 (2-20 uM) at 298 K.
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Figure 4.23: Fluorescence quenching spectra of HSA (10 uM) of (a)
ligand (HL), (b) complex 1, (c) complex 2, and (d) complex 3 (2-20 uM)

at 298 K.

It was observed that as the concentration of the compounds increased (0-

20 uM) in BSA/HSA solution the intensity of the corresponding peak at

around 335 nm gradually decreases and a new peak gets slowly emerged

at around 445 nm with the excitation wavelength of 280 nm (Figure 4.22,

Figure 4.23). An explanation for this behavior is that the original emission

due to the protein is getting quenched as it binds to the complex while the

newer peak at longer wavelength is because of the inherent fluorescence

of the complexes and the ligand respectively.
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Figure 4.24: Stern Volmer plots for the titration of BSA with (a) ligand
(HL) , (b) complex 1, (c) complex 2, (d) complex 3.
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Figure 4.25: Stern Volmer plots for the titration of HSA with (a) ligand
(HL) , (b) complex 1, (c) complex 2, (d) complex 3.
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Binding ability of the ligand (HL) and complexes 1-3 with BSA/HSA,
was studied using various binding parameters which were calculated by
the Stern Volmer equation (Figure 4.24, Figure 4.25) and Scatchard
equation, the results of which are displayed in Table 4.3. It is evident that
complex 2 with a k, value of 2.9 x 10° M"'s™ and 1.1 x 10" M''s™ for
HSA and BSA respectively shows maximum binding with the proteins.
This is probably due to an increased hydrophobic interaction between the
protein non polar side chains and the p-cymene group and large phenyl
groups of PPh; present in the complex 2. Furthermore, the above

mentioned high k, value signifies an occurrence of static quenching.’’

Table 4.3: Various parameters to analyze the binding between proteins
and the compounds from SV and Scatchard plots.

Compound KoM K,M's™) K.(M™) n
BSA
Ligand (HL) 5.9 x 10* 9.5 x 10" 9.5x10° 1.3
Complex 1 4.6 x 10* 7.4 x 10" 1.1 x 10° 1.35
Complex 2 7.4 % 10* 1.1x 10" 5.5x% 10° 1.5
Complex 3 2.9 % 10* 4.7 x 10" 1.9 x 10° 1.45
HSA
Ligand (HL) 4.9 x 10* 7.9 x 10" 1.9 x 10° 1.4
Complex 1 6.7 x 10* 1.1x 10" 3.6 x 10° 1.43
Complex 2 1.8 x 10° 2.9 x 10" 2.9 x 107 1.55
Complex 3 43 x 10* 6.7 x 10" 1.1 x 10° 1.35
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4.7 DNA Binding Study

4.7.1 Absorption spectroscopy

UV spectroscopy is a very useful technique to conduct an investigation
into the mode of interaction between the complexes and CT-DNA.
Hypochromism on addition of complexes generally indicates intercalative
mode of binding while hyperchromism indicates groove binding and other
electrostatic interactions.”’ It can also suggest uncoiling of the DNA strand
to some extent revealing more DNA bases.” Complexes 1-3 and ligand
(HL) are titrated with CT-DNA in increasing amounts while the UV
spectra is recorded in each step (Figure 4.26). For all the complexes, there
is a noticeable increase in the absorption intensity, i.e. hyperchromism
when compared to the absorption band of the free complex without CT-
DNA. This confirms the groove binding nature or some other mode of
electrostatic interaction through which our complexes show appreciable

binding to the DNA.
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Figure 4.26: Absorption titration spectra of (a) ligand (HL), (b) complex
1, (¢) complex 2, and (d) complex 3 with increasing concentrations of

DNA.
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4.7.2 Emission Spectroscopy

DAPI is a fluorescent DNA stain that specifically attaches to the Adenine-
Thymine base pairs of DNA minor groove. As a result, a competitive
binding study was done via fluorometric titration by observing the changes
in the emission intensity of DAPI-DNA adduct upon gradual addition of
the compounds (0-100 pL) as the quencher.’’ It is observed that there is a
distinct decrease in the intensity of fluorescence in all the cases (Figure
4.27) as the DAPI moiety gets displaced on increasing the compound
concentration which is indicative of the minor groove binding nature of

the complexes.
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Figure 4.27: Fluorescence quenching spectra of DAPI bound CT-DNA
upon gradual addition of (a) ligand (HL), (b) complex 1, (c) complex 2,
and (d) complex 3 as the quencher at 298 K.

Stern-Volmer equation and Scatchard equation (Equations 2 and 3) have
been utilized to calculate the binding parameters Ksy, K, K, (Figure 4.28)
the results of which have been shown in Table 4.4. High magnitudes of

10* of the calculated values of Ksv show beyond a doubt that a significant
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amount of binding between the complexes and the DNA takes place where

complex 2 exhibits the highest binding constants.

w04
< A Al A
] 2 b)
A 2.44 A
444 A 2.24 P
154 A 2.04 Y
= el 1.54 4]
e 1Y A
o) 154 A 1.64
: { ] A
s £ 14 A
1.2 A
1.54 A ; A
A 1.0+
10 u 4 v v T T T T
000000 000003 060000 000009  0,00012 000000 GOM0S 000006 .00000 000012
1Q] (mol/L) |Q] (mol/L)
za] : 35 .
54 C) 3.04 d)
’ ' A
and
\ A
144 254
AN A
f; ot A = 2.04 )
e 1A Y A
184 : 154 \ 4
" f
154 » £ A
. 104
184
GOBBN OANOE) GAN00E GOSSY 0012 000000 GO0005 000006 600DV 006812
1Q] (mol'L) |Q] (mol/L)

Figure 4.28: Stern Volmer plots for the titration of DNA-DAPI with (a)
ligand (HL) , (b) complex 1, (c) complex 2, (d) complex 3.

Table 4.4: Binding parameters of DNA with complexes 1-3 and ligand
(HL) analyzed from Stern Volmer and Scatchard plots.

Compound KM K,M's™)
Ligand (HL) 2.8 x 10* 1.3 x 10"
Complex 1 1.2 x 10* 5.5 x 10"
Complex2 2.7 x 10* 1.2 x 10"
Complex3  1.6x10* 7.3 x10"7

47

K.(M™)

n
5.1 x 10* 1.07
6.4 x 10* 1.18
2.1x10° 1.22
1.2 x10° 1.22



4.8 Catalytic Oxidation of NADH

Coenzymes NAD'/NADH play a significant role in the control of
enzymatic reactions and various aspects of cellular metabolism. The redox
state of the cell controlled by the ratio between NAD /NADH, influences
the activity of multiple cellular processes such as oxidative
phosphorylation and the citric acid cycle®”. So any disruption to this
particular ratio can cause interference in regular metabolic activities of the

cell.*

Ru(Il) aqua complexes have previously been reported to oxidize
NADH to NAD" via catalytic transfer hydrogenation (TH) whereby the
hydride from NADH migrates to form a Ru hydride adduct intermediate
that further undergoes reaction to generate Reactive Oxygen Species

(ROS).*¢!
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Figure 4.29: UV-visible spectra of NADH (100 uM) on reaction with
complexes 1-3 (5 uM): (a) only NADH, (b) complex 1, (c) complex 2 and
(d) complex 3.
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The catalyzing ability of the synthesized compounds is hereby
investigated using UV spectroscopy. In a solution of 90% H,O + 10%
MeOH, 100 uM NADH was incubated with complexes 1-3 (5 uM) while
observing the peak at 339 nm, characteristic of NADH at various intervals
of time. A gradual decrease in the aforementioned peak signified the
oxidative transformation of NADH to NAD" while the control containing
only a NADH solution showed negligible spectral changes (Figure 4.29).
Using the spectra obtained, the values of TON (turnover numbers) of the
complexes 1, 2, and 3 were calculated to be 11.78, 7.05 and 9.04
respectively (Figure 4.30). Complex 1 displays the highest TON on
account of presence of a labile Cl leaving group which improves the
catalytic rate. Thus all the complexes possess the ability to catalyze the
oxidation reaction of NADH, thereby inducing an oxidative stress in

tumor cells leading to apoptosis.*

1 2 3
Complexes

Figure 4.30: Histogram displaying the turnover numbers of catalysis of
NADH oxidation by the complexes 1-3.
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4.9 In Vitro Cell Viability Assay

MTT colorimetric assay is utilized to analyze the cell viability following
the treatment of cancer cells HeLa, MCF-7 and HEK 293 with the
synthesized ruthenium(Il) compounds. The assay is founded upon the
reduction reaction of MTT or 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (soluble) which gets converted to formazan
crystals (insoluble) by the enzymatic action of mitochondria in viable
cells.”> While the ligand showed mild anticancer activity, all the
complexes 1-3 displayed strong cytotoxicity towards HeLa and MCF7
cancer cell lines as revealed by the cell viability curves at different
concentrations of the compounds (Figure 4.31). Complex 2 containing the
PPh; group exhibited the strongest potent ability to kill both HeLa and
MCEF7 cancer cells since it presents low ICsy values of 12.34 uM and
13.97 uM respectively (Table 4.5). The results obtained suggest that the
increased efficacy is probably due to the large hydrophobic phenyl groups
of PPh; that increases the lipophilic interactions with various biomolecules
and allows an increase in the cellular uptake of the complexes through the
non polar lipid bilayer cell membrane as evident from the cellular uptake
study. On the contrary, the complexes displayed high ICsy values (>39
uM) when tested against normal HEK 293 cells thus demonstrating a good
selectivity between malignant and non tumor cells. It is also noteworthy
that in all the cases the toxicity increased many fold on complexation with
Ru compared with the activity of the free ligand (HL).

Additionally, it is interesting to notice that there exists a direct relation
between the lipophilicity of a complex and its cytotoxicity with complex 2
exhibiting the highest value of log P and simultaneously the highest
antitumor activity. The above finding also agrees with literature where it
has been found that charged cationic species show a higher cellular uptake

which is often responsible for higher chemotherapeutic properties.63
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Figure 4.31: Cell viability curve for ligand (HL) and complexes 1-3
against (a) HeLa, (b) MCF'7 (cancer cell lines) and (c) HEK 293 (normal
cell line) and normalized log of concentrations of the doses of ligand (HL)
and complexes 1-3 against (d) HelLa, (e) MCF7 and (f) HEK 293.
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Table 4.5: ICsy values obtained from MTT assay of the ligand (HL) and
complexes 1-3 against cancer cell lines (HeLa and MCF- 7) along with a

comparison with normal cell line (HEK 293).

Compound

Ligand (HL)
Complex 1
Complex 2

Complex 3

HeLa

23.46 £0.48

16.52 + 0.54

12.34 £0.64

15.50£0.38

ICsy Values (nM)

MCF-7

33.22+0.42

20.67 £0.72

13.97 £0.46

21.38 £0.40
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HEK 293

58.60 = 0.57

47.36 +0.54

39.16 £ 0.30

57.82 £ 0.56



4.10 Apoptosis Study with Hoechst Staining Method

To investigate more into the effect of the complexes on cancer cells, the
changes in cellular morphology were investigated under fluorescence
microscope following a Hoechst 33258 staining of HeLa cells after
treating them with the synthesized complexes 1-3 at their ICs
concentrations (Figure 4.32). The untreated cells displayed evenly and
lightly stained structures with intact cell membranes. On the other hand,
changes like swelling of the nucleus, cell rounding, chromatin
fragmentation and rupturing of the cell membrane are observed for the
treated cells which are characteristic of apoptosis in a cell®®, by confocal

microscope.
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Figure 4.32: Confocal image of treated HelLa cells with complexes 1-3
stained by Hoechst dye.
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CHAPTER 5 Conclusion and Future Scope

This work encompasses the synthesis of (i) [Ru(n®-p-cym)(L)CI] (ii)
[Ru(n®-p-cym)(L)PPhs]PFs  (iii) [Ru(n®-p-cym)(L)(PTA)]PEs (where
[L=2-(1H-benzo[d]imidazol-2-yl)-6-methoxyphenol] PPh; = triphenyl
phosphine, PTA = 1,3,5-triaza-7-phosphaadamantane, p-cym = p-
cymene). The composition and structure has been confirmed by various
spectroscopic methods like MS, IR, NMR and UV spectroscopy. Adequate
binding between the complexes with serum albumin proteins and CT-
DNA was observed by fluorometric titrations while hyperchromism in the
UV spectra of the complexes interacting with DNA revealed a groove
binding mode of interaction. Additionally, all the synthesized compounds
were found to be stable in biological medium and possessing the ability to
catalyze the oxidation of NADH to NAD", thereby causing an enhanced
production of ROS. Lipophilicity study was conducted via shake flask
method to analyze the hydrophobicity of the complexes. The anticancer
potential of the compounds was verified and quantified through an MTT
assay against HeLa and MCF-7 (tumor cell lines) and HEK 293 (healthy
cell line), with complex 2 showing the highest activity exclusively towards
the malignant cells. Lastly, morphological changes detected under a
fluorescence microscope following a treatment of tumor cells with the

complexes and Hoechst stain confirmed apoptosis in the cells.

The results obtained in this study imply that the above synthesized
complexes have the potential to be promising candidates in
chemotherapeutics with further future studies. /n vivo studies might be
carried out in zebrafish embryo to predict the effect of the drugs on
humans. Further, the complexes may be investigated for additional cellular
targets like the mitochondria of the cell, enzymes like thioredoxin
reductase, and certain cellular proteins, especially protein kinases. Lastly,

in this work, the complexes were tested for only two cancer cell lines,
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HeLa and MCF-7. Thus their cytotoxicity can be further explored against
other cisplatin resistant cancer cell lines like human non-small cell lung
carcinoma (NSCLC) cell line, A549 and human ovarian cancer cell line,

A2780.
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