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ABSTRACT

The discovery of first anticancer drug cisplatin was a path breaker in
the world of medicinal chemistry, but due to undesirable side effects
and acquired resistance over years, scientists are searching for
alternative strategies involving novel metal-based compounds having
improved pharmacological properties. Ruthenium complexes have
emerged as prospective candidates to combat the side effects and
improve the selectivity of anticancer agents. In this work a
benzimidazole based chelating ligand HL (4-(1H-Naphth[2,3-
d]imidazol-2-yl)-1,3-benzenediol) with O and N as donor centres was
synthesized, and was used for complexation with ruthenium to obtain
three Ru(l1) arene complexes represented by [Ru(n®-p-cym)(L)(X)] or
[Ru(m®-p-cym)(L)(X)]" (where p-cym = p-cymene, X = (i) Cl, (ii) PPhs
= triphenyl phosphine, (iii) PTA = 1,3,5-triaza-7-phosphaadamantane).
The synthesized complexes were characterized using mass
spectrometry, NMR spectroscopy, FTIR, UV-Vis and fluorescence
spectroscopy. Using absorption spectroscopy the stability of the
complexes in biological medium was analysed and partition coefficient
in n-octanol and water was calculated to study the lipophilicity of the
complexes. The complexes showed significant binding with
biomolecules like albumin proteins and nucleic acids. All the
complexes were found to be cytotoxic with complex [Ru(n®-p-
cym)(L)PPhs]PFs exhibiting the highest anticancer activity. The
mechanism of anticancer activity was attributed to the ability of the
complexes to induce apoptosis and generate reactive oxygen species
(ROS). The complexes also exhibited antimetastatic property. Further
complex [Ru(nG-p-cym)(L)PPhg]PFG was loaded on amine
functionalized mesoporous silica nanoparticles which lead to an
increase in its cytotoxic activity. The drug loaded nanoparticles were
characterized using several characterization techniques like IR, UV-
Vis spectroscopy, PXRD, FE-SEM, TGA and BET.
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Chapter 1
INTRODUCTION

Cancer is a disease which occurs when cells start dividing in an

uncontrollable manner and spread to different parts of the body. There
can be several reasons for this genetic change like exposure to certain
chemicals, viruses or UV radiation. It can also be caused due to
inheritance of genes from the previous generation. In 2020 nearly 10
million deaths were reported due to cancer making it a leading cause of
death [1].

1.1 Metal Based Medicines

Metal ions play a crucial role in living systems. They are present in
various enzymes and cofactors, and are used in various biological
processes like electron transfer reactions. In addition to this, they are
also used in designing drugs (the well-known anticancer drug
cisplatin), diagnostic agents (Gd and Mn are used for MRI contrasting
agents) and used as photosensitizer in photodynamic therapy (PDT)
[2]. The discovery of cisplatin in 1960s by Barnett Rosenberg was a
path breaker in the field of medicinal chemistry. Since, then
researchers have tried to incorporate metal ions as a scaffold to
orientate organic ligands and optimize their binding properties with
biomolecules. The ability of metal complexes to exhibit different
geometry, varying coordination number and variable oxidation states
has been exploited to develop new drugs. Since, the discovery of
cisplatin, several platinum based drugs have been discovered as
anticancer agents but only three of them namely cisplatin (1),
carboplatin (2), and oxaliplatin (3) have been clinically approved
worldwide. The mode of action of cisplatin involves substitution of the
labile chloride ligand by the electron rich N7 of guanine nucleobase of
DNA, leading to cell apoptosis. Cisplatin, despite being affective
against lung, head, ovarian, neck and oesophageal cancers have several
disadvantages like toxicity arising due to the lack of specificity

towards cancerous cells over normal cells. Another issue is, with time
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cancer cells acquire resistance towards cisplatin. The problem of
selectivity and toxicity can be resolved using nanotechnology but the
issue of chemoresistance can only be solved by switching to alternating
metal ions that may have a different mechanistic pathway [3-7].

1.2 Ruthenium Complexes as Anticancer Agents

The ability of ruthenium to exhibit variable stable oxidation states,
preference for hexa-coordinated octahedral geometry and lower
toxicity than platinum based drugs have gained significance attention
in the past few years. The hexa-coordinated octahedral geometry helps
in modulating the steric and electronic properties of the complex by
introducing desired ligands [8]. For ruthenium(ll) complexes the
ligand exchange rate was observed similar to platinum(ll) complex
which matches with the cell division process making it a suitable
alternative for platinum based drugs [9]. In addition, since ruthenium
belongs to the same group as iron it can be easily transported by
transferrin, which is overexpressed in cancerous cells, thereby
facilitating cellular uptake selectively in tumour cells. The
advancement of few ruthenium(lll) drugs namely NAMI-A
(imidazolium trans-[tetrachloro (dimethylsulfoxide) (1H-imidazole)
ruthenium(l1)]), KP1019 (indazolium trans-[tetrachlorobis(1H-
indazole)ruthenium(l11)]), and NKP-1339, the sodium salt of KP1019
has made researchers work extensively on ruthenium based complexes.
These ruthenium(l11) complexes get activated inside the cancer cells
where the hypoxic environment, acidic pH and high levels of
glutathione reduces it to ruthenium(ll) [4-7].



N
I”/ | N N H
' RU. Cly, WGl N
o | N N ”/I'"Ru“‘“\ 7
AN AN N cl ‘\m /
HN

DMSO

Figure 1.1: Structure of (A) KP1019 and (B) NAMI-A

Ruthenium being electron deficient interacts with the electron rich
nucleobases of DNA causing unwinding of its helical structure and
disrupting DNA based processes which are essential in the rapid cell
division process in cancer cells [3]. In addition to targeting genetic
material like DNA, organometallic ruthenium complex having suitable
moieties can also act as multi-targeted drugs by targeting certain
enzymes, peptides and intracellular proteins that are overexpressed in
tumour cells [4]. The studies with NAMI-A and KP1019 have been
currently paused due to the poor solubility of KP1019 and
nephrotoxicity arising from NAMI-A. However two other ruthenium
complexes, [Ru(n’-p-cymene)Cly( 1,3,5-triaza-7-phosphaadamantane)]
or RAPTA-C, and KP1339 (sodium salt of KP1019) are currently
undergoing clinical trials [10-12].

1.3 RAPTA Complexes

Other than ruthenium(ll) complexes, several ruthenium(ll) arene
complexes having piano stool geometry have shown promising
anticancer activity. Inspired by the working of cisplatin which involves
the presence of a labile chloride ligand, several ruthenium(Il) arene
complexes have been synthesized with the general formula [(nG-
arene)Ru(X)(Y)(2)], where X and Y represents two monodentate

ligands or a single bidentate ligand and Z represents the labile ligand



which can easily undergo dissociation facilitating the coordination of
ruthenium to biomolecules. The arene ring plays a role in increasing
the reactivity of the complexes. It lowers the pK, value facilitating the
water exchange rate [13-14].

RAPTA complexes consists of a arene moiety which imparts
hydrophobic character to the complex thereby facilitating its
transportation through the hydrophobic lipid bilayer of the cellular
membrane, and PTA (1,3,5-triaza-7-phosphatricyclo-[3.3.1.1] decane),
because of its water soluble nature results in the overall amphiphilic
nature of the ruthenium(ll) complex [15]. RAPTA complexes are
known to have comparable antimetastatic activity with NAMI-A.
RAPTA-C and RAPTA-T which contains p-cymene and toluene group
respectively though are not very cytotoxic but can successfully stop
metastasis in the lungs of mice that were infected with mammary
carcinoma. RAPTA-C complexes are also effective in case of primary

tumours for colorectal and ovarian cancers [3].

civRuL_~N ciRul ~N
I A I
(™~ N [ ™=~N
N/ N~/
RAPTA -C RAPTA-T

Figure 1.2: Structure of RAPTA-C and RAPTA-T

1.4 Choice of Ligands

Along with the central metal ion, the ligands coordinated to it are also
responsible for the efficiency of the complex as a drug. The
dicarboxylate chelating ligand in carboplatin confers greater stability to
the complex resulting in lower side effects than cisplatin [7]. Thus, by
proper choice of ligands the biological properties of ruthenium
complexes can be modulated [16]. The imine group present in Schiff

bases can form intermolecular hydrogen bonds with intracellular active



components resulting in its wide range of pharmacological
applications. Incorporating ligands having extensive n-conjugation like
phenanthroline, anthracene, naphthalene and pyrene derivatives render
fluorescent nature to the complexes making them suitable for
monitoring the probable mechanism of anticancer activity [17].
Nitrogen containing heterocycles like benzimidazoles are similar in
structure with purine base of DNA leading to easy recognition by
biological targets and wide biological activity [18]. Ancillary bidentate
ligands can also interact with biomolecules through hydrogen bonding

or intercalation thereby controlling the reactivity [19].

2.- Global Charge (n)
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i
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SAR: CI' pi s good cytotoxicity s
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8.- dryl ring donor atom (Z)
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5.- Diazole heterocycle
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o ~ \ S
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make it selective to G versus A ¢ Solubility, aquation, interactions with Iuwnolmulus

ubility - N-H > N-Me
\\l N-Me > N-H in MCF-7 and A2780cis,
but N-H confers better selectivity.

Figure 1.3: Structure activity relationship of different ligand.
Reproduced with permission from ref. 19.Copyright 2014 American
Chemical Society

1.5 MISNs — Delivery Vehicles for Anticancer Drugs

To improve the therapeutic potential of drugs several nanocarriers have
been developed to selectively deliver the drug to the desired target.
Among several drug delivery systems mesoporous silica nanoparticles
(MSNs) because of certain advantages like large surface area enabling
efficient loading of drug, tunable pore size and morphology, excellent
biocompatibility, stability, sustained drug release profile and ability to
transport hydrophobic drugs have emerged as an efficient method [20].

Particularly, amine functionalized MSNs (A-MSNs) are known in



literature for improved cellular uptake of cationic ruthenium
complexes arising due to strong interaction between positively charged
surface of A-MSNs and negatively charged phospholipids of the cell
membrane. The silica nanoparticles are also known to selectively
deliver the drug to the cancer cells as they have a better drug release
profile in acidic environment which differentiates cancer cells from

normal cells [21].

1.5 Organization of the Thesis

Chapter 1: This chapter briefly describes about cancer, the use of
metals in medicine and cisplatin, ruthenium compounds as a
prospective candidate for anticancer activity, the efficiency of
ruthenium arene compounds in particular, the importance of choice of
ligands and the use of MSNs for targeted drug delivery.

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

Chapter 3: This chapter includes the materials, instrumentation,
procedure for the synthesis of ligands, complexes, MSNs,
functionalization of MSNs and loading of drug on A-MSNs,
experimental procedure for stability study, lipophilicity study, protein
binding interactions, DNA binding interactions, cell viability assay,
apoptosis study using dual staining assay, ROS generation using
DCFH-DA assay and antimetastatic property.

Chapter 4: This chapter discusses all the results and the findings of
the project.

Chapter 5: This chapter concludes and summarizes the work done and

discusses the future scope of the project.



Chapter 2

PASTWORK

2.1 Review of Past Work and Project Motivation

The ruthenium(l1l) complexes, NAMI-A, KP1019, NKP-1339, the
sodium salt of KP1019 that have successfully entered clinical trials act
as pro-drugs and get activated inside the hypoxic environment of
tumour cells where it is reduced to ruthenium(ll) [4]. Thus, several
ruthenium(I1) arene complexes having piano stool geometry have been

synthesized over the past few years.

o DMF

x x By O

X ) 4 Stirring

S (0 S
\ :

Q X X O X=-Cl,-N;

R

Ns—~Ru, W e S e —
= d —O—( Noy? ) '
Q — O - O N" %) Table 3 Invitro anticancer efficacy of the title compounds against can-
R LI S¥ cerous cells (HeLa, A431, MCF7) compared with normal cell line (HEK
J o 293) after 24 hour incubation at 37 °C under 5% CO,

Complex Hela A431 MCF7 HEK 293

- h‘\,‘“\ 1C50 (M) £ SD
s

N L 1 <10 <10 6.48+0.07  36.15+0.64
) ‘NJ\? 2 <10 <10 7.28+0.06 4324 +0.51
‘0 s 3 10.65+0.24  8.40+0.07 1532007 48.67 +0.33
:
) Cisplatin

19.78 +0.35  14.31£0.06  16.06 + 0.06  49.72 + 0.40
12.35 £ 0.26 15.61 = 0.09 7.13 £0.09 43.08 £ 0.24

Figure 2.1: Synthesis of Ru(ll) arene complexes using a pyrene based
fluorescent ligand. Reproduced from ref. 17 with permission from The
Royal Society of Chemistry

In a recent report by Pragti et al., four pyrene based ruthenium(ll)
complexes have been synthesized and further investigated to see
whether they are effective against cancer. The pyrene containing schiff
base chelating ligand with N, O as donor atoms imparted fluorescent
nature to the complex which was exploited to reveal the mechanism of
action. Spectroscopic studies indicated significant interaction between
the complexes and biomolecules like proteins and DNA. MTT
colorimetric assay suggested that all the complexes exhibited good
cytotoxicity against MCF7, HelLa and A431 cell lines. Complex 1 and
2 was found to be more effective because of the presence of the labile
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chloride ligand which facilitated the ligand water exchange reaction
and the hydrophobic p-cymene group which lead to better interaction
with biomolecules. The complexes can also generate ROS by
catalysing the reaction where NADH is oxidized to NAD" [17].

The choice of ligand plays an important role in designing ruthenium
complexes having potential anticancer activity. Heterocyclic ligands
containing nitrogen have found significant applications in
pharmaceuticals due to its similarity in structure with natural
molecules. In particular benzimidazole containing compounds are well
known for exhibiting a vast array of biological applications including
antimicrobial, fungal, analgesics, antidiabetic and anticancer
properties. Due to their electron rich environment and easy
coordination with metal centres several benzimidaole based transition

metal complexes are reported in medicinal inorganic chemistry [18].

In a previously reported paper by H.A. Sahyon et al., ruthenium
complexes of 2-aminophenyl benzimidazole were synthesized and
their anticancer activity was investigated. MTT assay was performed
and it was observed that the complexes showed good cytotoxicity
against MCF-7 and HCT-116 cell line [16]. UV-Vis spectroscopy
indicated that the complexes exhibited good binding capacity with CT-
DNA. In another report, a series of Ru (Il) arene complexes were
synthesized with the arene group varying between p-cymene,
phenoxyethanol and benzene. Because of the inherent biological
activity of benzimidazole, 2-pyridin-benzimidazole and 2-phenyl-
benzimidazole based ligands were used. The complexes were found to
be cytotoxic and its mechanism was attributed to the dual mode of
binding to CT-DNA via covalent interaction of ruthenium to guanine
nucleobase and intercalation of the aromatic rings between adjacent
base pairs of DNA, with the p-cymene complexes showing higher

activity.



In a report Dy Pettinari et al., several ruthenium(ll) arene complexes
having PTA and curcumin as ligands were synthesized and
characterized followed by investigating their antitumour activity. The
RAPTA complexes exhibited good solubility and cytotoxicity with
ICso values being less than 1 uM. The curcumin behaves as a potential

leaving group and PTA improved the biological activity [22].
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HO' OH = » © \

R' = -OCHjs; curcH
R’ = -H; bdcurcH

Table 4. Cytotoxicity (ICs;, #M) of 1—6 Following
Incubation for 72 h with Nontumorous Human Embryonic
Kidney HEK293 Cells and Ovarian Carcinoma A2780 and
A2780R (Cisplatin-Resistant) Cell Lines

compd HEK293 A2780 A2780ciR.
1 45 205 039 £0.16 036 + 0.02 Complex Arene Ligand X
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3 9111 039 £ 001 040 £ 0.02 (2) cym cure -

4 2240 081 £0.14 095 2021 (3) hmb cure  SO5CFy
5 2001 014 £ 0.05 051 + 010 (4) cym  bdcurc SO;CFj
6 13220 020 = 0.05 027 £ 003 (5) oym  bdeurc  PFg
cisplatin 73206 15202 25 £30 (6) hmb  bdeurc SO5CFs

Figure 2.2: Synthesis of RAPTA complexes using curcumin as the
leaving group. Reproduced with permission from ref. 22. Copyright
2014 American Chemical Society
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j (SOLCF), 7 cancer cell lines and comparison with HEK 293 (normal cell line) for 24 hrs
FUIETI incubation. The ICs, values are in pM.
P
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L=
& SN \ 3 1 20.88 + 6.71 21.30 £ 2.23 38.78 £ 2.23
MeOH, PPhy | T
N Z NH, 2 38.49 + 10.84 25.12 + 3.65 46.61 + 3.28
3 9.38 + 7.60 3.41 +2.87 34.03 £ 2.38
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Figure 2.3: Synthesis of Ru(ll) arene complexes with varying co-
ligands and their effect on cytotoxicity. Reproduced with permission
from ref. 23. Copyright 2021 Elsevier.

In another report by Pragti et al., four ruthenium(ll) arene complexes

with piano-stool geometry and varying co-ligands (CI/PPhg) and



counter anions (PFe/ SO3CF3) and having 2-aminomethyl pyridine as
the bidentate ligand was synthesized and their anticancer activity was
studied. Upon addition of these complexes to HSA, significant
quenching of fluorescence intensity was observed indicating good
binding of the complexes with the protein. Complex 3 having the p-
cymene moiety and triphenylphosphine group exhibited maximum
binding interaction with HSA due to increased hydrophobicity. UV-
Vis study was conducted to know how the complexes bind with DNA.
Upon adding CT-DNA to a fixed concentration of complex
hyperchromism was observed indicating the groove binding mode of
the complexes. Fluorescence quenching studies using DAPI also
revealed the same result as quenching of fluorescence was observed
with increasing amount of complex. The complexes replace DAPI
from the DNA thereby confirming its groove binding nature. The
complexes were also efficient in catalysing the oxidation of NADH,
leading to generation of reactive oxygen species which causes
oxidative damage to cells thereby leading to cell death. This hydride
transfer from NADH to Ru(ll) occurs via ring slippage mechanism
[23]. All the complexes exhibited cytotoxicity against MCF7 and
HeLa cells and their I1Csq values were much higher for normal cell line

indicating their specificity towards cancer cells [23].
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Figure 2.4: Chitosan-Biotin conjugated MSNs for targeted drug
delivery. Reproduced with permission from ref. 24. Copyright 2022
American Chemical Society

There are reports where the anticancer activity of cisplatin and
transplatin was found to be enhanced upon loading them on

mesoporous silica nanoparticles [24]. In a previously reported paper
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Chitosan-Biotin conjugated mesoporous silica nanoparticles were used
to selectively target cancer cells. The MSNs were loaded with
organometallic zinc complexes and wrapped with chitosan conjugated
with biotin, as biotin helps in the selective cellular uptake by cancer
cells. The drug loaded nanoparticles showed enhanced cytotoxicity
compared to free drugs. The drug release profile was also studied in
neutral and acidic pH and the drug release was found to be much
greater in malignant cells than in non- malignant cells. The interaction
between drug and silica matrix weakens at lower pH causing release of
drugs [25].

| Live
@ Early apoptosis
W Late apoptosis

B Necrosis

Cell percentage

+

0
Ru@MSN Ru@A-MSN  Ru

Figure 2.5: Improved cytotoxicity upon loading Ru(ll) complex on A-
MSNs. Reproduced with permission from ref. 21. Copyright 2020
American Chemical Society

In another recent report by Carmona et al. an octahedral ruthenium(Il)
complex has been encapsulated in different types of mesoporous silica
nanoparticles and their cytotoxicity was investigated. The complex
[Ru(ppy-CHO)(phen),]PFs when encapsulated on MSN and amine
functionalized MSNs (A-MSNs) induced apoptosis and necrosis and
also affected the cell cycle progression and the results obtained were
much better when compared to free bare drug only. The drug loaded
amino functionalized MSNs exhibited very high cytotoxicity against
U87 glioblastoma cancer cell lines. The amine functionalized MSN
showed better cellular uptake than pristine MSN due to interaction
between the negatively charged phospholipids and positively charged
surface of the nanoparticles. Also, the interaction of the ruthenium

complex with silica matrix was studied at two different pH values (pH-
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7.4 and pH-5.4 representing the normal cell and cancer cell

environment respectively) [21].

Inspired by these reports and findings, three Ru(ll) complexes have
been designed and synthesized in this work where a fluorescent
benzimidazole containing bidentate chelating ligand with nitrogen and
oxygen as the donor atoms has been incorporated. Different co-ligands
like chloride, a labile group, PPh; (triphenylphosphine), a hydrophobic
moiety and PTA (1,3,5-triaza-7-phosphatricyclo-[3.3.1.1] decane,
water soluble ligand have been used to study the effect of co-ligands
on cytotoxicity. The synthesized complexes were then studied for their
anticancer activity and the one possessing the highest cytotoxicity was
loaded on amine functionalized mesoporopus silica nanoparticles to
study whether these drug delivery vehicles can enhance the cytotoxic

activity.
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Chapter 3
EXPERIMENTAL SECTION

3.1 Reagents and Chemicals

The chemicals used in the experiment were bought from Alfa Aesar,
Avra and Sigma Aldrich, India and no more purification was done
before use. Chemicals used for biological experiments like (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), PBS

buffer and media were obtained from Himedia Chemical, India.

3.2 Methods and Instrumentation

For recording ESI-MS spectra, mass spectrometer from Bruker-
Daltonics, microTOF-Q Il was utilized. AVANCE NEO500 Ascend
Bruker BioSpin international AG equipment with TMS as the standard
reference was used to record the proton *H NMR and “C NMR
spectra. Fourier Transfer Infrared (FTIR) spectra were recorded on a
Bruker Tensor 27 FTIR spectrometer (range: 4000 to 500 cm ™).
Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, model FM-
100) was used to record the fluorescence spectra and the samples were
placed in a quartz cuvette of path length 1 cm at 25.0 £ 0.2 °C. For
studying absorption spectra PerkinElmer UV/Vis/NIR spectrometer in
a quartz cuvette (1 cm x 1cm) was used. Fluoview FV100
(OLYMPUS, 449 Tokyo, Japan) confocal microscope was used for
imaging in the staining assays. Supra55 Zeiss field emission scanning
electron microscopy (FE-SEM) was used to capture the morphological
image of the nanoparticles. For the porosity parameters Quantachrome,
Autosorb iQ2 Brunauer-Emmett-Teller (BET) surface area analyzer
was used. PXRD was recorded on Empyrean, Malvern Panalytical,
with Cu-K, radiation. TGA experiments were done using Mettler

Toledo Thermal Analyser with heating rate of 10 °C.
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3.3 Synthesis of Ruthenium Dimer, Ligand and Metal
Complexes

3.3.1 Synthesis of Ruthenium Dimer — [Ru(p-cym)Cl,],

The ruthenium p-cymene dimer was synthesized by dissolving 0.5 g of
hydrated ruthenium trichloride in 25 mL of ethanol and stirring for
fifteen minutes. To it 3.5 mL of phellandrene was added and refluxed
for six hours at 85 °C. After that the solution was allowed to cool and
was made concentrated by evaporating a part of the solvent. The
concentrated solution was then kept in fridge for overnight which lead
to precipitate formation. The precipitate was then filtered followed by
washing of the residue using hexane to obtain reddish brown

microcrystalline product (0.58 g). Yield- 79%
3.3.2 Synthesis of Ligand (HL)

The ligand HL was synthesized by dissolving 0.14 g (1 mmol) of 2,4-
dihydroxy benzaldehyde, 0.16 g (1 mmol) of 2,3- diaminonaphthalene
and 0.11 g (slight excess) of sodium bisulphite in N, N-
dimethylformamide (DMF) solvent and stirring it under reflux
condition for twelve hours at 120 °C. Then the solution was cooled
down and ice cold water was added which lead to precipitate
formation. The precipitate was then filtered and washed using MQ-
H,0. After drying a pale yellow coloured product was obtained (0.20
g). Yield- 74%

3.3.3 Synthesis of [Ru(#>-p-cym)(L)CI] (C1)

The complex C1 was synthesized by first dissolving 0.1 g (0.16 mmol)
of ruthenium p-cymene dimer in 10 mL methanol and then adding a
methanolic solution (10 mL) of the ligand HL (0.09 g, 0.32 mmol) to
it. The reaction mixture was then made to stir at normal room
temperature for six hours. The solution was then filtered followed by
evaporating the solvent. Recrystallized product was obtained from
methanolic solution by slow evaporation (0.13 g). Yield- 74%
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3.3.4 Synthesis of [Ru(#°>-p-cym)(L)PPh3]PFs (C2)

Complex C2 was synthesized by dissolving 0.1 g (0.16 mmol) of
ruthenium p-cymene dimer in methanol (10 mL) and then adding
methanolic solution (10 mL) of ligand HL (0.09 g, 0.32 mmol) to it.
The reaction mixture was stirred at room temperature for six hours.
This was followed by addition of a methanolic solution of 0.08 g (0.32
mmol) triphenylphosphine and agitating the reaction mixture again for
twelve hours at room temperature. Then 0.05 g (0.32 mmol) of
ammonium hexafluorophosphate dissolved in methanol was added as
counter anion and further stirred for two hours more. The solution was
then filtered followed by evaporating the solvent using rotary
evaporator to vyield a brownish compound. The product was
recrystallized using dichloromethane by slow evaporation (0.19 g).
Yield- 65%

3.3.5 Synthesis of [Ru(#>-p-cym)(L)(PTA)]PFs (C3)

Complex C3 was synthesized by dissolving 0.1 g (0.16 mmol) of
ruthenium p-cymene dimer in methanol (10 mL) and then adding
methanolic solution (10 mL) of ligand HL (0.09 g, 0.32 mmol) to it.
The reaction mixture was then stirred for six hours at normal room
temperature. This was followed by adding a methanolic solution of
0.05 g (0.32 mmol) of 1,3,5-triaza-7-phosphaadamantane and stirring
the reaction mixture again for twelve hours at room temperature. Then
0.05 g of (0.32 mmol) ammonium hexafluorophosphate was dissolved
in methanol and added to it. Stirring was continued for two hours
more. The solution was then filtered followed by evaporating the
solvent using rotary evaporator to yield a deep brown coloured
compound. The product was recrystallized from methanolic solution
by slow evaporation (0.16 g). Yield- 61%
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3.4 Synthesis of MSNs, A-MSNs and C2@A-MSNs
3.4.1 Synthesis of MSNs

1 g of CTAB (Cetyltrimethyl ammonium bromide) and 280 mg of
NaOH was dissolved in 480 mL of distilled water and the reaction
mixture was heated at 80 ‘C with vigorous stirring for thirty minutes.
To it 5 g of TEOS (Tetraethyl orthosilicate) was added and was further
heated for two hours. The white precipitate obtained was washed thrice
with MQ-H,0 and twice with methanol and vacuum dried. The CTAB
was removed by heating the synthesized material dissolved in 100 mL
methanol and 0.75 mL concentrated HCI for six hours at 50 ‘C. The
solid product was filtered and vacuum dried to obtain white coloured
product (0.96 g) [25].

3.4.2 Synthesis of Amine functionalized MSNs (A-MSNs)

Functionalization of MSN was done by suspending 1 g of MSN in 30
mL toluene and adding 0.63 mL (0.6 g, 2.7 mmol) APTES to it. The
reaction mixture was refluxed for eight hours at 110 °C and the
nanoparticles were recovered by centrifugation. The nanoparticles
were washed with ethanol and deionized water and vacuum dried to

obtain cream coloured product (0.80 g).

3.4.3 Loading of C2 on A-MSNs

100 mg of amino functionalized MSN was added to methanolic
solution of C2 (100 mg dissolved in 10 mL) and the reaction mixture
was stirred for twenty-four hours in dark. The drug loaded
nanoparticles were collected by centrifugation, washed with MQ water
and dried under vacuum to obtain pale yellow colour product. The
loading capacity (LC) of C2 in the nanomaterials was determined by
weight with following formula:

For weight method: LC = (m;-mg)/m; ... (1)

Herein, mp and m; mean the weight of A-MSNs before and after

loading process.
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3.5 Stability Study

To check the stability of the complexes in biological medium stock
solution of ImM/2mL was made in DMSO. The UV-Vis spectrum was
recorded in PBS buffer after suitable dilution at time intervals of 0
hour, 6 hours, 12 hours and 24 hours. Since the tumour environment is
acidic in nature and the drug carrier is expected to release the loaded
drug in lower pH the complex C2 was checked for its stability in acidic
pH. The absorption spectrum was recorded after every twenty-four
hours. For this 100 pL of stock solution of C2 was dissolved in PBS
buffer having an acidic pH of 5.4 mimicking the acidic environment of

cancer cells.

3.6 Lipophilicity Study

The lipophilic behaviour of the complexes was studied using shake-
flask method [26]. To determine the extinction coefficient of the
synthesized complexes, absorbance was recorded for five different
concentrations (5 uM, 10 uM, 20 uM, 40 pM, 60 uM). The slope
obtained from the plot of absorbance vs concentration gave the value
of extinction coefficient. To determine the partition coefficient of the
synthesized complexes, 5 mg of each complex was dissolved in 10 mL
of n-octanol and 10 ml of water-DMSO (2:1) mixture. The resulting
mixture was shaken for fifteen minutes and allowed to equilibrate for
twenty-four hours in a separating funnel. This lead to the separation of
the two phases, the organic phase of n-octanol being at the top and the
aqueous phase of water-DMSO being at the bottom. The two phases
were collected separately and their absorbance was recorded. Using the
extinction coefficient and the absorbance, the concentration of the
complexes in the two phases were calculated using Beer Lambert Law

and the partition coefficient was calculated using Equation 1.

_ Concentration in octanol

Pow= . (1)

Concentration in water
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3.7 Protein Binding Study

To determine whether the synthesized complexes interact with albumin
proteins (BSA and HSA), tryptophan quenching experiments were
performed. BSA/HSA solution was excited at a wavelength of 280 nm
and the slit width was kept constant throughout the experiment.
Decrease in fluorescence intensity of tryptophan at 346 nm was
measured by increasing the concentration of the complexes. NaCl/ Tris
HCI buffer (50mM/ 5 mM buffer, pH 7.4) solution was used to prepare
stock solution of BSA/HSA of concentration 10 uM and kept at 4 °C
for future use. Stock solutions of 1 mM of the complexes were
prepared in DMSO. For fluorometric titration, the fluorescence
intensity was measured as blank using 2 mL of protein solution. Each
time, to the protein solution, 10 puL of the complexes were added and
the emission spectrum was taken. To quantify fluorescence quenching,
stock solutions upto 80 pL was added. The quenching of fluorescence

was further quantified using Stern VVolmer equation (Equation 2).

% =1+Kqw[Q] =1+ Kev[Q] ..(2)

where Fq stands for fluorescence intensity when there is no quencher
(metal complex) and F stands for the same when there is a quencher
molecule, K, represents the bimolecular quenching rate constant, to IS
the fluorophore's average lifespan when there is no quencher, and [Q]
is the concentration of the quencher. Kgy in M stands for the Stern—
Volmer quenching constant. The following formula is used to compute
Ka and n which represents the binding constant and the number of
complexes bound to BSA/HSA respectively [23].

(FOF—_F)] =logKa + nlog[Q] ..(3)

log [
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3.8 Nucleic acid Binding Study
3.8.1 Absorption Spectroscopy

To investigate the binding of the synthesized complexes with nucleic
acids, UV-Vis spectroscopy was performed. 1 mM stock solution was
obtained by desolving required amount of the synthesized complexes
in DMSO. DNA solution was prepared in NaCl/ Tris HCI buffer
(50mM/ 5 mM buffer, pH 7.4). The absorption spectra of the
synthesized complexes/ ligand were recorded after suitable dilution. To
it 10 uL of CT-DNA solution was added each time and the absorbance
was monitored. The titration was performed up to 100 pL of CT-DNA
[17].

3.8.2 Emission Spectroscopy

To confirm the mode of binding to DNA, competitive fluorometric
displacement assay was performed using ethidium bromide as the
intercalating agent. Stock solution of 1mg/ mL ethidium bromide was
prepared in Tris HCI buffer and stock solutions of 1 mM of the
complexes were prepared in DMSO. The excitation was done at 518
nm, and the slit width was kept constant throughout the experiment.
The fluorescence intensity of 110 uL of CT-DNA and 20 pL of
ethidium bromide in Tris HCI buffer solution was taken as blank. To it
10 pL of the synthesized complexes/ ligand was added and the
fluorescence intensity was measured each time. The change in
fluorescence intensity at 609 nm was monitored and the quenching
parameters were quantified using Stern VVolmer equation (Equation 2)
and Scatchard equation (Equation 3). Similar protocol was performed
to study the binding of the complexes with RNA [17].

3.9 Drug Release Study

The drug release study was done in PBS buffer at two different pH
values. An acidic pH of 5.4 was used to mimic the cancer cell
environment and a neutral pH of 7.4 was used to mimic the normal cell
environment. 10 mg of C2@A-MSNs was dissolved in 10 mL of
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DMSO/PBS buffer solutions of pH 5.4 and pH 7.4 and the reaction
mixture was stirred for ninety-six hours. 500 pL of the reaction
mixture was taken out at different time intervals and UV-Vis spectrum
was recorded for the supernatant solution. Each time 500 pL was taken
out, equal amount of fresh PBS buffer solution of corresponding pH
was added to maintain the constancy of total volume. From the UV-Vis

absorption spectra data the drug release profile was plotted [25].

3.10 Cell Viability Assay

The cytotoxicity of the synthesized complexes was investigated using
MTT assay. MTT [3-(4, 5- dimethylthiazol-2-yl)-2, 5-
diphenyltetrazoliumbromide] is a yellow coloured tetrazolium salt
which is reduced to formazan a purple coloured insoluble product in
the presence of mitochondrial reductase an enzyme present only in live
cells. The cell viability assay was performed on HeLa and DU145
cancer cells and HEK 293 normal cells. A 96-well plate was seeded
with 5 x 10* cells/well and allowed to attach and grow for twenty-four
hours in CO, environment. Stock solution of 2 mM was prepared by
dissolving the ruthenium complexes in DMSO. The cells were treated
with the synthesized complexes, ligand and cisplatin  with
concentration varying from 0.25 to 100 uM and were then allowed to
incubate for twenty-four hours. After that, the cell culture medium was
discarded followed by addition of 10 pL of MTT solution to each well.
The cells were then incubated in dark for four hours followed by
discarding MTT and adding 100 pL of DMSO to solubilize the purple
product. The experiment was performed in triplicates and the medium
without any treatment was considered as the control. Using a
microplate reader, the absorbance at 570 nm was recorded and

percentage cell viability was calculated using equation 4.

% cell V|ab|I|ty - OD value of treated cells x 100 . (4)

0D value of untreated cells (control)
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The concentration at which 50 % of cells die (ICso) was determined
from the linear regression curve of absorbance vs concentration using
Prism GraphPad software. Each well was triplicated and each
experiment repeated at least three times. 1Cso values are quoted as
mean = SEM [17].

3.11 Apoptosis Study using Dual Staining Method

To study the morphological changes during apoptosis, dual staining
assay was performed using Acridine Orange (AO) and Ethidium
Bromide (EtBr) dyes. In a 6 well plate HeLa cells were treated with the
ICso values of the free complexes as well as the loaded complex and
were allowed to incubate for twenty-four hours. After that, AO (5 ug
mL™) and EtBr (3 pg mL™) dyes were used to stain the treated cells
and left to incubate for another ten minutes at 37 °C. After sixty
minutes the cells were washed thrice with PBS and using Fluoview
FV100 (OLYMPUS, Tokyo, Japan) confocal microscope of
appropriate filters (EtBr and AO having excitation wavelengths 301
and 502 nm and an emission wavelength of 603 and 525 nm,
respectively) fluorescence was viewed [17].

3.12 ROS Generation- DCFH-DA Staining

Ruthenium complexes are known for their ability to generate ROS

which can be one of the reasons for cell death. Thus, to investigate
whether the synthesized complexes are potent of generating ROS,
DCFH-DA staining assay was performed. In a 6 well tissue culture
plate, HelLa cells were seeded and left to incubate for twenty-four
hours under CO, environment. After that the cells were treated with
ICs values of the synthesized complexes and the cells untreated were
considered as control. The treated cells were further incubated for
twenty-four hours and then washed with PBS twice. 10 uM of DCFH-
DA dye was used to stain the treated cells and left to incubate for thirty
minutes at 37 °C. This was followed by washing the cells with PBS
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twice and then adding DMEM to each well. The green cells were then

photographed using confocal microscopy [23].

3.13 Metastasis Inhibition

To study the antimetastatic property of the synthesized complexes,

wound healing assay was performed. A 6-well plate was seeded with 2
mL of media and HeLa cancer cells (1.5 x 10° per well) and was
allowed to attach and grow to form a confluent monolayer. A
horizontal line was drawn on each well of the plate which passed
through the centre of the bottom and 10 uL pipette tips were used to
create wounds perpendicular to the drawn lines. PBS (pH-7.4) was
used to remove and wash the detached cells. The cells were incubated
at 37 °C after addition of the complexes in DMEM with 1% FBS under
5% CO, environment for imaging. For suppression of cell
proliferation, DMEM with 1% FBS was used. At t=0 and 24 h images
were taken at same position of each well. The same procedure was

repeated three times [17].
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Chapter 4
RESULTS AND DISCUSSION

4.1 Structure and Synthesis

Three piano stool Ru(ll) arene complexes have been synthesized and
characterized. The complexes have pseudo-octahedral geometry with
the arene moiety occupying three coordination sites and the bidentate
chelating ligand HL occupying two of the other coordination sites in
its uninegative form. N and O act as the donor sites for the chelating
ligand. The ligand at the sixth position was varied between chloride,
PPh; and PTA. PPh; was chosen because of its hydrophobic nature
which is expected to facilitate the transportation of the drug through
the cell membrane while PTA because of its water solubility nature is
expected to increase the aqueous solubility of the drug. As
counteranions, hexafluorophosphate was employed where NH4PFs is
utilized as precursor. C1 was synthesized by the reaction of the Ru
dimer and ligand (HL). The chloride ligand was substituted by PPh3 or
PTA followed by the addition of necessary counteranions to obtain
complex C2 and C3. MSN was synthesized using the surfactant
CTAB and silica precursor TEOS. APTES was used to functionalize
the surface of MSN with NH, groups and the complex C2 was loaded

onit.

4.2 Reaction Schemes

4.2.1 Synthesis of Ruthenium p-cymene dimer

EtOH Ru/CI\Ru/Cl
—_—
RUC|3.XH20 + CI/ ~_.
6h, reflux, 85 °C cl
Ru(T1T) chlorid .
u( hV) d(;a t;)rl € o~ phellandrene Ru p-cymene dimer (79%)

Scheme 4.1: Reaction scheme for the synthesis of dimer
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4.2.2 Synthesis of Ligand (HL)

OH H NaHSO OH
&m0 e e
o + R — . HO 4
eflux, °C, h N
o HaN Reflux, 120 °C, 12 } N
2 4-dihydroxy 2.3- diamino _
benzaldehyde naphthalene Ligand HL (74%)

Scheme 4.2: Reaction scheme for the synthesis of ligand HL
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4.2.3 Synthesis of Complexes C1, C2 and C3

C1 (74%)
N PPh
73 3
o HOQ_% i) MeOH, 6 h, 1t Ru/ PE
Ru/t:I - H » 0~ s

Iz z—

~,
Ru’ ii) PPhs, 12 h, 1t
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Ligand (HL) iii) NH4PFg, 2 h, rt

. C2 (65%)
Ru p-cymene dimer

PPhy = v PTA
@ i) MeOH, 6 I, 1t Ru/ PE
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N ii) PTA, 12 h, 1t N
rr j iii) NH,PFg, 2 b, 1t HO ’ Oe
PTA = nNJ__P H
N
LN~/ C3 (61%0)

Scheme 4.3: Reaction scheme for the syntheses of complexes C1, C2,
C3

4.2.4 Synthesis of MSNs and Amino-functionalized MSNs

- H_ _.-H
Br  CHs o o
+ i) NaOH, 80 °C, 30 min Sli \Si
CH3(CHy)15——N—CH = L N
3(CH2hs 3 i) TEOS,80°C, 2 h sio” | Nosi SiO/|\osi
CHa iii) MeOH, ¢. HCL, 50 °C 6 h osi oS
CTAB MSNs

Scheme 4.4: Reaction scheme for the synthesis of MSNs
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4.3 Characterization

4.3.1 Mass Spectra and Elemental Analysis

All the synthesized compounds were characterized by ESI-MS spectra.
The ligand HL shows a base peak at m/z = 277.1165 corresponding to
[HoL]" while for complex C1 the peak is obtained at m/z= 511.0641
due to the [RuL(p-cym)]” fragment after losing one chloride ion. For
complex C2 the peak is obtained at m/z= 773.1202 corresponding to
the cationic complex [RuL(p-cym)PPhs]* and for complex C3 the peak
at m/z= 668.1340 in the spectra corresponds to the cationic complex
[RuL(p-cym)PTA]".

Elemental analysis for HL (%): Calc. for C14H12N,0,: C, 73.90; H,
4.38; N, 10.14; Found: C, 74.20; H, 4.56; N, 10.98.

Elemental analysis for C1 (%): Calc. for C,7H25N20O,Ru: C, 59.39; H,
4.62; N, 5.13; Found: C, 60.20; H, 4.96; N, 5.87.

Elemental analysis for C2 (%): Calc. for C4sH40FsN2O,P,Ru: C, 58.89;
H, 4.39; N, 3.05; Found: C, 59.40; H, 5.06; N, 3.76.

Elemental analysis for C3 (%): Calc. for C33H3s7FsNsO2P,Ru: C, 48.77;
H, 4.59; N, 8.62; Found: C, 49.43; H, 5.36; N, 9.36.
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Figure 4.1: Mass spectrum of ligand HL; ESI-MS (m/z) C17H12N,0;:
Calculated for [C17H12N,0, + H]*: 277.09; Found: 277.1165
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Figure 4.2: Mass spectrum of complex C1; ESI-MS (m/z)
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Figure 4.3: Mass spectrum of complex C2; ESI-MS (m/z)
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Found: 773.1202
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C3z3H37NsO,PRu: Calculated for [C33H37N502PRU]+: 668.1732;
Found: 668.1340

4.3.2 NMR Spectra

NMR spectroscopic data of complex C1, C2, C3 and ligand (HL)
further justified the predicted structures. The NMR spectra were
recorded with samples dissolved in DMSO-dg. *H NMR peaks in the &
5.25-6.05 ppm region corresponds to p-cymene aromatic protons while
the aromatic proton peaks of the ligand (HL) appear at 6 8.27-6.45.
The peaks at 6 2.8, 1.7-2.09, 0.9-1.2 ppm are due to the methyl and
isopropyl groups of p-cymene ring. The highly deshielded broad peaks
after 10 ppm correspond to OH and NH proton [26]. The PTA protons
are observed in the region & 4.73-4.26 ppm and the peaks for PPh;
aromatic ring protons appear in the region § 7.44-7.15 ppm [27].

4.3.2.1 NMR Spectra of Ligand (HL)

'H NMR (500.13 MHz, 298 K, DMSO-dg) 8, ppm: 13.02, 10.23 [s, H
of N-H and O-H], 8.10, 8.02, 7.96, 7.41, 6.53, 6.48 [ligand aromatic
protons]. *C NMR (125 MHz, DMSO-dg) &, ppm: 156.5 [C of NH-
C=N], 161.2, 162.4 [C of C-OH], 130.5, 128.9, 128.2, 124.2, 108.4,
104.0, 103.3, [C of ligand].
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Figure 4.6: *C NMR spectrum of ligand HL

4.3.2.2 NMR Spectra of Complex C1

'H NMR (500.13 MHz, 298 K, DMSO-ds) 3, ppm: 13.21, 10.41 [s, 1H,
H of N-H & O-H], 8.14-6.54 [ligand aromatic protons], 5.81-5.78 [p-
cymene aromatic protons], 2.83 [m, 1H, CH(CHj3),], 2.09 [s, 3H, CH
of CgHsCHs], 1.18 [d, 6H, CH of C(CHs);]. °C NMR (125 MHz,
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DMSO-ds) 8, ppm: 155.1 [C of NH-C=N], 163.0, 161.1 [C of C-OH],
138.7, 130.8, 129.7, 128.2, 124.6, 108.8, 106.8, 103.5, 100.6 [C of
ligand], 86.8, 86.0 [C of p-cymene ], 30.4 [CH of p-cymene], 21.7
[C(CHs), of p-cymene], 18.3 [CH3 of p-cymene].
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Figure 4.7: *H NMR spectrum of complex C1
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Figure 4.8: *C NMR spectrum of complex C1
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4.3.2.3 NMR Spectra of Complex C2

'H NMR (500.13 MHz, 298 K, DMSO-dg) 8, ppm: 14.13, 10.85 [s, 1H,
H of N-H & O-H], 8.26-6.61 [ligand aromatic protons], 5.30-5.25 [p-
cymene aromatic protons], 2.51 [m, 1H, CH(CHa),], 1.77 [s, 3H, CH
of CeHaCHs], 0.95 [d, 6H, CH of C(CHs)2]. °C NMR (125 MHz,
DMSO-ds) 5, ppm: 153.3 [C of NH-C=N], 162.4, 160.8 [C of C-OH],
133.5, 133.0, 132.1 [C of PPhs], 134.6, 130.5, 129.3, 128.4, 124.8,
108.9, 103.4 [C of ligand], 89.7, 87.0 [C of p-cymene], 30.0 [CH of p-
cymene], 21.8 [C(CHs), of p-cymene], 17.7 [CH3 of p-cymene ring].
%P NMR (126 MHz, DMSO-dg) 8, ppm: 23.93 [s, PPhs], -144.74 [sept,
PFs].

9 8 7 5 4 3 2 1 0
Chemical shift ppm

Figure 4.9: *H NMR spectrum of complex C2
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Figure 4.11: 3P NMR spectrum of complex C2

4.3.2.4 NMR Spectra of Complex C3

'H NMR (500.13 MHz, 298 K, DMSO-ds) &8, ppm: 13.63, 9.90 [s, 1H,
H of N-H and O-H], 8.27-6.32 [ligand aromatic protons], 6.21-6.05
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[p-cymene aromatic proton], 2.90 [m, 1H, CH(CHa),], 2.00 [s, 3H, CH
of CeHsCHs], 1.19 [d, 6H, CH of C(CHa);], 4.45-4.00 [PTA
protons]?,. °C NMR (125 MHz, DMSO-dg) 8, ppm: 154.4 [C of NH-
C=N], 162.4, 161.1 [C of C-OH], 124.5, 126.8, 128.4, 129.3, 130.7,
108.5, 107.6, 105.5, 103.5 [C of ligand], 88.6, 85.5 [C of p-cymene],
88.8, 85.7 [C of NCH,N], 71.9, 71.5 [C of NCH,P], 30.6 [CH of p-
cymene], 22.2 [C(CH3), of p-cymene], 21.7 [CH3 of p-cymene]. 3'p
NMR (126 MHz, DMSO-dg) 5, ppm: —29.53 [s, PTA], —144.19 [sept,
PFe] [27].

Figure 4.12: 'H NMR spectrum of complex C3
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Figure 4.14: 3P NMR spectrum of complex C3

4.3.3 FTIR Spectra

The bands in the IR-spectra matched well with the expected

characteristic bands of various functional groups of the

ligand,

complexes and the nanoparticles. The FTIR spectra of complexes Cl1,
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C2, C3 and ligand (Figure 4.15) exhibited a band at around 1600 cm™
corresponding to C=N functionality [28]. The band for N-H and O-H
stretching frequency were found to be overlapping in the region of
3200-3460 cm™. The band at 1230-1240 cm™ corresponds to aromatic
C-O stretching frequency. The presence of characteristic bands at 526
and 540 cm™ in the IR spectrum of C2 and C3 corresponds to Ru-P
stretching frequency signifying successful complexation with
ruthenium [29]. Bands at 831 and 821 cm™ in case of complex C2 and

C3 arises due to P-F stretching frequency of the counter anion [30].

As evident from the IR spectra (Figure 4.16) of MSNs, A-MSNs as
well as C2@A-MSNSs, bands at 1072, 794 and 456 cm™ correspond to
the Si-O bonds of silanol groups. In case of pristine MSNs bands at
3364 cm™ corresponding to deformation of vibration of interlayer
water and 1642 cm™ corresponding to OH stretching vibration of
silanol groups confirmed the presence of bare silanol groups on the
surface [31]. The band at 1560 cm™ corresponding to bending
vibration mode of N-H confirmed the successful functionalization of
the MSNs with amine groups [21]. The presence of imine band at 1604
cm™ confirmed the successful loading of ruthenium complex on A-
MSNs. Also, the shift of OH band from 3300 cm™ (free complex B) to
3029 cm™ (C2@A-MSNs) indicates H-bonding interaction between
the polar groups present in the complex and the amine groups of A-
MSNs [20].
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Figure 4.15: FTIR Spectra of (a) Ligand HL (b) complex C1, (c)
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Figure 4.16: FTIR Spectra depicting (a) amine functionalization of
MSNSs (b) Loading of C2 on A-MSNs

4.3.4 UV-Vis Spectra

The UV-Vis spectra (Figure 4.17a) of ligand (HL) and the complexes
show two peaks, one in the region of 275-280 nm which corresponds
to m—n* transition and another peak of lower intensity in the 340-360

nm region which corresponds to n—n* transitions. An additional peak

35



in the range of 390-400 nm is observed only in the case of metal
complexes which correspond to MLCT transition [32].

The successful loading of the ruthenium complex on amine
functionalized MSNs was further confirmed from the presence of the
absorption bands corresponding to C2 (Figure 4.17b). The blue shift
observed for n—n* transition occurs due to H-bonding between amine

groups of A-MSNs and polar groups of complex [33].
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Figure 4.17: UV- Vis absorption spectra of (a) ligand HL and
complexes C1, C2, C3 (b) MSNs, A-MSNs and C2@A-MSNs

4.3.5 Fluorescence Spectra

As the ligand and the complexes synthesized are fluorescent in nature,
their emission spectra were recorded in DMSO by exciting at a
wavelength of 360 nm. From the emission spectra (Figure 4.18), it is
observed that at 404 nm, ligand HL shows the highest fluorescence
intensity, followed by complex C1, complex C2 and complex C3 in
decreasing order. Higher intensity bands are observed at 481 nm, with
the ligand HL showing highest intensity, followed by complex C1,
complex C2 and complex C3. The excitation and the corresponding
emission wavelengths for the tree complexes and the ligand are given
in Table 4.1.
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Figure 4.18: Fluorescence spectra of ligand HL and complexes C1,

C2,C3

Table 4.1: Excitation and emission wavelengths of ligand HL and

complexes
UV-Vis (n m) xexcitation (nm) xemission (nm)
Ligand HL 360, 347 360 404, 480
Complex C1 389, 360, 348 360 403, 481
Complex C2 394, 360, 348 360 403, 481
Complex C3 397, 360, 347 360 404, 480
4.3.6 Powder X-ray Diffraction
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Figure 4.19: Powder XRD patterns for (a) MSN (b) A-MSNs

Before loading the

characterized using powder X-ray diffraction. The peaks observed in
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(i)

(ii)

the powder X-ray diffraction (Figure 4.19) corresponds to reflections
from the 100, 110 and 200 planes confirming the hexagonal
mesoporous pattern in MSN and A-MSNs [20]. The broad nature of
the peaks also justifies the amorphous nature of the silica

nanoparticles.

4.3.7 TGA Analysis and N, Adsorption-Desorption
Isotherm
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Figure 4.20 (i) TGA curve of (a) MSNs, (b) A-MSNs, (c) C2@A-
MSNs (ii) N adsorption isotherms of (a) MSNs, (b) A-MSNs, (c) C2@
A-MSNs

The thermal stability of the synthesized MSNs, A-MSNs and C2@A-
MSNs were studied using thermogravimetric analysis (Figure 4.20 (i)).
The weight loss up to 100 °C was due to loss of H,O molecules. The
drug loaded nanoparticles were found to be thermally stable up to 200
°C with no significant weight loss except removal of surface adsorbed

water molecules [25].

The mesoporous nature of the nanoparticles was characterized using
N, adsorption-desorption isotherms (Figure 4.20 (ii)). The decrease in
surface area from 752.617 m? g™ to 68.326 m? g™ and pore diameter
from 1.49202 nm to 1.32461 nm indicates successful functionalization
with APTES. The surface area further decreased to 47.093 m2 g™ due
to loading of complex C2 on A-MSNs. The loading of drug on A-
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MSNs were further justified from the decrease in pore volume from
2.807 x 10* cc g™ (in MSNSs) to 1.951 x 102 cc g* (in A-MSNSs) to
1.923x102 cc gt (C2@ A-MSNs) [21]. The various parameters
obtained from N, adsorption-desorption isotherms are listed in Table
4.2.

Table 4.2: Characteristic parameters of MSN and A-MSNs observed

from N, adsorption-desorption experiment

BET Surface Langmuir Pore Volume
Area (m2g?) | Surface Area (ccg™)
(m2g™)
MSNs 752.617 2461.722 2.807x10™
A-MSNs 68.326 803.424 1.951x10
C2@A-MSNs 47.093 786.744 1.923x107

4.3.8 FE-SEM Analysis

(b) A-MSNs

Figure 4.21: SEM images of (a) MSNs (b) A-MSNs (c) C2@A-MSNs

The amorphous nature of MSNs, A-MSNs is clearly visible from the
SEM images (Figure 4.21). After loading of the ruthenium complex the
arrangement and amorphous nature remains intact. However due to the

presence of the metal complex the surface seems to be rough.

4.4 Stability Study

For the synthesized complexes to function as potent anticancer drug, it
IS necessary that they must be stable in biological medium. To check
whether the synthesized complexes are stable or not, UV-Vis spectra
were recorded at different time intervals. As evident from Figure 4.22
no significant change in peak position was observed indicating that the

complexes are sufficiently stable and do not degrade in biological
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medium up to twenty-four hours. Since the tumor environment is
acidic in nature, pH stability of the complex in acidic environment
forms an integral part of the study. The UV-Vis spectra of complex C2
in PBS buffer solution at pH 5.4 mimicking the tumour environment
was recorded at different time intervals. No shift in absorption band
indicates that the complex can retain its integrity even at lower pH up

to seventy two hours.
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Figure 4.22: Stability study of (a) complex C1, (b) complex C2, (c)
complex C3 in DMSO/PBS buffer solution (d) complex C2 in PBS
buffer (pH- 5.4)

4.5 Lipophilicity Study

The synthesized complexes must cross the lipid bilayer to enter the
cancer cells. This property is referred as lipophilicity. To study the
lipophilic character of the synthesized complexes, the well-known
partition coefficient method was employed where the complexes were
dissolved in n-octanol and DMSO: H,O mixture and the partition
coefficient was calculated. Complex C2 with triphenylphosphine group
has the maximum partition coefficient indicating that it will have the
highest cellular uptake among all the three complexes. It is probably
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due to the presence of the hydrophobic phenyl rings which can
facilitate the transportation of the drug molecule through the lipid
bilayer of the cell membrane [26]. Table 4.3 lists the partition
coefficient values for the three complexes.

Table 4.3: Partition coefficient value for the complexes C1, C2 and C3

LIPOPHILICITY Pow log Pow
STUDY _ _
Complex C1 2.82 0.45
Complex C2 5.87 0.76
Complex C3 1.89 0.27

4.6 Protein Binding Study

4.6.1 Emission Spectra

The binding of ruthenium complexes with plasma protein needs to be
studied in order to check the bioavailability of the drugs. In the blood
plasma serum albumin protein (HSA-Human serum albumin or BSA-
Bovine serum albumin) is most abundant and plays an essential role in
transporting drug molecules to the desired target. Because of Enhanced
Permeability and Retention (EPR) effect, the serum proteins are
important macromolecular carriers involved in transporting the drugs
selectively to the cancer cells [34]. Thus, study of the interaction
between the serum proteins and ruthenium complexes forms an
integral component in drug designing. The intrinsic fluorescent nature
of these proteins due to the presence of amino acids like tryptophan,
tyrosine and phenylalanine was used to study their binding property.
BSA/HSA exhibits fluorescence mainly due to tryptophan residue. 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) [35]. The tryptophan environment is highly sensitive
and any structural change in its vicinity can cause alteration in its

fluorescence intensity. Thus, to study how the complexes interact with
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HSA/BSA, tryptophan fluorescence quenching experiments was

performed.
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Figure 4.23: Fluorometric titration spectra of BSA (10 uM) with (a)
ligand HL, (b) complex C1, (c) complex C2, and (d) complex C3 at
298 K
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Figure 4.24: Fluorometric titration spectra of HSA (10 uM) with (a)
ligand HL, (b) complex C1, (c) complex C2, and (d) complex C3 at
298 K
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It was observed that with increasing concentration of the metal
complexes (0-80 plL), the peak for BSA/HSA at around 335 nm
exhibited successive lowering of intensity and at around 445 nm,
gradual appearance of a new peak was observed when excitation was
carried out at 280 nm (Figure 4.23 and Figure 4.24). The decrease in
fluorescence intensity at 335 nm was attributed to the quenching of the
original emission of BSA/HSA due to binding of the protein with the
complex while the increase in fluorescence intensity at a longer
wavelength was observed because of the inherent fluorescence nature

of the complexes and the ligand respectively.

To find the binding capacity of the ligand HL and the complexes with
BSA/ HSA, Stern-Volmer Equation and Scatchard Equations were
used and various binding parameters were calculated which are listed
in Table 4.4. The K, value suggests that the quenching is static
quenching [17].
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Figure 4.25: Stern Volmer plots for the titration of BSA with (a) ligand
HL, (b) complex C1, (c) complex C2, (d) complex C3
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Figure 4.26: Stern Volmer plots for the titration of HSA with (a)
ligand HL, (b) complex C1, (c) complex C2, (d) complex C3

Table 4.4: Various parameters to analyze the binding between proteins
and the compounds from SV and Scatchard plots.

Compound KoM  KyM'sh)  KyM™) n
BSA

Ligand (HL) 2.8x10° 45x108  35x10° 1.68

ComplexCl 89x10° 1.4x10%  8.7x10° 1.89

ComplexC2  2.0x10° 32x108  9.1x10° 1.37

ComplexC3  74x10° 1.2x10%® 1.0x10° 1.26
HSA

Ligand (HL) 25x10°  4x10%  2.0x10° 1.64

ComplexC1 52x10° 84x108®  1.2x10° 1.52

ComplexC2  1.5x10° 24x10°  4.0x10° 1.32

ComplexC3  74x10° 1.2x10® 55x10° 1.19
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4.7 Nucleic Acid Binding Study

Binding of ruthenium complexes to nucleic acids can cause
conformational changes which can ultimately lead to inhibition of cell
division [36]. Thus, investigating the interaction of the synthesized

complexes with DNA and probing their mode of binding is essential.
4.7.1 Absorption Spectra

To investigate the mode of binding of the ruthenium complexes with
DNA, UV-Vis absorption spectrum was recorded. Complexes can bind
to DNA through groove binding or intercalation. Intercalation is
depicted by a decrease in absorbance whereas groove binding is
depicted by an increase in absorbance. When a fixed amount of
ruthenium complex or ligand was titrated with increasing amount of
CT-DNA, hypochromism or decrease in absorbance was observed
which suggests intercalation mode of binding with DNA (Figure 4.27).
The planar aromatic rings of the ligand intercalate between the DNA

base pairs through n-n stacking [36].
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Figure 4.27: Titration of (a) ligand HL, (b) complex C1, (c) complex
C2, and (d) complex C3 with increasing amount of CT- DNA at 298 K
using UV-Vis spectroscopy
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4.7.2 Emission Spectra

To further confirm the intercalation mode of binding, ethidium
bromide (EtBr) an intercalating dye was used to study competitive
fluorometric displacement assay. Ethidium bromide intercalates
between the base pairs of DNA causing it to show fluorescent property.
When to a fixed concentration of DNA-EtBr solution, increasing
amount of the synthesized complexes and ligand was added, decrease
in fluorescence intensity was observed (Figure 4.28) indicating
intercalation of the complexes between base pairs. The ruthenium
complex competes with ethidium bromide and displaces it causing a
decrease in fluorescence intensity. Thus, the results of emission spectra
are in accordance with absorption spectra. The competitive
fluorometric displacement assay using EtBr was also performed with
RNA which exhibited similar results suggesting intercalative mode of
binding (4.29). Thus, intercalation of the ruthenium complexes alters
the base pair spacing thereby leading to helix unwinding [36]. Using
the fluorometric data, Stern Volmer equation and Scatchard Equation
the quenching parameters were calculated which are listed in Table
4.5.
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Figure 4.28: Fluorometric titration spectra of CT-DNA (10 uM) with
(@) ligand HL, (b) complex C1, (c) complex C2, and (d) complex C3 at
298 K
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Table 4.5: Various parameters to analyze the binding between nucleic
acids and the compounds from SV and Scatchard plot

Compound  Kg(M™)  KyM7's?h)  KyM?) n

DNA
Ligand (HL) 1.2x10° 45x10%? 24x10° 1.02
ComplexCl 1.9x10* 24x10®  7.3x10* 1.45
ComplexC2 1.4x10* 32x10® 51x10* 1.37
ComplexC3 1.6 x10° 12x10® 3.8x10° 1.10
RNA
Ligand (HL) 7.4x10° 4x10® 453x10° 1.24
ComplexCl  1.0x10* 84x10®  1.6x10* 1.82
ComplexC2 1.0x10* 24x10¥® 2.36x 10 1.62

ComplexC3  55x10° 1.2x10° 3.6 x10° 1.30
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4.8 Drug Loading and pH Stimulated Release
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Figure 4.32: Drug release profile for C2@A-MSNs in acidic and
neutral pH
Efficient drug loading is necessary for proper release and function of
these nanocarriers. It was found that nanosystem C2@A-MSNSs has a
drug loading capacity about 40.4% (40.4 mg/100 mg). Since the
cellular environment of cancer cells has a lower pH than normal cells,
to mimic the biological environment and check the specificity of the
nanocarriers the drug release experiment was performed at two
different pH. As observed from the release profile (Figure 4.32), at
neutral pH no detectable amount of complex is released up to four
hours and after ninety-six hours only around 30% of the drug is
released. However, in acidic medium drug release is observed even at
initial stage (though small amount) and after ninety-six hours a
significant amount around 65% of the complex is released. The greater
release of drug at lower pH may occur due to protonation of the amine
groups of A-MSNs and hydroxyl group of the metal complex which
causes breaking of the hydrogen bonding interactions responsible for
holding the drug causing its release in acidic environment (Figure
4.33) [21,25]. To check whether the drug released from A-MSNSs is
same as the one loaded, mass spectrometry was performed and the
peak characteristic of the free complex C2 was obtained at m/z= 773
indicating that the integrity of the complex remains intact (Figure
4.34).
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Figure 4.33: Probable mechanism of drug release from A-MSNs
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Figure 4.34: Mass spectrum of released complex from A-MSNs; ESI-
MS (m/z) C42H40N202PRU: Calculated for [C45H40N202PRU]+: 77319,
Found: 773.1495

4.9. Cell Viability Assay

The successful binding of the ruthenium complexes with biomolecules
motivated us to further investigate their cytotoxic activity. To check
the cytotoxic activity of the synthesized complexes, cell viability was
checked using colorimetric MTT assay. The ICs, values were
calculated from the cell viability curves (Figure 4.35). All the
complexes exhibited significant anticancer activity on HelLa and
DU145 cancer cell lines with complex C2 showing the highest activity
with minimum ICsp value (17.78 uM for HelLa and 27.42 puM for
DU145 cells). A probable reason for this enhanced cytotoxicity could
be the presence of the hydrophobic phenyl rings which enhances the
interaction with biomolecules [26]. It can also be attributed to the

highest lipophilic behaviour of complex C2 which results in greater
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accumulation inside the cells. It is noteworthy to mention that all the
complexes are active against cisplatin resistant DU145 cells. The
cytotoxicity was further enhanced with a significant decrease in 1Cs
value upon loading the complex C2 on A-MSNs. This was probably
due to better cellular internalisation occurring due to interaction
between negatively charged phospholipids and positively charged
surface of A-MSNs [21]. Also, the 1Csq value for the free ligand is
significantly high indicating the necessity for complexation with
ruthenium. The complexes were also treated on HEK 293 normal cell
lines and their comparatively higher 1Csy value proves their selectivity
and target specificity towards cancerous cell only. The ICs values for
the complexes and ligand are represented by histogram (Figure 4.36)
and listed in Table 4.6.
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Figure 4.35: Cell viability curves for ligand HL, complex C1, C2, C3
and C2@A-MSNs on (a) HeLa cell lines (b) DU145 cell lines and (c)
HEK 293 (normal cell lines)
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Table 4.6: I1Cso values in (uM) of the ligand, three complexes and

C2@A-MSNs for cancer cells lines HeLa and DU145 and normal cells

HEK 293
HelLa DU145 HEK 293

Ligand HL 30.79 £ 0.56 41.13 +0.53 32.28 +0.45
Complex C1 19.21 £ 0.43 30.11 + 0.83 33.73+0.51
Complex C2 17.78 £ 0.48 27.42 £ 0.58 34.59 + 0.59
Complex C3 20.26 + 0.36 31.46+0.74 36.21+0.44
C2@A-MSNs | 14.01+0.43 19.83+0.75 31.83+0.39
Cisplatin 17.40 £ 0.38 40.22 +0.59 23.18 +0.28
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Figure 4.36: Histogram representing the 1Cso values in (uM) of the
ligand, three complexes and C2@A-MSNs for cancer cells lines (a)
HelLa, (b) DU145 and (c) normal cells HEK 293

4.10 Apoptosis Study using Dual Staining Method

To investigate whether the complexes can cause apoptosis of cancer
cells and study the morphological changes occurring accompanied
during apoptosis, the dual staining assay was performed using acridine
orange (AO) and ethidium bromide (EtBr). AO is a membrane
permeable dye capable of staining cells having membranes intact. It
emits green fluorescence upon binding to DNA. EtBr is a membrane
impermeable dye and can thus cause staining of cells with ruptured
membrane and shows bright red fluorescence on binding to DNA or
apoptotic bodies [37]. The confocal microscopy images (Figure 4.37)
show that all the synthesized complexes can cause apoptosis in cancer
cells with complex C2 and C2@A-MSNs showing significantly better

results. Certain morphological changes like rupturing of cell membrane
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and fragmented nuclei are observed which are characteristic of

apoptosis [17].

Bright Field AO EtBr
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Figure 4.37: Confocal images of HelLa cells stained with AO and EtBr
after treatment with the complexes
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4.11 ROS Generation- DCFH-DA Staining
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Figure 4.38: ROS generation using DCFH-DA Assay and fluor(;scence
intensity graph for ROS generation

Generation of reactive oxygen species is an efficient way of inducing
cell death by producing oxidative stress inside the cells and causing
damage to intracellular substances. Generation of ROS in quantities
greater than what can be scavenged by the cellular enzymes like
superoxide dismutase (SOD) causes oxidative damage to the cells.
Also, cancer cells because of their rapid multiplying nature require a
greater amount of oxygen as compared to normal cells. Thus,
converting oxygen into reactive oxygen species like superoxide anion,
hydrogen peroxide and OH’ can hamper the cell division process
thereby causing cell death [38]. Thus, the synthesized complexes were
investigated for their ability to generate ROS using the DCFH-DA
staining method. DCFH-DA (Dichloro-dihydro-fluorescein diacetate)
is a dye which in the presence of ROS gets oxidized to DCF which
emits green fluorescence [39]. Thus, it can be used for the detection of
ROS. The microscope images Figure (4.38) clearly show green
fluorescence only in the case of treated cells and not in the control
suggesting that the ruthenium complexes are capable of generating

ROS which are responsible for the green fluorescence.
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4.12 Metastasis Inhibition

Metastasis refers to the spread of cancer cells from malignant parts of
the body to non-malignant cells and tissues. Controlling the spread of
tumor cells to normal cells at an early stage is thus necessary to treat
cancer [17]. To investigate the antimetastatic property of the
synthesized complexes wound healing assay was performed where
cancer cells were treated with 1Csy concentration value of the
complexes and the wound coverage area was monitored after twenty-
four hours. All the complexes exhibited antimetastatic property (Figure
4.39) and could inhibit the migration of cancer cells when compared to
control (no treatment given). However, complex C2 inhibited cell
migration to the maximum extent with a wound closure ratio of 35%.
The antimetastatic property was further enhanced upon treating the
cells with C2@A-MSNs.
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Figure 4.39: Wound healing motility assay of HeLa untreated and
treated cell with the free complexes as well as C2@A-MSNs. Images
were taken at 0 and 24 h
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Chapter 5

CONCLUSION AND FUTURE SCOPE

Three ruthenium(Il) arene complexes with p-cymene as the arene
group and having a bidentate benzimidazole based chelating ligand
with N and O as donor sites have been synthesized. The co-ligands
have been varied between chloride, PPhz (triphenylphosphine) and
PTA (1,3,5-triaza-7-phosphaadamantane). The complexes were
characterized using several spectroscopic techniques like ESI-MS, IR,
NMR and UV- Vis spectroscopy and their molecular formula are found
to be [Ru(m’-p-cym)(L)CI], [Ru(n’-p-cym)(L)PPhs]PFe, [Ru(n’-p-
cym)(L)PTA]PFs. Both the ligand and the complexes are found to be
fluorescent in nature. The complexes were studied for their lipophilic
behaviour and complex C2 was found to be most lipophilic. All the
complexes are stable in biological medium upto twenty four hours.
Tryptophan quenching experiments suggested that the complexes
significantly bind to albumin proteins like BSA and HSA. As evident
from absorption and emission spectroscopy the complexes are also
potent of binding to CT-DNA and RNA and the mode of binding was
found to be intercalation. Cytotoxicity study was performed on HelLa
and DU145 cells and all the complexes showed anticancer activity with
better results on HeLa cells. Among all the three complexes, complex
C2 exhibited the lowest ICs, value and highest anticancer activity due
to the presence of the hydrophobic triphenylphosphine group which
lead to its better cellular internalization as demonstrated by
lipophilicity study. The hydrophobic phenyl rings also had better
interaction with the biomolecules as compared to chloride or PTA.
Since complex C2 was the most potent anticancer drug among the
three complexes, it was loaded on amine functionalized mesoporous
silica nanoparticles to see whether these drug delivery nanocarriers can
enhance their therapeutic performance. As observed from the
cytotoxicity study, the anticancer activity was improved upon loading

and their selectivity for cancer cells also increased. The complexes
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were also studied for their apoptotic properties, ROS generating ability
and anti-metastatic behaviour on HelLa cell lines and complex C2 and
C2@A-MSNs were found to exhibit better results. In conclusion, the
above synthesized complexes can act as potent anticancer agents and

the study can be further taken to in vivo tumour models.
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