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ABSTRACT 

1. Introduction 

Metal ions, combined with organic and inorganic ligands provide an excellent 

opportunity to deal with various aspects of diagnosis and treatment of different 

diseases with a multitude of tasks. [1] With the luxury of choosing from tens of 

metal ions and thousands of ligand systems, coordination and organometallic 

chemists can explore the possibilities to hit the right combination to come up 

with new molecules for extensive medical applications. Among various 

medical challenges, cancer remains the leading cause of death worldwide, with 

over ten million cases in a calendar year. [2] The utilization of metallodrugs 

against cancer has started to be investigated in a modern scientific way with 

the discovery of cisplatin, which has been found to be cytotoxic in nature. [3] 

With the success of cisplatin in cancer treatment in the seventies, various other 

platinum-based compounds have been tested as prospective anticancer agents, 

and among them, carboplatin, oxaliplatin, nedaplatin, lobaplatin, and 

heptaplatin have been approved by different drug controlling agencies for 

cancer treatment. [4] This group of metallodrugs can work efficiently against 

testicular, cervical, ovarian, head and neck and non-small cell lung cancer. [5] 

Nevertheless, certain limitations restrict their extensive use in the treatment. 

Among them, poor selectivity of the drugs towards cancer -specific cells 

complicates the treatment with unavoidable side effects, and increasing 

chemoresistance remains another major concern. [6] Therefore, there is an 

urgency to look beyond platinum for alternative improved metallodrugs with 

better efficiency, reduced side effects and lesser chemoresistance. As an 

alternative option new metal ion(s) with the ability of different mechanistic 

pathways and toxicity profiles started to get investigated with time. Among 

various metal ions, ruthenium has been found to be very much effective with 

several advantages that can be exploited to prepare better anticancer 

metallodrugs. [7] Ruthenium, with its preference for hexa-coordinated 

geometry, provides ample opportunity to load the coordination sphere with 

various bioactive ligands. It is also observed that ruthenium (III) compounds 
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tend to act as prodrugs and get activated inside the tumor cells where a hypoxic 

condition exists and induces the reduction of ruthenium(III) to ruthenium(II). 

Until now, four ruthenium complexes have entered clinical trials viz NAMI-A, 

KP1019, KP1339, and TLD1433. [8] NAMI-A entered the phase II trials but 

due to limited efficacy could not proceed further for clinical development. 

Another ruthenium complex KP1019 entered the phase I trials, but its low 

solubility halted its further development. However, the sodium salt of KP1019, 

KP1339 are still under clinical trials. Altogether ruthenium has shown many 

attractive characteristics to be exploited for providing alternative metallodrugs 

for cancer treatment.  Apart from ruthenium, zinc, a naturally occurring metal, 

also plays a significant role in treating many diseases. [9] Zinc-containing 

compounds have been found to exhibit antiviral, antibacterial, and anticancer 

activities. Moreover, zinc-based drugs have shown promise in treating 

Alzheimer's disease and diabetes. [10] The flexibility of zinc's coordination 

geometry allows it to interact with different ligands, making it a versatile 

element in biological systems. Zinc complexes are getting much attention in 

developing anticancer drugs with the conception that they will show less 

toxicity toward healthy cells. [11] 

Apart from developing metal-based drugs, one of the biggest obstacles in the 

success story of such therapeutic agents is their proper delivery in targeted 

cells. Controlling drug delivery can help to overcome these drawbacks. Using 

nanotechnology-based drug delivery systems is one promising approach to 

reducing the side effects of bare drugs. [12] These intelligent drug delivery 

systems can lower side effects and enhance therapeutic results by optimizing 

drug concentrations at the target site. Certain nanocarriers are designed to 

encapsulate the complexes, enhancing their activity while minimizing the 

adverse side effects. [13] 
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Figure 1. General representation of metal ligand complex formation and their 

targeted drug delivery  

2. Objectives  

The primary objectives which have been set for this thesis are the following: 

 To develop new metal complexes by employing suitable organic ligands 

(fluorescent and nonfluorescent) for prospective cancer treatment and their 

characterization through various analytical and spectroscopic techniques. 

 To synthesize cancer targeted drug delivery nanocarriers like mesoporous 

silica nanoparticles, and nanogels, exclusively targeting cancer cells and 

minimizing potential damage to healthy cells. 

 To explore the interactions of metal complexes with biomolecules: DNA/ 

Protein binding and cleavage is a key research field for metal complexes as it 

can help to develop new therapeutic metallodrugs. 

 To investigate the potential anticancer properties of synthesized compounds in 

cancerous and noncancerous cells. 

 To explore cell imaging study to understand the effect of compounds on 

cellular morphology and function.  
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 To investigate possible mechanistic pathways to determine the mode of action 

of synthesized compounds and in vivo study (in Zebra fish) 

3. Summary of research work 

The contents of each chapter included in the thesis are discussed briefly as 

follows: 

3.1. Chapter 1: General Introduction and Background 

A brief overview of the basic concepts and recent scientific developments 

towards generating metal-based anticancer drugs have been reported. 

Moreover, the importance of introducing ruthenium metal as a potential 

candidate in cancer therapy has also been discussed. Finally, a summary of the 

research reported in this thesis and the relevance in the prospects of recent 

developments have been put forward. 

3.2. Chapter 2: Modulation of catalytic and biomolecular binding 

properties of ruthenium (II)-arene complexes with the variation of 

coligands for selective toxicity against cancerous cells 

Four ruthenium(II)-arene complexes, viz. [Ru(p-cym)(2-ampy)Cl]PF6 1, 

[Ru(benzene)(2-ampy)Cl]SO3CF3 2, [Ru(p-cym)(2-ampy)PPh3](PF6)2 3 and 

[Ru(benzene)(2-ampy)PPh3](SO3CF3)2 4 [2-ampy = 2-aminomethyl pyridine] 

have been synthesized and characterized. Different analytical techniques have 

been utilized to characterize 1–4, and a DFT study was used to optimize the 

geometries and calculate the energies of the frontier molecular orbitals. An 

MTT assay revealed the potency of complexes 1–4 against MCF-7 (breast 

cancer) and Hela (cervical cancer) cell lines. The presence of the triphenyl 

phosphine ligand in complexes 3 and 4 makes the complexes more cytotoxic 

with respect to their chloro-analogues. The complexes are found to be 

specifically cytotoxic against cancerous cell lines, as they were inactive against 

the normal HEK 293 cell line. An absorption and fluorescence titration study 

of complexes 1–4 showed significant interactions with DNA and proteins. 

Interestingly, all the complexes show potent catalytic activity for the hydrogen 

transfer of NADH and converted NADH to NAD+, which helps to induce the 

accumulation of intracellular reactive oxygen species (ROS) in MCF-7 cells. 
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To analyze the morphological changes in the cells, the Hoechst staining 

method was applied to capture images of apoptotic cells through confocal 

microscopy. 

 

Figure 2. Schematic diagram depicting the role of Ru(II)-arene complexes 

with 2-aminomethyl pyridine coligand that modulate the cell redox balance 

(NADH catalysis) and enhance anticancer activity leads to cell apoptosis. 

3.3. Chapter 3: Pyrene-based fluorescent Ru(II)-arene complexes for 

significant biological applications: catalytic potential, DNA/protein 

binding, two photon cell imaging and in vitro cytotoxicity 

Four new organometallic Ru(II)-arene complexes [Ru(η6-p-cymene)(L)Cl] 5, 

[Ru(η6-benzene)(L)Cl] 6, [Ru(η6-p-cymene)(L)N3] 7 and [Ru(η6-

benzene)(L)N3] 8 [HL = (E)-N’-(pyren-1-ylmethylene)thiopene-2-

carbohydrazide] have been synthesized and characterized that have anticancer, 

antimetastatic and two-photon cell imaging abilities. Moreover, these 

compounds also display good catalytic activity in the transfer hydrogenation of 

NADH to NAD+. All the complexes, 5–8, are well characterized by 
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spectroscopic techniques (NMR, mass, FTIR, UV-Vis and fluorescence). The 

single crystal X-ray diffraction technique proved that the ligand HL 

coordinates through an N,O-bidentate chelating fashion in the solid-state 

structures of complexes 5 and 6. The stability study of the complexes was 

performed through UV-visible spectroscopy. The cytotoxicities of all the 

complexes were screened through an MTT assay, and the results revealed that 

the complexes have potential anticancer activity against various cancerous 

cells (HeLa, MCF7 and A431). Studies with spectroscopic techniques revealed 

that complexes 5–8 exhibit strong interactions with biological molecules i.e. 

proteins (HSA and BSA) and CT-DNA. The density functional theory (DFT-

D) method has been employed in the present study to know the interaction 

between DNA and complexes by calculating the HOMO and LUMO energy. A 

plausible mechanism for NADH oxidation has also been explored and the DFT 

calculations are in accord with the experimental observation. Furthermore, the 

capabilities of intracellular reactive oxygen species (ROS) generation in the 

MCF7 breast cancer cell line were studied. The Hoechst/PI dual staining 

method confirmed the apoptosis mode of cell death. Meanwhile, complexes 5-

8 show capabilities to prevent the metastasis phase of cancer cells by inhibiting 

cell migration. 

 

Figure 3. Schematic diagram depicting the role of Ru(II)-arene complexes 

with pyrene based moiety as coligand that have better TON values in NADH 

catalysis, having antimetastatic property and act as cell imaging agent  
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3.4. Chapter 4: Chitosan-Biotin Conjugated pH Responsive Ru(II) 

Glucose Nanogel: A Dual Pathway of Targeting Cancer Cells and Self-

Drug Delivery 

The current study paves the way for improved chemotherapy by creating pH-

responsive nanogels (GC9 and GC10) that are loaded with new synthetic 

ruthenium(II) arene complexes (9 and 10) to increase biological potency. 

Nanogels are fabricated by the conjugation of chitosan-biotin biopolymers that 

selectively target the cancer cells, as chitosan has the pH-responsive property, 

which helps in releasing the drug in cancer cells (pH 5.5), and biotin provides 

the way to target the cancer cells selectively due to the overexpression of 

integrin in them. With the use of spectroscopic and analytical techniques like 

NMR, ESI-MS, FTIR, UV-visible, SEM, TEM, XPS, rheology, BET, and 

others, the compounds and synthesized nanogels were thoroughly 

characterized. Nanogels (NGs) displayed exceptional increased efficacy 

toward cancerous cells with IC50 values ranging from 7.50 to 18.86 μM via 

induced apoptosis in a group of three human cancer cell lines. Apart from its 

potency, NGs found to be highly selective towards cancer cells. Moreover, 

based on the results of immunoblot analysis, it was observed that the 

synthesized compounds exhibit a significant increase in the expression of 

cleaved caspase-3 and a decrease in the expression of the anti-apoptotic protein 

BCL-XL. Additionally, it was discovered that NG-induced apoptosis is 

dependent on ROS production and DNA targeting. Furthermore, a narrower 

range of LD50 values (1185.93 and 823.03 μM) was seen after administering 

NGs to zebrafish embryos in vivo. The results support using drug-loaded 

nanogels as potential chemotherapeutic and chemopreventive agents for human 

cancer cells. 
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Figure 4. Schematic diagram depicting the probable mechanism of nanogels 

loaded with glucose ring conjugated Ru(II) arene complexes that shows 

targeted drug delivery  

3.5. Chapter 5: Cancer-Targeted Chitosan−Biotin-Conjugated 

Mesoporous Silica Nanoparticles as Carriers of Zinc Complexes to 

Achieve Enhanced Chemotherapy In Vitro and In Vivo 

Despite being the most common component of numerous metalloenzymes in 

the human body, zinc complexes are still under-rated as chemotherapeutic 

agents. Herein, the present study opens up a key route toward enhanced 

chemotherapy with the help of two Zn (II) Mannich base complexes: ZnMBC 

(complex 11 and complex 12) synthesized alongside Mannich base ligands to 

investigate their biological potency. Further, well-established mesoporous 

silica nanoparticles (MSNs) have been chosen as carriers of the titled 

metallodrugs in order to achieve anticancer drug delivery. A pH sensitive 

additive, namely, chitosan (CTS) conjugated with biotin is tagged to MSNs for 

the targeted release of core agents inside tumors selectively. In general, CTS 

blocks ZnMBC inside the mesopores of MSNs, and biotin acts as a targeting 

ligand to improve tumor-specific cellular uptake. CTS−biotin surface 
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decoration significantly enhanced the cellular uptake of ZnMBC through 

endocytosis. A panel of four human cancer cell lines has revealed that ZnMBC 

(11/12)@ MSNs−CTS−biotin nanoparticles (NPs) exhibits unprecedented 

enhanced cytotoxicity toward cancer cells with IC50 values ranging from 6.5 to 

28.8 μM through induction of apoptosis. NPs also possess excellent selectivity 

between normal and cancer cells along with their enhanced efficacy. Two-

photon-excited in vitro imaging of normal (HEK) and cancer (HeLa) cells has 

been performed to confirm the drug delivery. Also, NP-induced apoptosis was 

found to be dependent on targeting DNA and ROS generation. Moreover, a 

lower range of LD50 values (153.6−335.5 μM) were observed upon treatment 

of zebrafish embryos with NPs in vivo. Because of the anatomical similarity to 

the human heart, the heart rate of NP-treated zebrafish has been analyzed in 

assessing the cardiac functions, which is in favor of the early clinical trials of 

ZnMBC (11/12)@MSNs−CTS−biotin candidates for their further evaluation as 

a chemotherapeutic and chemopreventive agent toward human cancers, 

especially adenocarcinoma. 

 

Figure 5.  Schematic diagram depicting pH-responsive targeted drug delivery 

of zinc(II) complexes from targeted mesoporous silica nanoparticles and their 

probable cell death mechanism (cellular apoptosis) 
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3.6. Chapter 6: General conclusions and future scope 

 In this thesis work, it has been observed that ruthenium and zinc metal 

complexes and with different organic and inorganic show promising cytotoxic 

activity, whereas the free ligands are mostly non-cytotoxic in the same 

condition.  

 Coordinated with biologically active ligands, ruthenium (II) complexes have 

shown promising antiproliferative and antimetastatic activity. Thus, attaching 

this type of ligands to Ru(II) center can be explored further to develop 

potential metallodrugs for cancer therapy. 

 It has been found that drug-loaded nanogels and loaded nanoparticles support 

the increased selectivity of ruthenium and zinc complexes between cancer and 

normal cells, subsequently establishing an improved anticancer property. The 

successful fabrication of nanogels and nanoparticles loaded with drugs offers a 

promising avenue for the advancement of targeted anticancer treatments, 

thereby contributing to significant progress in the field of cancer therapeutics. 

 In the future, in-vivo research on mice can be conducted to evaluate the effect 

of these complexes on the living organism, as this would provide much more 

in-depth insight into the activities of complexes. Such investigations offer an 

invaluable opportunity to gain comprehensive insights into the activities and 

potential therapeutic benefits of these complexes. Additionally, in-vivo studies 

on mice can provide valuable preclinical data that can guide the design and 

optimization of future clinical trials, enabling a more informed and targeted 

approach towards the development of anticancer therapies. 
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Chapter 1 

General introduction and background 

1.1 Introduction 

Over the years, significant progress has been made in discovering and 

developing anticancer drugs, moving from organic compounds to more diverse 

classes of molecules, including inorganic compounds. Natural products, 

organic compounds derived from plants and microorganisms, were the main 

focus at the early stages of developing anticancer drugs. Two notable examples 

from that era are the discovery of the anti-estrogen drug tamoxifen and the 

vinca alkaloids (vincristine and vinblastine) derived from the Madagascar 

periwinkle. Paclitaxel (Taxol), an organic compound was one of the first drugs 

to successfully target and kill cancer cells without causing excessive harm to 

healthy cells, which represented a significant advancement in the field of 

cancer treatment [1]. The field of discovering anticancer drugs has been 

dominated by organic compounds, but from the late 20th century to the 

present, inorganic compounds have also attracted attention (Figure 1.1). 

For thousands of years, metals and metal complexes have been used as 

antibacterial and antiviral compounds for health and healing [2]. Examples 

from history include the use of gold-based medicines in China and the Middle 

East 3500 years ago, silver pots were used to cleanse drinking water in the 

Persian empire, and mercurous chloride was used as a diuretic during the 

Renaissance period. In the last century, the application of inorganic drugs 

expanded, leading to the development of therapeutic treatments for many 

widespread diseases. 

In 1969, the discovery of the pharmacological activity of cisplatin by 

Rosenberg introduced the first purely inorganic antitumor drug into clinical 

practice [3]. This breakthrough treatment effectively addressed testicular 

cancer, which until the late 1970s had been almost incurable. Despite 

cisplatin's widespread success in treating various types of malignancies, the 

benefits are limited due to the intrinsic and acquired resistance mechanisms of 



                                                                         

  
    

 

1 Chapter 

4 

tumor cells [4]. However, the success of cisplatin indicates that metal 

compounds have significant potential for new chemotherapeutic approaches.  

 

Figure 1.1. Timeline view of FDA approved organic and inorganic compounds 

as anticancer drugs 

1.2 Cancer: A Growing Humanitarian Threat 

Cancer is a leading cause of morbidity and mortality worldwide, with millions 

of new cases and cancer-related deaths reported annually [5]. This disease has 

become a major focus of research due to its significant impact on global health. 

The number of cancer-related deaths reported globally is alarmingly high, 

second only to cardiovascular disease. 

Cancer arises due to uncontrolled cell proliferation, leading to the formation of 

a solid mass that is typically confined to one or more organs of the body. Some 

malignant cancers can metastasize, spreading to other sites beyond the primary 

tumor through direct invasion in the bloodstream or lymphatic systems. 

The transformation of normal cells into cancer cells results from genetic 

mutations that arise through endogenous mechanisms, inherited from 

ancestors, or acquired through environmental factors such as chemical 
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carcinogens, radiation, and viruses. Oncogenes, which direct cells towards 

disproportionate multiplication leading to cancer, and tumor suppressor genes, 

which regulate cell division, are two families of genes that malfunction in 

cancer. 

1.3 Cancer: Types and Treatment 

Based on their location, cause, and behaviour, cancer can be divided into 

various types. Here are some common classifications for cancer. 

1.3.1 Carcinomas: Cancers that arise from epithelial cells, which cover the 

body's surface or line internal organs. Carcinomas account for about 80% of all 

cancer cases. 

1.3.2 Sarcomas: Sarcoma is a rare type of cancerous growth that originates in 

bone and connective tissue like fat, muscle, blood vessels, nerves, and the 

tissue enveloping bones and joints.  

1.3.3 Leukaemia and Lymphomas: Cancers that develop in the bone marrow 

or lymphatic system (leukaemia and lymphoma, respectively). White blood 

cells in the bloodstream grow abnormally, which leads to the development of 

lymphoma or leukaemia. 

1.3.4 Brain or spinal cord cancers: Cancers that arise in the brain or spinal 

cord. 

1.3.5 Blastomas: Blastomas are cancers that develop from immature, 

undifferentiated cells. 

1.4 Current Approaches in Cancer Therapy: An Overview 

The treatment of cancer is a complex process that varies based on several 

factors including the types of cancer, stages of cancer, locations of the tumour, 

and the overall health of the patient. Cancer surgery involves a surgical 

procedure aimed at removing a tumor along with potentially adjacent tissue. 

This form of cancer treatment has ancient origins and remains effective in 

addressing a wide range of cancer types in contemporary medicine. Following 

are some common therapies for cancer treatment:  

1.4.1 Radiotherapy 
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Radiation therapy is an approach to treating cancer, often known as 

radiotherapy. High-energy electrons, gamma rays, X-rays, or heavy particles 

are used to destroy DNA inside cancer cells. With almost half of all patients 

requiring it at some time during the disease, radiation therapy is one of the 

most frequently utilised cancer therapies. It can also be used in combination 

with other cancer therapies, such as chemotherapy and surgery. Malignancies 

in the head and neck area, lung, breast, prostate, and brain are the types of 

cancers for which radiation therapy is commonly used. 

1.4.2 Hormonal therapy 

Cancer cells that depend on hormones to grow are the target of hormonal 

therapy, a type of cancer treatment. This type of treatment works by preventing 

the hormones that promote the growth of cancer cells from being produced or 

acting. Breast cancer and prostate cancer are the most frequent cancers that can 

be treated with hormonal therapy because they frequently rely on oestrogen 

and androgen hormones, respectively, for their growth. 

1.4.3 Immunotherapy 

Immunotherapy is a type of cancer treatment that uses the patient's immune 

system to eliminate tumours. This method employs a variety of techniques, 

including monoclonal antibodies, specifically designed to bind to specific 

targets in the body, triggering an immune response against cancer cells. 

Numerous cancers, including melanoma, lung, kidney, bladder, head and neck 

cancers, Hodgkin's lymphoma, and some forms of leukaemia, can be 

successfully treated with immunotherapy.  

1.4.4 Stem cell transplantation therapy 

Replacement of damaged bone marrow with healthy stem cells from the patient 

or a donor with genetic match is the goal of stem cell transplant therapy, also 

known as bone marrow transplantation. This therapy is primarily used for 

treating patients with leukemia. 

1.4.5 Targeted therapy 

Targeted therapy is a type of cancer treatment that employs drugs specifically 

designed to attack cancer cells only while harming normal cells as little as 
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possible. These drugs are designed to reduce cancer cells' ability to multiply 

and prevent the formation of new cancer cells. Because it operates in an 

alternative way than traditional chemotherapy, targeted therapy is less likely to 

harm normal cells. Drugs for targeted therapy can be taken orally, 

intravenously, or by injection. These medications can be used alone or in 

combination. Targeted therapy in the treatment of breast cancer, lung cancer, 

melanoma, leukaemia, and lymphoma has shown promising results. 

1.4.6 Chemotherapy 

Chemotherapy treats cancer by using pharmaceutical substances to eradicate 

cancer cells. These compounds can target DNA or enzymes involved in cell 

replication or block the mitosis pathway to achieve their desired effects. 

Chemotherapy medications can be given by oral, intravenous, or injection 

route, and they can be used alone or in combination with other cancer 

treatments like surgery or radiation therapy.  

Chemotherapy affects healthy cells, going through normal cell division, 

because it is a systemic therapy that circulates throughout the entire body. 

Chemotherapy may harm healthy cells as a result, which can result in a variety 

of side effects, including hair loss and nausea. 

1.4.6.1 Goals of Chemotherapy 

Chemotherapy goals are determined by the patient's unique cancer diagnosis 

and treatment strategy. Here the primary goals are, 

(i) Curative: To completely eradicate all cancer cells from the body in order to 

cure cancer. 

(ii)Adjuvant: To remove any cancer cells that are still present after surgery or 

radiation treatment, lowering the risk of cancer recurrence. 

(iii) Neoadjuvant: Reducing a tumor's size before surgery or radiation therapy 

to make it easier to eliminate or treat. 

(iv) Palliative care: Treating patients with advanced or metastatic cancer who 

may not recover long by alleviating their symptoms and enhancing their 

quality of life. 

1.4.6.2 Classification of chemotherapy agents 
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Chemotherapy agents can be divided into different categories based on their 

chemical compositions, mode of actions, and the stages of the cell cycle at 

which they are most effective. Following are some standard categories for 

chemotherapy agents: 

(i) Alkylating agents:  

Chemotherapy drugs in the alkylating agent family cause DNA damage in 

cancer cells. They achieve this by adding an alkyl group to the DNA molecule, 

which prevents the cell from properly replicating and dividing. Alkylating 

agents can slow or stop the growth of cancer cells by interfering with DNA 

synthesis, which ultimately results in their death. 

Cyclophosphamide, ifosfamide, chlorambucil, and melphalan are a few 

examples of alkylating substances (Figure 1.2). Leukaemia, lymphoma, and 

solid tumours like ovarian and lung cancer are cancers that are treated with 

these drugs. 

 

Figure 1.2. Chemical structure of an alkylating agents 

(ii) Antimetabolites:  

A subclass of chemotherapy drugs known as antimetabolites prevents cancer 

cells from producing DNA and RNA. These drugs share structural similarities 

with purines and pyrimidines, which are organic compounds necessary for the 

synthesis of DNA. Antimetabolites can interfere with the normal functioning 

of cancer cells and ultimately kill them by mimicking these substances. 

Methotrexate, 5-fluorouracil, cytarabine, and gemcitabine are a few examples 

of antimetabolites (Figure 1.3). Leukaemia, lymphoma, breast cancer, 

pancreatic cancer, and other cancers are all treated with these drugs. 
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Figure 1.3. Chemical structure of an antimetabolites 

(iii) Topoisomerase inhibitors:  

Topoisomerase inhibitors are a class of chemotherapy drugs that prevent the 

activity of topoisomerase, an enzyme that is essential for DNA replication and 

repair in cells. Topoisomerase inhibitors are classified into two categories: 

topoisomerase I inhibitors, which include drugs like irinotecan and topotecan, 

and topoisomerase II inhibitors, which include drugs like etoposide and 

doxorubicin (Figure 1.4). Leukaemia, lymphoma, lung, breast, and ovarian 

cancers are treated by these drugs. 

 

Figure 1.4. Chemical structure of topoisomerase inhibitors 

(iii) Mitotic inhibitors: 

Mitotic inhibitors are natural compounds such as plant alkaloids that are 

largely used in the treatment of cancer. Mitotic inhibitors, in general, prohibit 

cells from going through mitosis by interrupting microtubule polymerization, 

hence inhibiting malignant development. Mitotic inhibitors function by 

interfering with and stopping mitosis (often during the M phase of the cell 

cycle), causing the cell to stop dividing. Paclitaxel, docetaxel, vinblastine, 

vincristine, and vinorelbine are mitotic inhibitors commonly used in cancer 
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therapy (Figure 1.5). These drugs are used to treat various cancers, including 

breast cancer, lung cancer, ovarian cancer, and lymphoma. 

 

Figure 1.5. Chemical composition of mitotic inhibitors 

1.5 Metal based chemotherapy agents 

Metal ions have special features, including redox activity, various coordination 

modes, and reactivity with organic substrates making them useful as drugs and 

diagnostic agents in biology. In medicinal chemistry, coordination complexes 

serve as attractive probes because of their reactivity and potential as drugs or 

pro-drugs, but their usage needs to be carefully controlled to prevent negative 

consequences. 

1.5.1 Specific properties of metal complexes  

Metal complexes can coordinate with ligands in a 3D structure, allowing 

groups to be customized for specific functions.  

(i) Variation in Charge: Metal ions are positively charged entities that exist in 

aqueous solutions. The charge may be changed to produce species that can be 

cationic, anionic, or neutral, depending on its existing coordination 

environment. The most significant aspect is that the positively charged ions in 

an aqueous solution can interact with negatively charged biological molecules.  

(ii) Geometry and chemical Bonding: Metal complexes display a broad 

spectrum of coordination geometries that give them specific shapes. Different 

bonds have different lengths, angles, and coordination sites depending on the 

metal and its oxidation state. In addition, it is possible to structurally alter 

metal-based complexes to produce a variety of unique molecular species with a 

wide range of coordination numbers and geometries. 
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(iii) Interaction Between Metal and Ligand: There are several ways that 

metals and ligands might interact, but most of the time, these interactions result 

in the formation of complexes that are unique from those of the individual 

metals or ligands. Ligand exchange reactions are influenced by the 

thermodynamic and kinetic properties of metal-ligand interactions. The ability 

of metals to go through these reactions gives them various benefits to interact 

with biological molecules. 

(iv) Lewis Acid Properties: Because of their strong electron affinity, most 

metal ions may readily polarize groups that are coordinated to them, 

facilitating their hydrolysis. 

(v) Redox Activity: Oxidation and reduction processes frequently occur with 

transition metals. The key factor in the design of the coordination complex is 

the oxidation state of these metals. Metal ions are often used in biological 

redox catalysis to activate coordinated substrates and to participate in redox-

active sites for charge accumulation. 

1.5.2 Multiple targets of metallodrugs in cancer treatment 

Traditional chemotherapeutic strategies aim to increase cell death by targeting 

and inhibiting a variety of biomolecules involved in cancer cell survival and 

proliferation. These comprise: 

(i) Targeting Genetic Materials: Targeting mitochondria and nuclear DNA 

can cause DNA damage and stop replication. Cell death (apoptosis) can be 

induced by altering proteins like bcl-2 and BH-3 proteins (BaX and Bak) [6].  

(ii) Key enzymes: Cyclooxygenases, glutathione S-Transferases, thioredoxin 

reductases, PARP, cytochrome P450, topoisomerases, peptidases, carbonic 

anhydrases, aldo-keto reductases, aromatases, cathepsins B, and ureases, which 

are upregulated in cancer cells, can be selectively inhibited to disrupt cancer 

cell biological processes [7]. 

(iii) Cell signaling pathways as target: It may be advantageous to focus on the 

signalling pathways that regulate cancer cell survival and growth. A method of 

inhibiting hormone synthesis by targeting oestrogen or progesterone receptors 

is used in tumours that are hormone-dependent [8].  
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(iv) Targeting cell cycle progression: By inhibiting cyclin-dependent kinases 

(CDKs) and cyclins, cell cycle progression can be stopped that induced cell 

death [9].  

(v) Redox balance and metabolic process as targets: According to the 

Warburg effect, it is possible to kill cancer cells by blocking certain metabolic 

processes, such as aerobic glycolysis, or by disrupting redox equilibrium by 

generating reactive oxygen species (ROS) [10].  

1.6 Platinum complexes as anticancer drug: Cisplatin & other derivatives 

Around 50% of all cancer patients are treated with cisplatin, the first platinum 

metal-based chemotherapeutic drug [11]. It is a widely used and effective drug 

for cancer treatment, with annual global sales of around $2 billion. Michele 

Peyrone synthesised cisplatin in 1845, but its biological function wasn't 

revealed until 1965, when Barnett Rosenberg, a biophysicist, found that it 

inhibited cell division [12]. Barnett Rosenberg had decided to examine whether 

electrical currents played a role in cellular division. Using Escherichia 

coli cells in ammonium chloride buffer, Barnett Rosenberg investigated the 

influence of electrical currents on cellular division and discovered elongated 

and filamentous cells. Later, it was determined that the phenomena were not 

caused by the electrical current but by the products of platinum hydrolysis 

from the platinum electrodes utilized in the experiment (Figure 1.6). 

 

Figure 1.6. Diagrammatic view of discovery of Cisplatin 

Many cisplatin analogue drugs have been developed, however, only 

carboplatin and oxaliplatin have received FDA approval due to their increased 
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efficacy and a wider range of activity. Compared to cisplatin, carboplatin has a 

reduced toxic profile and fewer side effects, allowing for greater dosages with 

better results (Figure 1.7). Oxaliplatin, which can overcome cisplatin 

resistance, is used to treat colon cancer. As a result, oxaliplatin has been 

approved for the treatment of colon cancer in France, the United Kingdom, and 

other European countries.  

 

Figure 1.7. Chemical Structure of carboplatin and oxaliplatin 

1.6.1 How does cisplatin work and its mechanism: 

A well-known chemotherapeutic drug called cisplatin functions by interacting 

with DNA and inducing programmed cell death. However, when it is 

administered to patients through their bloodstreams, it comes into contact with 

blood plasma that contains a higher concentration (approx. 100 mM) of 

chloride. This makes it challenging for the drug to efficiently exchange its 

chloride molecules for water molecules, which is essential for its efficacy. 

Comparatively, a lower concentration (approx. 4 mM) of chloride is present 

inside the cell than outside. Therefore, one of the chloride molecules in the cell 

is replaced by a water molecule. When cisplatin enters the cell, and a positively 

charged species is generated; as a result, it stays inside the cell. According to in 

vitro studies, the majority (98%) of the platinum that attaches to the DNA in 

the cell nucleus is accounted for by this positively charged species. A 

monofunctional DNA adduct is formed when it combines with one of the DNA 

bases, generally guanine, and later bifunctional intrastrand cross-links of the 

types 1,2-d(GpG) and 1,2-d(ApG) are formed. These adducts cause a 

conformational change in the DNA, which inhibits DNA replication and 
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transcription and results in programmed cell death in malignant tissue (Figure 

1.8).  

 

Figure 1.8. Schematic presentation of cytotoxic pathway for cisplatin in the 

tumor cells 

1.7 Other metal complexes as anticancer agents: Non platinum complexes 

Despite the clinical effectiveness of platinum-based anticancer drugs like cis-

platin, its drawbacks have prompted researchers to look for alternate 

chemotherapeutic strategies based on other metal complexes. Therefore, 

scientists worldwide are looking for novel anticancer drugs that have greater 

selectivity for tumor cells and a broader range of activity than cis-platin. 

Numerous non-platinum compounds composed by ruthenium / iridium / 

osmium / gadolinium have also been investigated for their ability to induce 

apoptosis [13]. They have demonstrated the capacity to instigate programmed 

cell death and destroy cancer cells. It has been discovered that these 

compounds cause the apoptosis of chondrocytes, which are cartilage-forming 

cells. It has been shown that natural aldehyde thiosemicarbazones and their 

complexes with nickel and copper are toxic to U937 leukaemia cells, triggered 

by apoptosis. Similar to this, compounds containing zinc and cadmium metals 

with p-isopropyl benzaldehyde and methyl 2-pyridyl ketone thiosemicarbazone 

have been reported to be active against Pamras cells and can mediate through 
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apoptosis cell death. It is very obvious from the preceding instances that the 

induction of apoptosis by organometallic complexes are highly promising to 

show anticancer character. 

1.7.1 Ruthenium complexes as anticancer agents 

Although the use of metal-based complexes, notably platinum complexes, in 

treating cancer has been successful, there are still certain drawbacks, including 

drug resistance, a narrow activity range, and more adverse effects. In order to 

address those issues, researchers have investigated other metal-based 

complexes, and ruthenium has emerged as the most promising alternative [7, 

14]. Its ability to form octahedral complexes enables a broader range of ligands 

to be studied than platinum(II) complexes, which only form square planar 

complexes. Ruthenium compounds are also known to have fewer side effects 

[15]. Ruthenium can build multinuclear and supramolecular structures, 

developing ruthenium cluster complexes, DNA intercalators, and ruthenium-

platinum-mixed metal compounds as potential therapeutic candidates. In 

directed treatment, an organic compound with a recognized biological target is 

combined with ruthenium to assist the drugs in finding their target cells and 

becoming more effective. Ruthenium complexes can also imitate the binding 

of iron-binding serum proteins. Some ruthenium metal complexes have 

extraordinary cytotoxic properties and DNA binding ability. In this context, 

complexes with ligands attached that are biologically active are discovered to 

have remarkable anticancer properties. Ru(III) and Ru(II) complexes are 

widely used as anticancer complexes. NAMI-A and KP1019 are examples of 

such complexes, which have shown considerable cytotoxic activity and entered 

clinical studies. KP1019 is cytotoxic to cancer cells, and NAMI-A is relatively 

non-toxic but has antimetastatic activity (Figure 1.9).  

1.7.2 Overview of NAMI-A and its limitations  

The ruthenium(III) coordination complex NAMI-A ((ImH)[trans-RuCl4(dmso-

S)(Im)], Im = imidazole) has received a lot of interest in the scientific 

community of medical inorganic chemistry, as one of the most promising 

anticancer therapeutic candidates. The Ru(III) core of NAMI-A exhibits 
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pseudo-octahedral geometry with DMSO and imidazole occupying the two 

axial positions, and four chloride ligands occupy the four equatorial axes. 

Although NAMI-A is stable in its solid state, but its Ru(III) center undergoes 

conversion to Ru(II) in the presence of biological reducing agents such as 

cysteine, ascorbic acid, or glutathione. As a result, the equatorial chloride 

ligands begin to hydrolyse sequentially. Next, the DMSO ligand is substituted, 

which leads to the formation of uncharacterized dark-green polyoxo species. 

The explanation for NAMI-A's antimetastatic effects may be its capacity to 

bind to diverse protein molecules. According to studies, NAMI-A can inhibit 

the growth in the metastatic phase of various cancer cells, including lung, 

breast, and colon cancer. Furthermore, NAMI-A has been shown to have 

minimal toxicity and to have no severe adverse effects. Studies by Sava et al. 

revealed that NAMI-A preferentially targets cancer cells with metastatic 

potential inside the primary tumor, such as in lung carcinoma, while having 

minimal impact on the primary tumor itself [16]. Sava and Lay's research 

shows that at low, non-toxic doses of ruthenium, NAMI-A can target and 

interfere with the metastatic ability of cancer cells.[17] This shows that NAMI-

A may be able to prevent critical processes in the metastasis phase in cancer 

cells. 

1.7.3 Overview of KP1019 and its limitations  

KP1019 HInd[trans-RuCl4(Ind)2] (Ind = indazole)] is a ruthenium metal-based 

anticancer drug that has shown promising results in preliminary clinical trials. 

KP1019 has an octahedral structure with two trans N-donor indazole and four 

chloride ligands in the equatorial plane. It has poor water solubility, making it 

difficult to transfer in the bloodstream. To increase the aqueous solubility of 

the complex, its Na-salt has been prepared Na[trans-[RuCl4(Ind)2] has shown 

remarkable antiproliferative activity both in vitro and in vivo against human 

colon carcinoma cell lines and a variety of primary tumour models Comparing 

the DNA binding study of KP1019 with cisplatin has revealed that KP1019 can 

attach irreversibly to DNA by changing its conformation via a different 

mechanism than cisplatin. While cisplatin makes covalent interaction with the 
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DNA molecule, KP1019 interacts with the DNA in a non-covalent manner by 

attaching to specific binding site on the DNA double helix, such as the minor 

groove. The specific mode of action of KP1019 signifies that it may have an 

advantage over cisplatin and other typical chemotherapy drugs, perhaps 

leading to better treatment results for cancer patients. However, further study is 

needed to fully understand KP1019's mode of action and its potential as a 

cancer therapeutic.  

 

Figure 1.9. Molecular Structure of NAMI-A and KP1019 

1.7.4 Organoruthenium arene complexes as anticancer agents 

Apart from above mentioned complexes, another class of organoruthenium(II) 

arene complexes have also shown potential anticancer activities [18-21]. A lot 

of research has been done on mainly three kinds of organometallic ruthenium 

complexes because of their biological activity.  

1.7.4.1 Piano Stool complexes 

In recent years, organoruthenium(II) compounds have emerged as a promising 

class of metallodrugs for cancer treatment [14, 22]. Among these compounds, 

half-sandwich ruthenium(II)-arene complexes have shown particular potential 

due to their unique chemical properties and high selectivity for cancer cells. 

These complexes resemble the typical 'piano-stool' structure of general 

formulation [(η6-arene)Ru(X)(Y/Z)] [23]. The arene ligand can be varied to 
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tune the electronic properties of the complex, while X, Y, and Z can be 

selected to control the coordination geometry and reactivity. Ru(η6-

C6H6)(metronidazole)Cl2 is the first organometallic compound that was 

evaluated for antiproliferative activity among the transition metal–arene 

complexes (Figure 1.10) [24]. By interfering with DNA replication and repair 

process and preventing angiogenesis and metastasis, it has been discovered that 

these complexes cause apoptosis in cancer cells [25]. Moreover, they display 

less toxicity to healthy cells, which make them an attractive alternative to 

traditional chemotherapy drugs. The goal of ongoing research is to improve the 

efficacy and selectivity of these complexes through design optimisation and 

the investigation of novel mechanisms of action [26]. In general, the formation 

of organoruthenium(II) compounds is a promising path toward the 

development of novel chemotherapy drugs with enhanced safety and efficacy 

profiles [27].  

 

Figure 1.10. The typical "piano stool" structures of organoruthenium(II) half-

sandwich complexes (a) and (b), and the molecular structure of the first 

cytotoxic transition metal-arene complex Ru(η6-C6H6)(metronidazole)Cl2(c).  

1.7.4.2 RAPTA-C and RAED complexes 

Ruthenium-arene complexes with the 1,3,5-triaza-7-phosphatricyclo-

[3.3.1.1]decane ligand and 1,2-ethylenediamine ligand are known as RAPTA 

and RAED compounds, respectively [28]. The successful formation of two 

well-known Ru(II)-arene anticancer drug candidates RAPTA-C and RAED, by 

Sadler and Dyson, have shown promising results in cancer treatment [29-36]. 
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This inspired a surge of interest in the investigation of organoruthenium 

complexes as possible anticancer agents. RAPTA-C has the intriguing property 

to target cancer cells through multiple pathways [27, 37-47]. It has been 

demonstrated that it specifically targets, damages DNA in a pH-dependent 

way, and inhibits the activity of many enzymes, including cathepsin-B and 

thioredoxin reductase. Because of these characteristics and its unique method 

of action, RAPTA-C is a prospective candidate for cancer therapy. Another 

noteworthy Ru(II)-arene drug combination is RM175 

([RuCl(ethylenediamine)(η6-biphenyl)]+), which has shown promise in both in 

vitro and in vivo cytotoxicity tests [48]. RM175 has demonstrated notable in 

vitro cytotoxic activity, with IC50 values similar to those of the 

chemotherapeutic drug cisplatin (Figure 1.11).  

 

Figure 1.11. Molecular structure of three classic organoruthenium arene 

complexes 

1.8 Motivation behind the selection of current work 

Drug development is a complex process that requires careful planning and 

execution at every stage. Designing metal complexes with different molecular 

targets to initiate apoptotic mechanisms has drawn much interest.To develop 

more effective chemotherapeutic molecules, researchers are looking to add 

various functionalities to naturally occurring zinc and ruthenium metal centres 

to better target cancer cells. The selective targeting of cancer cells and 

induction of apoptosis by the Ru(II)-arene complexes have led to extensive 

research into their potential as anti-cancer agents. Future drug development 

will be significantly impacted by the identification of novel drug resistance 

mechanisms and modes of action due to the development of Ru(II)-arene 
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complexes with organic ligands. Ru(II)-arene complexes have numerous and 

exciting potential medical uses, leading to much research and development in 

this field. However, the roughly 2400 publications that have appeared in the 

last ten years show that a wide variety of ruthenium compounds with anti-

cancer properties have recently been identified. Paira et al. used a one-pot 

synthesis process to form a series of half-sandwich Ru(II)-p-cymene-N^N 

compounds and isolated the regioisomers using preliminary TLC [49]. The 

main coligands used are 2-(6-bromopyridyl), 2-(6-arylpyridyl), and 2-

quinolinyl substituted benzoxazole, benzothiazole, and benzimidazole. All the 

complexes exhibited significant anticancer effect towards Caco-2, HeLa 

(cancerous) and HEK-293 (normal) cell lines. Jian Zhao and Shaohua Gao 

developed two ruthenium complexes [Ru(bipy)2(cur)]Cl and 

[Ru(bipy)(cur)(dppn)]Cl utilising curcumin, a turmeric molecule renowned for 

its potential in cancer treatment [50]. The complexes were tested on A549, 

MCF7, and SGC7901 cell lines and had excellent anti-cancer activity [51]. 

Lanmei Chen et al. developed two ruthenium complexes comprising O,O-

chelated ligands, Ru(dip)2(SA) and Ru(dmp)2(SA) [dip = 4,7-diphenyl-1,10-

phenanthroline; dmp = 2,9-dimethyl-1,10-phenanthroline; SA = salicylate] 

[52]. The salicylate ligand was chosen to investigate the anti-cancer efficacy of 

O, O-chelating ligands coupled to ruthenium ion. Gasser et al. synthesized four 

new Ru(II) polypyridyl compounds: [Ru(DIP)2flv]X, where flv stands for 

various flavonoid ligands (5-hydroxyflavone, genistein, chrysin, and morin) 

and DIP stands for 4,7-diphenyl-1,10-phenanthroline [53]. X is the counterion 

(PF6 or OTf-). On numerous cancer cell lines, the anti-cancer efficacy of 

complexes was evaluated. Among them, Ru(DIP)2(gen) showed the most 

promising results, comparable to cisplatin and doxorubicin [53].  

Trinuclear complexes have also been studied as potential anticancer 

substances. According to studies, the outstanding biological activity of cationic 

triruthenium clusters like [(piPrC6H4Me)(C6Me6)2Ru3(μ2H)μ3O)]+ may be due 

to a supramolecular mechanism occurring inside of cancer cells. A μ3-oxo 

ligand, which is present in the system, can interact with hydroxyl groups in 
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these clusters, allowing supramolecular interactions to occur with proteins or 

other biological targets. Despite numerous reports on Ru-arene compounds 

having potent anticancer action, no molecule has been used successfully as an 

anticancer drug. Ru(II)-arene complex-related concerns, such as solubility 

problems, stability problems, target specificity, and active species of drug 

complexes, have been the focus of more research in this area 

1.9 Structure–activity relationship of Ru(II) arene complexes 

The most crucial step in increasing pharmaceutical and biological activities is 

the core design and synthesis of Ru (II) arene complexes. Compared to 

platinum complexes, Ru (II) arene complexes have several advantages due to 

their variable coordinating sites. These complexes have a unique scaffold that 

helps in increasing their cytotoxicity against various cancer cell lines. As 

mentioned below, these complexes are typically endowed with the crucial 

structural features surrounding the Ru-center and are sometimes directly 

related to biological activity.[7]  

(i) Arene ring: Arene moieties play a key role in improving the effectiveness 

of metal dugs. In addition, arene moieties bind to receptor surfaces on cell 

membranes and aid in drug transport across biological barriers. As a result, 

there is an improvement in pharmacokinetic properties and increased 

therapeutic potential. 

(ii) Ancillary bidentate ligand: Through various noncovalent interactions, an 

ancillary bidentate ligand with nitrogen/oxygen/mixed donor sets (NN-, NO-, 

OO-) or with two monodentate ligands can control the reactivity towards 

various biomolecules (e.g., DNA, enzymes). 

(iii) The X leaving group: Activity can be increased by a leaving group (X) 

that is easily dissociable from the ruthenium centre after being attacked by 

water or biomolecules through covalent interactions to form another analogous 

group. 

(iv) Nature of counterion: The solubility, hydrolysis, toxicity, and ion pairing 

of ruthenium(II) cationic complexes can all be influenced by the counter-ion 

identity. 
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2.0 Mode of action of ruthenium complex: A brief overview 

Research is ongoing to understand the mechanism of action of ruthenium 

complexes thoroughly. Ruthenium metal complexes can potentially induce 

apoptosis in cancerous cells by targeting several cellular pathways. Cell 

apoptosis (programmed cell death) is a natural process of cell suicide in which 

the body eliminates unnecessary or damaged cells [54-58]. Apoptosis is 

typically produced in cells by two pathways, the intrinsic and extrinsic 

pathways. The mitochondrial pathway is known as an intrinsic pathway [59, 

60]. Activation of this pathway happens from the signals like damage of 

cellular DNA, generation of oxidative stress, or other types of stress which 

comes from the cells [61-63]. The most effective ways to kill cancer cells are 

the induction of mitochondrial apoptosis and mitochondrial dysfunction. 

During this induction, Bcl-2, and BAX, two proapoptotic proteins, are 

activated and aid in releasing cytochrome c (Cyto c) [64, 65]. Cyto c triggers 

the caspase protein cascade reaction, and the results cause apoptosis in cancer 

cells. Ruthenium complexes can activate or induce mitochondrial apoptosis, 

which kills cancer cells by causing dysfunction in the mitochondria [66]. 

Chen, Chao, and colleagues studied the impact of Ru(II) complexes on the 

intrinsic apoptosis pathway [14]. The death receptor pathway significantly 

regulates cellular death, also called the extrinsic pathway. When cytokines or 

other extracellular signaling molecules bind to the death receptors (Fas or 

TRAIL receptors) on the cell surface, they activate, starting a series of events 

that ultimately lead to programmed cell death. This process results in 

activating caspases, enzymes that cleave specific proteins inside the cell. When 

caspases are activated, a series of events take place that ultimately cause DNA 

fragmentation and cell death [67-70]. Ruthenium complexes may induce 

apoptosis in cancer cells by activating the extrinsic pathway and inducing 

death receptors, which will cause the cells to self-destruct. This method can be 

less harmful than conventional chemotherapy, which frequently targets healthy 

and cancerous cells simultaneously (Figure 1.12). 
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Figure 1.12. (a) Possible targets of ruthenium complexes and (b)mechanism of 

actions of ruthenium complexes 

2.1 Advantage of naturally occurring metal ions and their complexes as 

anticancer agents 

As anticancer agents, naturally occurring metal ions (like Zn) have several 

advantages, such as biocompatibility, selectivity towards cancer cells, a variety 

of mechanisms of action, the potential for therapeutic synergy, targeted 

delivery options, versatility, abundance, and the potential for imaging and 

diagnostics. The human body frequently has well-tolerated metal ions that 

occur naturally, lowering the risk of severe adverse effects. They are already 

present in biological systems and participate in various essential cellular 

processes, making them naturally biocompatible. In addition, some naturally 

occurring metal ions have demonstrated synergistic effects when combined 

with other anticancer therapies like chemotherapy or radiation therapy. This 

synergy can potentially improve overall treatment efficacy and overcome 

resistance mechanisms that cancer cells may develop. Because of these 

benefits, they are promising candidates for developing effective and safer 

anticancer treatments. 

2.1.1 Zinc complexes as anticancer agents 

Zn is the second-most abundant trace element in the human body, and it is 

essential for development and growth as well as for many biological processes 

because it is indispensable for numerous cell functions and a key regulatory 
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ion in cell metabolism [71-73]. It plays a vital role in various physiological 

processes, such as gene expression, enzyme activity, and immune function. 

Zinc's unique properties, like significant Lewis acidity, nucleophilic 

generation, leaving group stabilization, low toxicity, flexible coordination 

geometry, lack of redox property, and 'borderline' hard-soft behavior make it 

an ideal candidate for drug design and development. Zinc-containing 

compounds have been found to exhibit antiviral, antibacterial, and anticancer 

activities [74-76]. Moreover, zinc-based drugs have shown promise in treating 

Alzheimer's disease and diabetes [77]. The flexibility of zinc's coordination 

geometry allows it to interact with different ligands, making it a versatile 

element in biological systems. It does not participate in unwanted oxidation-

reduction reactions that can cause cell damage because it lacks redox 

properties. Overall, zinc's unique properties make it an essential component in 

biological systems with potential applications in treating disease and 

developing new drugs. 

Furthermore, the function of proteins and enzymes involved in several cellular 

processes depends on zinc, a critical component of biological systems. 

Apoptosis is one such process; it is a tightly controlled mechanism of 

programmed cell death necessary for maintaining tissue homeostasis and 

eliminating damaged or undesirable cells [78]. In numerous cell types, 

including ovarian epithelial cells, glial cells, and prostate epithelial cells, the 

role of zinc in triggering programmed cell death has been thoroughly 

investigated [79, 80]. It has been demonstrated that zinc stimulates the p53 

pathway, causing apoptosis in ovarian epithelial cells. Similarly, zinc triggers 

apoptosis in glial cells by activating caspases and inhibiting Bcl-2. Zinc 

upregulates the expression of pro-apoptotic genes in prostate epithelial cells, 

which leads to the activation of a mitochondrial-dependent apoptotic pathway. 

Interestingly, recent research has also suggested that zinc may influence 

immune cell differentiation and function [81, 82]. T-cell dysfunction and 

increased susceptibility to infections have been associated with zinc 

deficiency. The precise molecular mechanisms underlying zinc-induced 
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programmed cell death are not fully understood but involve a complex 

interplay between zinc ions, specific proteins, signaling cascades, and gene 

expression regulation. 

Zinc(II) complexes have grown in popularity due to their diverse biological 

functions and versatile applications in various fields. They have seen 

widespread application in fluorescence imaging, photodynamic therapy, 

photon fluorescent probing, and potential anti-tumor activity [83-88]. Several 

types of Zinc(II) complexes have received significant attention. For example, 

Zn(II) bis(thiosemicarbazonato) probes are well-known for their excellent 

imaging capabilities and high selectivity towards specific biomolecules [89]. 

The ability of Zn(II) phthalocyanine photodynamic drugs to produce reactive 

oxygen species upon exposure to light makes them helpful in treating cancer 

[90]. Zinc (II) 2,2'-dipicolylamine derivatives have demonstrated potential as 

antimicrobials and cell-penetrating peptides. Benzo[d]imidazole Zn(II) 

complexes and Zn(II) terpyridine-phenanthroline exhibit potent anti-tumor 

activity by inducing apoptosis in cancer cells [91, 92]. More study is required 

to fully comprehend zinc's function in cellular processes and its potential 

therapeutic uses (Figure 1.13). 

 

Figure 1.13. (a) Molecular structure of Zn(II) tryptanthrin complex with 

curcumin chelating ligands a promising anticancer agent (b) Zn(II) 

bis(thiosemicarbazonato) complexes as a fluorophore and anticancer agents  

2.2 Cancer targeted drug delivery carriers  

Effectively delivering therapeutic compounds to the desired site is one of the 

main challenges in treating many cancers. Limited efficacy, insufficient body 

(a) (b)
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distribution, and a lack of specificity are all characteristic drawbacks of the 

conventional drug application method. Controlling drug delivery can help to 

overcome these restrictions and drawbacks. Researchers have been 

investigating various drug delivery systems that can enhance the 

pharmacokinetics and pharmacodynamics of therapeutic compounds to address 

these issues. Using nanotechnology-based drug delivery systems such as 

liposomes, micelles, carbon nanotubes, polymeric nanoparticles, dendrimers, 

quantum dots, nanogels, and mesoporous silica nanoparticles is one promising 

approach to reduce the side effects of bare drugs. These systems can 

encapsulate drugs, protect them from degradation, increase their solubility and 

stability, and target them to specific tissues or cells. Another method for 

precise delivery is to modify the surface of drug carriers with ligands that can 

recognize and bind to particular receptors or biomolecules on the target cells. 

This can enhance drug absorption and retention at the target site while 

reducing exposure to healthy tissues. Additionally, some drug delivery systems 

can be activated by outside factors like light, temperature, or magnetic fields to 

release drugs on demand or in a controlled way. These intelligent drug delivery 

systems can lower side effects and enhance therapeutic results by optimizing 

drug concentrations at the target site (Figure 1.14- Figure 1.15).[93] 
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Figure 1.14. Various smart delivery carriers for targeted drug delivery 

2.2.1 Liposomes 

Amphipathic phospholipid-based nanocarriers called liposomes are found in 

nature. In 1973, Gregory Gregordians demonstrated that phospholipids self-

assemble into a bilayer vesicle when introduced to an aqueous medium, with 

the polar ends facing the water and the non-polar ends forming a bilayer [94]. 

Liposomes have a bilayer core that can effectively trap water- or water-soluble 

drugs. Liposomes are promising in the co-delivery of chemotherapeutic drugs 

[95], gene agents with chemotherapeutics, and chemotherapeutics with 

anticancer metals. With ongoing research and development, liposomes hold 

great promise for improving cancer treatment and patient outcomes. 

2.2.2 Micelles 

Amphiphilic molecules in aqueous solutions formed self-assembling structures 

called micelles. They are made up of a hydrophobic core and a hydrophilic 

outer shell. Hydrophobic drugs are transported by micelles in drug delivery 

[96], which increases the solubility and bioavailability of the drug. They can 
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gather in target tissues because they are small and can be altered for active 

targeting. Proteins and nucleic acids can both be delivered and protected by 

micelles. In general, micelles present a promising effective, focused drug 

delivery method.  

2.2.3 Carbon nanotubes 

CNTs are an example of fullerene, a group of carbon allotropes that can take 

the form of hollow spheres, ellipsoids, tubes, and many other shapes. CNTs 

that range in size from 50 to 100 nm can be readily absorbed by cells, making 

them suitable for a number of uses. In order to enhance their capabilities, 

carbon nanotubes (CNTs) can be "smart" through chemical or physical 

modification. These modifications allow CNTs to transport genetic materials 

such as plasmid DNA, small interfering RNA (siRNA), and aptamers [97]. 

CNTs have demonstrated significant promise for gene and targeted drug 

delivery in cancerous cells. 

2.2.4 Dendrimers 

Dendrimers are synthetic macromolecules with well-defined structures that are 

highly branched [98]. They have a tree-like architecture because they have a 

central core surrounded by layers of branching units. Dendrimers are desirable 

candidates for drug delivery applications due to their distinctive properties. 

Dendrimers' capacity for drug delivery can be precisely controlled by tailoring 

their physical characteristics, such as size, shape, and surface functionality 

[99]. Drug molecules can be encapsulated by dendrimer interiors, improving 

their solubility and preventing deterioration.  

2.2.5 Polymeric nanoparticles  

Polymeric nanoparticles (NPs) are excellent for drug delivery due to their 

many beneficial characteristics [100]. Biodegradability, water solubility, 

biocompatibility, biomimetic properties, and stability are the characteristics of 

polymeric NPs. They are helpful in cancer treatment, gene therapy, and 

diagnostics because their surfaces are changeable for additional targeting, 

enabling them to deliver drugs, proteins, and genetic material to particular 

tissues. 
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2.2.6 Quantum dots 

The semiconductor nanocrystals, known as quantum dots (QDs), have unique 

optical and electrical characteristics. Proteins, peptides, small molecules, and 

nucleic acids can all be transported by quantum dots during the administration 

of drugs [101]. These nanoscale structures have generated much interest in 

drug delivery applications because of their ability to encapsulate and distribute 

therapeutic agents to particular areas.  

2.2.7 Nanogels 

Hydrogel systems with a highly cross-linked nanoscale structure are known as 

nanogels. Nanogels are highly compact and suitable for a variety of 

applications because their typical size ranges from 20 to 200 nm. The use of 

nanogels in next-generation drug delivery systems appears promising and has 

many advantages [102]. Nanogels are hydrophilic and biocompatible due to 

their customizable size characteristics, which also facilitate their facile 

preparation. Additionally, nanogels can be programmed to react to stimuli like 

temperature, pH, light, or biological agents, enabling on-site controlled 

delivery. Because of their great biocompatibility, they shield drugs from severe 

environments and are suitable for continuous drug release with minimum 

toxicity. Nanogels offer a successful and adaptable drug delivery system that 

may be tailored to meet particular needs. 

2.2.8 Mesoporous silica nanoparticles 

Due to their unique structural properties and versatile surface chemistry, 

mesoporous silica nanoparticles (MSNs) have emerged as promising drug 

delivery carriers [103]. These nanoparticles have a mesoporous silica core with 

a large surface area and a porous structure, which enables effective loading and 

controlled release of different therapeutic agents. The term "mesoporous 

structure" of MSNs describes the presence of regularly spaced pores within the 

silica matrix, usually between 2 and 50 nm. There are several benefits to using 

this highly ordered pore structure for drug delivery applications. Due to their 

porous nature, drugs can be trapped or adsorbed within the pores of MSNs, 

preventing premature release and deterioration. To enhance their 
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biocompatibility, stability, and targeting capabilities, the surface of MSNs can 

be modified. For instance, polyethylene glycol (PEG) chains can be added to 

MSNs to increase their stability in a physiological environment [104]. Due to 

their small size, MSNs can be quickly excreted from the body through renal 

excretion, lowering the chance of long-term accumulation and potential 

toxicity.  

 

Figure 1.15. Diagrammatic presentation of targeting drug delivery mechanism 

of nanocarriers 

2.3 Purpose of present investigation 

The above discussion emphasizes the significance of metal complexes such as 

Ru(II)-arene and Zn complexes with related ligands in various biological 

activities, including anti-proliferative, anti-metastatic, and bio-imaging 

purposes. Additionally, ligands are essential for the formation of anticancer 

metal complexes because they offer targeting abilities, stability, 

biocompatibility, synergistic effects, pharmacokinetic optimization, and 

overcoming strategies. These advantages contribute to the effectiveness and 

selectivity of the complexes in combating cancer while minimizing side 

effects.  

This thesis contains two chapters covering a variety of ruthenium (II) 

complexes synthesized by using ligands and coligands that enhance complex 

stability and efficacy as anticancer drugs. Another chapter covers the synthesis 

of the targeted ruthenium (II) complexes and their selective delivery in cancer 
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cells. The last chapter presents a couple of zinc(II) complexes as anticancer 

agents and their selective delivery to cancerous cells. 

The chapter summaries are listed below:  

Chapter 2 includes the synthesis and characterization of four ruthenium(II) 

arene complexes 1–4, with 2-aminomethyl pyridine as a coligand providing 

stability and biocompatibility of complexes. All the complexes show 

significant cytotoxicity against HeLa and MCF-7 cancer cell lines, whereas 

compounds 3 and 4, with a triphenylphosphine ligand, show better activity 

because of their enhanced hydrophobicity. The complexes are catalytically 

active in oxidizing NADH to NAD+, leading to ROS production and apoptosis. 

Chapter 3 reports the synthesis of four fluorescent Ru(II) arene complexes 5-

8. These complexes are designed with pyrene-based ligands, endowing them 

with inherent fluorescence properties. Furthermore, these complexes interact 

with DNA and proteins and catalyze NADH oxidation, resulting in enhanced 

ROS generation and cell death. These complexes provide a significant option 

for high-resolution biological system visualization with their two-photon cell 

imaging capabilities. The complexes also displayed higher anticancer activity 

and cell migration inhibition. 

Chapter 4 demonstrates pH-responsive nanogels (GC1 and GC2) loaded with 

synthetic ruthenium(II) arene complexes 9-10 to increase biological potency. 

For the synthesis of complexes, glucose-based ligands are designed to mimic 

the structure of glucose, allowing them to bind to the GLUT transporter with 

high affinity and specificity for targeted drug delivery. 

Chapter 5 explores the significance of zinc (Zn), a naturally occurring and 

highly abundant metal, and its metal complexes as potential anticancer agents. 

In this study, a mannish-based ligand is used to synthesise core zinc complexes 

11-12. Additionally, using mesoporous silica nanoparticles as effective 

nanocarriers, the research examines the targeted delivery of these complexes. 

This innovative strategy has the potential to significantly improve the 

therapeutic effectiveness of zinc complexes in the treatment of cancer. 
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Chapter 6 gives an overview of the results obtained and the future scope of 

such research. 
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Chapter 2 

Modulation of catalytic and biomolecular binding 

properties of ruthenium (II)-arene complexes with the 

variation of coligands for selective toxicity against 

cancerous cells 

 
2.1 Introduction 

"Cancer is the second leading cause of death globally" (WHO) [1,2]. It arises 

from faulty DNA, which means changes in the genes [3,4]. Mutations can 

occur in genes for various reasons, causing normal cells to become cancerous 

[5,6]. These mutations cause the cells to divide uncontrollably, which becomes 

lethal if not treated.  At present, the development of new drugs against cancer 

belongs among the priority areas in medicinal research. In recent years, metal-

based antitumor drugs have emerged as a significant contributor to antiblastic 

chemotherapy [7]; where cisplatin is regarded as one of the most effective 

anticancer drugs used in the clinic. Thus, the research, development, and 

production of metal-based drugs are a highly evolving field that has been 

getting considerable attention recently. In spite of the remarkable efficacy of 

platinum-based drugs against ovarian, bladder and testicular cancers, a variety 

of adverse effects and acquired resistance are observed in patients receiving 

such chemotherapy [8,9,10]. To overcome these problems, researchers focus 

on alternative transition metals with the same efficacy but reduced side effects 

[11, 12]. Among various other metals, ruthenium complexes have raised 

significant interest due to their potential anticancer nature and flexible scaffold 

for optimizing efficiency by tuning different ligands [13]. Hereby, it is 

important to note that arene-ruthenium(II) based complexes have the advantage 

of their amphiphilic nature due to the presence of an arene ring in combination 

with a hydrophilic metal center. It is also worth mentioning that ruthenium 

complexes show similar ligand exchange kinetics to platinum(II) complexes in 

aqueous medium, which is also an essential factor for antiproliferative activity 

[14,15]. After considering all the above factors, this chapter involves the 
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development of four organoruthenium arene complexes where the metal center 

is coordinated with pyridine based 2-amino methyl pyridine as coligand. It is 

well known in the literature that many ligands derived from pyridyl moiety 

(pyridine based), when coupled with metals, resulted in complexes that exhibit 

high cytotoxicity and have proved to be antitumor agents [16]. Furthermore, a 

series of half-sandwich ruthenium(II) complexes with imino-pyridyl and 

imino-quinoline ligands with cytotoxic effect is reported which operates 

through catalytic oxidation of NADH and generation of ROS [17]. Herein, four 

ruthenium(II)-arene compounds viz. [Ru(p-cym)(2-ampy)Cl]PF6 1, 

[Ru(benzene)(2-ampy)Cl]SO3CF3 2, [Ru(p-cym)(2-ampy)PPh3](PF6)2 3,   

[Ru(benzene)(2-ampy)PPh3](SO3CF3)2 4, are synthesized and their anticancer 

properties are studied in terms of evaluation of cytotoxicity towards different 

cell lines. Among them, one of the utilized compounds [Ru(p-cym)(2-

ampy)Cl]PF6 [2-ampy = 2-picolyl amine] 1 has been reported earlier and the 

other complex [Ru(benzene)(2-ampy)Cl]+ in its cationic form have also been 

reported and tested towards various catalytic activities of organic 

transformation reactions [18]. DNA binding and serum albumin (HSA/BSA) 

binding studies of compounds 1-4 have been performed using UV-Visible and 

fluorescence spectroscopy. The ability of ruthenium(II) complexes to transfer 

hydrogen from NADH and change it into NAD+ has been investigated. The 

result indicates the complexes' ability to destabilize the redox balance of the 

cells to generate ROS, which has been investigated herewith, and the 

morphological changes of the cells upon treatment with 1-4 have been 

explored. Furthermore, DFT studies were performed to calculate the energy of 

FMOs and optimize the geometry of all the complexes, which reveals the 

expected structure of the compounds. This theoretical data also helped to 

compare the probable interactions of the various complexes with DNA. 

2.2 Experimental section 

2.2.1 Materials and methods 

All the chemicals required are purchased from Sigma and used without further 

purification. Chemical for biological experiments (3-(4,5-dimethylthiazol-2-
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yl)-2,5-diphenyltetrazolium bromide (MTT), PBS buffer were purchased from 

Himedia Chemical, India. An AVANCE III 400 Ascend Bruker BioSpin 

spectrometer was used to record 1H and 13C NMR spectroscopy at room 

temperature. Infrared (FTIR) spectra (range: 4000 to 500 cm−1) were 

conducted on BRUKER TENSOR 27 instrument. Elemental analyses (C, H, N 

and S content) were performed with a MicroTOF-Q II mass spectrometer and 

ThermoFlash 2000 elemental analyzer. ESI-MS data were taken on Bruker-

Daltonics. Spectrophotometric measurements for the absorption study were 

done using a quartz cuvette with a path length of 1 cm on a Varian UV-Vis 

spectrophotometer (Model: Cary 100). A Perkin-Elmer lambda-650 DRS UV-

Vis spectrophotometer, equipped with an integration sphere diffuse reflectance 

attachment in the range of 200-1200 nm against BaSO4 as a reference, was 

utilized for UV-Vis diffuse reflectance spectral (UV-Vis/ DRS) analyses. The 

far-ultraviolet (UV) (190 to 260 nm) spectra were recorded in a 0.1 cm path 

length cell (Hellma, Muellheim/Baden, Germany) using a step size of 0.5 nm, 

the bandwidth of 1 nm, and a scan rate of 20 nm min−1. Fluorescence emission 

spectra were recorded at 25.0 ± 0.2 ºC on a Fluoromax-4p spectrofluorometer 

from Horiba JobinYvon (Model: FM-100) using a quartz cuvette with a path 

length of 2 cm. Hoechst stain experiments were done with the help of a 

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

2.2.2 Synthesis and Characterization 

2.2.2.1 Synthesis of 1 [Ru(ƞ6-p-cym)(2-ampy)Cl]PF6 

Ruthenium compound 1 was synthesized by the dropwise addition of 

methanolic solution (10 mL) of 2-aminomethyl pyridine (2-ampy) (0.034 g, 

0.33 mmol) into the methanolic/CH2Cl2 solution mixture of dimeric ruthenium 

compound [(ƞ6‐p‐cymene)RuCl2]2 (0.1 g, 0.16 mmol) with  continuous stirring 

for 4 hrs at room temperature. After that a methanolic solution of NH4PF6 

(0.052 g, 0.33 mmol) was added and stirred for 2 hrs. Then the reaction was 

stopped and the solvent mixture was evaporated under high vacuum to obtain a 

brown coloured solid product. Diffraction quality crystals of complex 1 were 

obtained by vapour diffusion of diethyl ether into a saturated methanolic 
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solution of complex 1. Yield: 75%. 1H NMR (400.13 MHz, 298K, DMSO-d6) 

δ: 9.16[d,1H, CH of C6H8N2], 8.00[t, 1H, CH of C6H8N2], 7.57[t, 1H, CH of 

C6H8N2], 5.89[d, 2H, 2X CH of C6H4], 5.69[d, 2H, 2X CH of C6H4], 4.45[s, 

2H, CH of C6H8N2], 4.21[m, 1H, CH(CH3)2, 2.74[s, 3H, C6H4CH3], 1.16[d, 

6H, CH(CH3)2], 1.98[s, 2H, NH2 of C6H8N2].  13C NMR (100.61 MHz, 

DMSO- d6) δ: 161.4, 155,13, 139.45, 125.5[C of Py ring], 103.4, 98.3, 85.2-

82.2 [C6H4], 52.3[C of C6H8N2], 30.8[CH], 22.21[CMe2], 18.1[Me]. ESI-MS 

(+ve mode): [Ru(η6-p-cymene)(amp)Cl]+ : 379.3(m/z). Elemental analysis 

(%): calc. For C16H22ClN2Ru C, 50.72; H, 5.85; N, 7.39. Found: C, 51.50; H, 

5.87; N, 7.38. IR (KBr, cm-1): 3227 ʋ(N-H), 1561 ʋ (C=N), 1412 ʋ (C=C), 841 

ʋ (Ru-Cl).  Analytical results are similar to the reported complex as per 

reference [18].  

2.2.2.2 Synthesis of 2 [Ru(ƞ6-benzene)(2-ampy)Cl]SO3CF3  

Compound 2 was synthesized by a similar method described for compound 1. 

Only instead of NH4PF6, a methanolic solution of AgSO3CF3 (0.1 g, 0.4 mmol) 

was added for counter anion. After evaporation of the solvent mixture under a 

high vacuum, a dark brown-coloured solid product was obtained. Diffraction 

quality crystals of 2 were obtained by vapour diffusion of diethyl ether into a 

saturated solution of 2 in methanol. Yield 70%. 1H NMR (400.13 MHz, 298K, 

DMSO-d6) δ: 9.21[d, 1H, CH of C6H8N2], 7.96[t,1H, CH of C6H8N2], 7.52[t, 

1H, CH of C6H8N2], 7.20[d,1H, CH of C6H8N2], 5.92[s, 6H, CH of C6H6], 

4.58[s, 2H CH of C6H8N2]. 
13C NMR (100.61 MHz, DMSO-d6) δ: 162.0, 

155.1, 139.7, 125.1, 121.7 [C of Py ring], 88.0, 85.0 [C of C6H6], 52.3 [C of 

C6H8N2]. [Ru(η6-benzene)(2-ampy)Cl] + : 322.9 (m/z) (Figure S7). Elemental 

analysis (%): calc. For C13H14ClF3N2O3RuS C, 33.09; H, 2.99; N, 5.94. Found: 

C, 33.49; H, 3.03; N, 5.80. FTIR (KBr, cm-1): 3435 ʋ(N-H), 1567 ʋ(C=N), 1433 

ʋ(C=C), 843 ʋ(Ru-Cl). 

2.2.2.3 Synthesis of 3 [Ru(ƞ6-p-cym)(2-ampy)PPh3](PF6)2  

Ruthenium compound 3 was synthesized by the dropwise addition of 

triphenylphosphine (0.068 g, 0.26 mmol) into the methanolic solution of 

complex 1 (0.1 g, 0.26 mmol) and stirring it overnight at room temperature. 
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The resulting solution was then evaporated and dried to obtain a brown-colored 

solid product.  After that, a methanolic solution of NH4PF6 (0.04 g, 0.26 mmol) 

was added to the methanolic solution of dark brown solid and stirred the 

mixture for 2 hrs at room temperature. Then the solvent was evaporated under 

vacuum, and a brown solid was obtained. The compound was further 

recrystallized from the slow evaporation of the methanolic solution. Yield 

65%. 1H NMR (400.13 MHz, 298K, DMSO-d6) δ: 9.13 [d,1H, CH of C6H8N2], 

7.95 [t, 1H, CH of C6H8N2], 7.52 [t, 1H, CH of C6H8N2], 7.39-7.24 [aromatic 

proton of PPh3], 5.96-5.71 [aromatic proton of p-cymene ring], 4.19 [s, 2H, 

CH of C6H8N2], 2.70 [m, 1H, CH(CH3)2, 1.96 [s, 3H, C6H4CH3], 1.16 [d, 6H, 

CH(CH3)2]. 
13C NMR (100.61 MHz, DMSO- d6) δ: 161.7, 155.0, 139.6, 125.3, 

121.6 [C of Py ring], 137.0-125.3 [C of PPh3 ring] 85.2, 83.5, 82.7, 82.2 [C of 

p-cymene ring], 52.5 [C of C6H8N2], 30.7 [CH of p-cymene ring], 22.7 [CMe2 

of p-cymene ring], 18.1[Me of p-cymene ring]. ESI-MS (+ve mode): [Ru(η6-

p-cymene)(2-ampy)(PPh3)]
2+ : 302.1 (m/z). Elemental analysis (%): calc. For 

C34H37F6N2P2Ru C, 54.40; H, 4.97; N, 3.73. Found: C, 54.59; H, 5.01; N, 3.65. 

FTIR (KBr, cm-1): 3426 ʋ(N-H), 1570 ʋ(C=N), 1423 ʋ(C=C).  

2.2.2.4 Synthesis of 4 [Ru(ƞ6-benzene)(2-ampy)PPh3] SO3CF3  

Compound 4 was synthesized by dropwise adding triphenylphosphine (0.068 

g, 0.26 mmol) into the methanolic solution of complex 2 (0.1 g, 0.26 mmol) 

and stirring it overnight at room temperature. The resulting solution was then 

evaporated and dried. A brown-coloured compound was obtained, which was 

further dissolved in methanol, and a methanolic solution of silver triflate (0.07 

g, 0.30 mmol) was added and stirred for two hrs more. After that, the solvent 

was evaporated to obtain the final product. Recrystallization was carried out by 

the slow evaporation method of the methanolic solution of the compound. 

Yield 68% 1H NMR (400.13 MHz, 298K, DMSO-d6) δ: 9.21 [d,1H, CH of 

C6H8N2], 7.64 [t, 1H, CH of C6H8N2], 7.56 [t, 1H, CH of C6H8N2], 7.45- 7.08 

[aromatic proton of PPh3], 5.91 [aromatic proton of ruthenium coordinated 

benzene ring], 4.15 [s, 2H, CH of C6H8N2]. 
13C NMR (100.61 MHz, DMSO- 

d6) δ: 162.0, 155.2, 139.6, 125.1, 121.6 [C of Py ring], 137.1-128.9 [C of PPh3 
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ring], 85.0, 83.7 [C of benzene ring], 52.5 [C of C6H8N2]. ESI-MS (+ve mode): 

[Ru(η6-benzene)(2-ampy)PPh3]
2+: 275.0 (m/z). Elemental analysis (%): calc. 

For C31H29F3N2O3PRuS C, 53.29; H, 4.18; N, 4.01. Found: C, 53.80; H, 4.72; 

N, 3.99. FTIR (KBr, cm-1): 3431 ʋ(N-H), 1571 ʋ(C=N), 1425 ʋ(C=C). 

2.2.3 Crystallographic Elucidation of Compound 1 and 2 

Single crystal X-ray structural studies of complexes 1, and 2 were mounted 

onto quartz fibers, and the X-ray diffraction intensity data were measured at 

293 K with a Bruker APEX II diffractometer equipped with a CCD detector, 

employing Mo Kα radiation (λ = 0.71073 Å), with the SMART suite of 

programs. All data were processed and corrected for Lorentz and polarization 

effects with SAINT and for absorption effects with SADABS [19]. Structure 

solution and refinement were carried out with the SHELXTL suite of programs 

[20]. Data were corrected for absorption effects using the multi-scan method 

(SADABS). The structures were solved by Patterson maps to locate the heavy 

atoms, followed by difference maps for the light, non-hydrogen atoms. All 

non-hydrogen atoms were refined with anisotropic thermal parameters. Crystal 

data and structural parameters are provided in Table 2.1. 

Table 2.1. Crystallographic information and structure refinement parameters 

for complexes 1 and 2. 

Parameter Complex 1 Complex 2 

Empirical Formula C16H22ClF6N2PRu C13H14ClF3N2O3RuS 

Formula weight 523.84 471.84 

Crystal system Monoclinic Triclinic 

Space group P 1 21/n 1 P -1 

a (Å) 8.9823(2)  7.5303(2) 

b (Å) 21.1120(6) 9.0425(2) 

c (Å) 11.1235(3) 11.8427(4) 

α (°) 90  84.3921(11) 

β (°) 112.1637(9) 80.5826(9) 

𝜸(°) 90 84.3429(9) 

V (Å3) 1953.53(9) 788.92(4) 

λ (Å) 0.71073 0.71073 

ρcalcd (mg m-3) 1.781  1.986 

Z 4 2 
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T (K) 100(2) 100(2) 

μ (mm-1) 1.080 1.343 

F(0 0 0) 1048 468 

Crystal size (mm3) 0.160 x 0.180 x 

0.220 

0.160 x 0.180 x 0.220 

θ ranges (°) 2.50 to 27.50 2.75 to 27.48 

h/k/l -10,11/-27,23/-14,14 -9,9/-11,11/-15,15 

Reflections collected 17840  13187 

Independent reflections 4463  3548 

Tmax and Tmin  0.8460 and 

0.7970 

 0.8140 and 

0.7560 

Data/restraints/parameter

s 

 4463 / 0 / 247  3548 / 591 / 272 

GOF 1.093 1.043 

Final R indices [I > 2σ(I)] R1 = 0.0275, wR2 = 

0.0542 

R1 = 0.0265, wR2 = 

0.0639 

R indices (all data) R1 = 0.0334, wR2 = 

0.0567 

R1 = 0.0279, wR2 = 

0.0651 

Largest peak and hole (e 

Å-3) 

  0.494 and -0.429 0.975 and -0.849 

 

 

 

2.2.4 Protein Binding Study 

2.2.4.1 Competitive binding experiments 

Protein binding studies of the synthesized compounds were carried out by 

tryptophan fluorescence quenching experiments using human serum albumin 

(HSA). The excitation wavelength for HSA was 280 nm, and the quenching of 

the emission intensity of the tryptophan residues of HSA at 345 nm was 

monitored using the complexes as a quencher with increased concentration. 

The excitation and emission slit widths and scan rates were kept constant 

throughout the experiment. A 10 μM stock solution of HSA was prepared 

using 50 mM tris buffer solution and stored at 4°C for further use. Stock 

solutions of 5 mM strength were made using synthesized compounds. 

Fluorometric titration was carried out taking 2 mL of the protein solution, and 

the fluorescence intensity was measured as blank. For titration, each time, 10 

μL of the stock solution was added to the protein solution and the fluorescence 
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intensity was measured. For all four complexes, up to 100 μL of the solution 

was added to measure fluorescence quenching. The fluorescence quenching 

data were further analyzed by using the Stern–Volmer equation, which again 

can be expressed in terms of the bimolecular quenching rate constant and the 

average life time of the fluorophore as shown in the following equation: [21] 

F0/F = 1 + Ksv [Q] = 1 + Kq τ0 [Q] … (1)  

where F0 and F are the fluorescence intensities in the absence and presence of a 

quencher, Kq is the bimolecular quenching rate constant, τ0 is the average 

lifetime of a fluorophore in the absence of a quencher and [Q] is the 

concentration of a quencher (metal complexes). KSV is the Stern–Volmer 

quenching constant in M−1. The binding constant Ka and number of complex 

bound to BSA (n) are calculated using the following formula. [22] 

log [(F0 - F)/F] = log Ka + n log [Q] … (2)  

The magnitudes of Ka and Kq of complexes are 105 M-1 and 1013 M-1s-1, 

respectively, indicating a good binding ability to serum protein. 

2.2.4.2 Circular dichroism (CD) spectral studies 

Monitoring the far UV-CD spectra (190-250 nm) provides important 

information to get an insight into the change in the secondary structure of 

serum albumin proteins. At first, the spectra of free BSA (10µM) and HSA 

(10µM) was recorded, and then changes in CD spectra were obtained by 

monitoring the binding of metal complexes upon the addition of 0-100 µM of 

metal complexes successively. For titration, 10 μL of the stock solution was 

added to the protein solution each time, and the ellipticity (q) in CD spectra 

was measured [21]. 

2.2.5 DNA binding study  

2.2.5.1 Absorption spectral studies 

The interactions between metal complexes and DNA were studied using the 

electronic absorption method. Disodium salt of calf thymus CT-DNA was 

stored at 4°C. Solution of CT-DNA in the buffer 50 mM NaCl/ 5 mM Tris (pH 

7.2) in water gave a ratio of 1.9 of UV absorbance at 260 and 280 nm 

(A260/A280, A = absorbance), indicating that the DNA was sufficiently free 
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from protein. The concentration of DNA was measured using its extinction 

coefficient (ꞓ) at 260 nm after 1:100 dilutions. Stock solutions were stored at 

4°C and used for not more than four days. Concentrated stock solutions of the 

complexes were prepared by dissolving the complexes in DMSO and diluting 

them suitably with the corresponding buffer to the required concentration for 

measurements. Absorption spectra titrations were performed at room 

temperature in Tris HCl/ NaCl buffer (5 mM/ 50 mM buffer, pH 7.4) to 

investigate the binding affinity between CT-DNA and complex. A fixed 

concentration of the complex (10 µM) was titrated with increasing amounts of 

CT-DNA concentration. The intrinsic binding constants for the interaction of 

complexes with CT-DNA were obtained from spectral absorption data [21]. 

2.2.5.2 Competitive binding experiments 

The relative bindings of complexes to CT-DNA were determined with an EB-

bound CT-DNA solution in Tris-HCl/ NaCl buffer (5 mM/ 50 mM, pH=7.4). 

DNA was pre-treated with ethidium bromide for 30 min by maintaining the 

fixed ratio of [DNA]/ [DAPI] = 2.0. The fluorescence quenching effect on the 

addition of complex to the DAPI-DNA complex has been analyzed by 

recording the fluorescence emission spectra with excitation at 350 nm and 

emission at 458 nm. The titration quenching experiment was carried out by 

keeping the concentration of DNA constant in the buffer ([CT-DNA] = 10 μM 

and [dye] = 15 μM) and adding the sample solution within the concentrations 

range of 0-100 μM. After the addition of the sample solution, the solution was 

kept for 1 min and then fluorescence intensity was measured. The quenching 

efficiency was calculated from Stern-Volmer (SV) equation. 

2.2.5 Cytotoxic assay  

The cell line was obtained from the National Centre for Cell Sciences (NCCS) 

Pune, India. It was cultured in the Dulbecco’s Modified Eagles medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 200 mM L-

glutamine, 100 µg/mL penicillin, and 10 mg/mL streptomycin in a humidified 

atmosphere consisting of 5 % CO2 at 37 ºC. Cells were cultured and 
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maintained in the logarithmic growth phase until the number of cells reached 

1.0 × 106 cells/mL. 

2.2.5.1 Evaluation of cytotoxicity 

The cytotoxic effect of complex against HeLa and MCF-7 cells was evaluated 

by MTT [3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide] 

assay. All cells were seeded (5 × 104 cells/well) in a 96-well plate and kept in 

CO2 for attachment and growth for 24 h. Then, the cells were treated with 

various concentrations of complex dissolved in DMSO or water (0.25-100 µM) 

and incubated for 24 h. After incubation, the culture medium was removed, 

and 10 µL of MTT solution (5 mg/mL in PBS) was added to each well. 

Following 4 h incubation in the dark, MTT was discarded, and DMSO or water 

(100 µL/well) was added to solubilize the purple formazan product. The 

experiment was carried out in triplicates, and the medium without complex 

served as a control. The absorbance was measured colorimetrically at 570 nm 

using an ELISA microplate reader. The percentage of cell viability was 

calculated using the following formula and expressed as: % cell viability = 

(OD value of treated cells)/ (OD value of untreated cells (control) × 100 [ 23]. 

The cytotoxic concentration/ dose that killed 50 % of the cells (IC50) was 

determined from the absorbance (OD) versus concentration linear regression 

curve using the Prism GraphPad software package. Each well was triplicated, 

and each experiment was repeated at least three times. IC50 values quoted are 

mean ± SEM. 

2.2.6 Reactive Oxygen Species (ROS) generation 

To know the probable reason of the apoptotic induction, redox status was 

assessed by DCFH-DA dye according to the standard procedure because 

generation of the intracellular ROS can be an important factor in apoptosis 

induction. MCF-7 cells were seeded in 6 well tissue culture plate and incubated 

for 24 hrs in the CO2 incubator. Cells were then treated with complexes 3 and 

4 at their IC50 values and again incubated for 24 hrs and untreated cells were 

taken as control. After incubation the cells were washed twice with PBS, and 

stained with 10 μM of DCFH-DA dye at 37°C for 30 min. Then after cells 
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were again washed twice with PBS and 100 μL DMEM were added to each 

well. The cells from different wells of the culture plate were subjected to 

inverted fluorescence microscopy, and green fluorescence was detected and 

photographed. 

2.2.7 Hoechst Staining 

The morphology of the cells was evaluated using Hoechst stain 33258. The 5 × 

104 MCF-7 cells were placed in six-well plates with a coverslip in each well 

and incubated overnight in the CO2 incubator for attachment. The cells were 

then treated with corresponding IC50 concentrations of complexes 3 and 4 for 

24 h and untreated cells were taken as control. These cells were then fixed with 

4% paraformaldehyde followed by permeabilization with 0.1% Triton x 100. 

These cells were now stained with 5 μg/mL Hoechst 33258 for 30 min at room 

temperature followed by washing with PBS buffer. Then the coverslips were 

mounted on glass slides, and the fluorescence was viewed under OLYMPUS 

confocal microscope [24].  

2.2.8 DFT calculations 

In order to explore the electronic structure and optimize the structure of 

complexes 1-4, DFT calculations were performed using the Gaussian 09 

software. All calculations were done at the B3LYP level of theory employing 

the Lanl2DZ basis set for Ru and 6‐31G* basis set for the remaining atoms. 

The geometries were optimized without imposing symmetry or any other 

restraints [25,26]. 

2.3 Results and discussion 

2.3.1 Synthesis and characterization 

Piano-stool ruthenium(II) arene complexes can show interesting apoptotic 

properties for various cancerous cells, making them interesting candidates for 

detailed anticancer studies. Coligands utilized in forming such complexes can 

play an important role in making the complex more effective in cytotoxicity 

and targeting only the cancerous cells. As per literature reports amino 

pyridines and derivatives are an important class of molecules that can act as 
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suitable coligands to attribute enhanced cytotoxicity of the synthesized 

complexes [27].  

Herein, this report contains the synthesis of four Ru(II)-arene complexes where 

2-aminomethyl pyridine has been utilized as coligand. It binds the metal center 

in a N, N-donor chelating fashion. The chloro-complexes (1 and 2) have been 

obtained by treating the dimeric ruthenium precursor with the 2-ampy ligand 

and the compounds were obtained as monomeric cationic form as per previous 

literature (Scheme 2.1) [18]. 

 

Scheme 2.1: Synthesis of complexes 1 [Ru(ƞ6-p-cym)(2-ampy)Cl]PF6, 2 

[Ru(ƞ6-benzene)(2-ampy)Cl]SO3CF3, 3 [Ru(ƞ6-p-cym)(2-ampy)PPh3](PF6)2,  4 

[Ru(ƞ6-benzene)(2-ampy)PPh3] SO3CF3 

Treatment of the chloro-complexes with triphenylphosphine furnished the 

phosphorus coordinated complexes upon the addition of excess counter anion 

(3 and 4). The counterions viz. hexafluorophosphate and triflate have been 

chosen for this study as these anions provide a high solubility in most of the 
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polar organic solvents, higher thermal stability, relatively low reactivity with 

atmospheric moisture and its non-coordinative tendency [28]. All the 

complexes are found to be soluble in methanol, DMSO, DMF and sparingly 

soluble in water, acetone, dichloromethane, chloroform, acetonitrile, and 

benzene. All the complexes are yellow to brown in color, air-stable, and non-

hygroscopic. They were characterized by different spectroscopic methods. 1H 

NMR spectra of complexes 1-4 show significant peaks for aromatic protons in 

the 5.31-9.84 ppm region. Complexes 1 and 3 display peaks in the region 5.31-

5.86 ppm for the p-cymene ring protons and 2.16-2.13, 2.36 and 1.11-1.02 

ppm for the side chain of p-cymene moiety. Complexes 2 and 4 show a singlet 

peak at 5.92 ppm for benzene ring protons (Figure 2.1- Figure 2.4) [29].  

 

Figure.2.1:  1H NMR spectra of complex 1 
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Figure.2.2:  1H NMR spectra of complex 2 

 

Figure.2.3:  1H NMR spectra of complex 3 
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Figure.2.4:  1H NMR spectra of complex 4 

The 13C spectra for complexes 1-4 also corroborate the proposed structure 

(Figure 2.5-Figure 2.8). 

 

 Figure.2.5:  13C NMR spectra of complex 1 
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Figure.2.6:  13C NMR spectra of complex 2 

 

Figure.2.7:  13C NMR spectra of complex 3 
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Figure.2.8:  13C NMR spectra of complex 4 

The ESI-MS data reveal one major peak at 379.34 and 322.99 envelop 

indicating [Ru(η6-p-cymene)(2-ampy)Cl]+, [Ru(η6-benzene)(2-ampy)Cl]+ 

respectively, moiety after the release of the labile chlorido ligand in 1 and 2 

confirming the proposed structures. For complexes 3 and 4, major peaks come 

around at 302.10 and 275.06, confirming the presence of the proposed 

structures [Ru(η6-p-cymene)(2-ampy)(PPh3)]
2+, [Ru(η6-benzene)(2-

ampy)(PPh3)]
2+, respectively (Figure 2.9-Figure 2.12). 

 

 

    Figure.2.9: ESI-MS of complex 1 
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  Figure.2.10: ESI-MS of complex 2 

 

 Figure.2.11: ESI-MS of complex 3 

 

Figure.2.12: ESI-MS of complex 4 

FTIR spectra of compounds 1-4 display characteristic bands for C=N (ring) 

stretching in the region of 1560-1571 cm-1. Complexes 1 and 2 give a 

characteristic band responsible for the metal halide (Ru-Cl) formation in the 

region of 800-850 cm-1 (Figure 2.13) [30]. 
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Figure.2.13: FTIR stretching frequencies (in KBr pallet) of (a) complex 1, (b) 

complex 2, (c) complex 3, and (d) complex 4, respectively 

Structure of compounds 1 and 2 have been further confirmed by single crystal 

X-ray crystallography. Complexes 1 and 2 were crystallized in monoclinic and 

triclinic crystal arrangement having space group of P 1 21/n 1 and P -1, 

respectively. Both the complexes possess a pseudo-octahedral geometry and 

the fluxional π-bonded arene ring occupies three coordination positions of the 

octahedron. In complexes 1 and 2, the other two coordination sites are 

occupied by 2-aminomethyl pyridine ligand through N, N chelation. The sixth 

coordination position is occupied by the chloro ligand (Figure 2.14). 

 

Figure.2.14: ORTEP diagram (50% thermal probability of ellipsoids) of (a) 

complex 1, and (b) complex 2, respectively 

(a) (b)

(c) (d)
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2.3.2 Stability study of the complexes  

Investigation of the stability of the complexes in biological media is an 

important factor for the developing of the synthesized complexes as drug 

molecules [31,32]. All the complexes were dissolved in a 1% DMSO/PBS 

solution mixture, and their stability was monitored through UV-visible 

spectroscopy in a time period of 0, 24 and 48 hrs. No significant peak shift was 

observed in the absorption bands of the complexes, which clearly shows that 

complexes are stable in the biological medium. In biological studies, DMSO is 

a mainly used solvent for preparing metal complex stock solutions (Figure 

2.15). 

 

Figure.2.15: UV-visible spectra of complexes 1-4 in 1% DMSO-PBS mixture 

at a different time period 0, 24, and 48 hrs. (a) complex 1, (b) complex 2, (c) 

complex 3, and (d) complex 4 

Therefore, the stability of complexes 3 and 4 was further confirmed through 1H 

NMR kinetics in DMSO-d6 for 96 hrs with a time interval of 0, 24, 72, and 96 

hrs, which shows no significant change in 1H NMR peaks for both complexes 

(Figure 2.16).  
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Figure.2.16: Time dependent 1H NMR spectra of (a) complex 3 and (b) 

complex 4 at different time interval 0, 24, 72, and 96 hrs. 

2.3.3 Protein binding study 

2.3.3.1 Emission Spectra 

Serum albumin protein (BSA or HSA) is the most abundant protein in the 

bloodstream, which helps in the transportation of biomolecules and drug 

molecules. Therefore, knowing the possible interactions between albumin 

proteins and drug molecules is always important.  The existence of amino acids 

such as tryptophan, tyrosine, and phenylalanine are responsible for the intrinsic 

fluorescent nature of BSA and HSA [21,22]. Among the three amino acids, the 

intrinsic fluorescent nature of BSA and HSA is mainly observed because of 

tryptophan residues. Tryptophan quenching experiments were performed by 

fluorescence spectroscopy to investigate the binding ability of complexes 1-4 

with proteins. In serum albumin protein (BSA and HSA), the tryptophan 

region and its localized domain are highly sensitive and as a consequence, in 

the presence of any external agent it can get easily disturbed and creates a 

change in the fluorescence intensity. To know the possible interactions with 

the ruthenium complexes fluorescence titration studies have been carried out 

using 10 μM BSA/ HSA and varied concentrations of the compounds (0-100 

μM) in the wavelength range of 290-500 nm (λex = 280 nm). Figure 2.17 and 

Figure 2.18 illustrate the decrease in the FL intensity of HSA/ BSA with the 

accumulation of metal complexes. A decrease in the FL intensity of proteins 

shows the interaction between proteins and metal complexes and this happens 

because of the energy transfer which takes place from the excited state of 

proteins to the metal complexes [33].  

0 hrs

24 hrs

72 hrs

96 hrs
(a) (b)
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Fluorescence quenching data was obtained in terms of the Stern Volmer 

Constant (KSV), which is presented in Table 2.2. Compound 3 shows better 

interaction with the protein than any other complexes which might be due to 

the presence of methyl and isopropyl side chain group in the p-cymene ring 

and the incorporation of the PPh3 ligand, which can show better hydrophobic 

interactions via nonpolar residue in the protein chain pockets. Moreover, the 

bimolecular quenching constant Kq values have been obtained in the range of 

1012 M-1s-1, indicating the involvement of static quenching [21]. 

 

Figure 2.17: Fluorescence quenching spectra of HSA (10 μM) at different 

concentrations (0-100 μM) of complexes 1-4 at 298 K. Inset: Plots of F0/F vs. 

[Q](mol/L)  
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Figure 2.18: Fluorescence quenching spectra of BSA (10 μM) at different 

concentrations (0-100 μM) of complexes 1-4 at 298 K. Inset: Plots of F0/F vs. 

[Q](mol/L)  

Table 2.2: Parameters of SV constant, bimolecular quenching constant (Kq), 

binding constant (Ka) and number of binding site (n) for HAS and BSA protein 

System KSV (M-1) Kq (M-1
S

-1) Ka (M-1) n 

1-HSA 8.0  103 1.2  1012 3.2  104 1.1 

2-HSA 7.4  103 1.1 1012 1.9  104 1.1 

3-HSA 2.2  104 3.5  1012 5.3  104 1.2 

4-HSA 7.7  103 1.2  1012 3.3 1 04 1.1 

1-BSA 7.9x103 1.2x1012 2.1x104 1.1 

2-BSA 6.5x103 1.2x1012 1.2x104 1.0 

3-BSA 3.6x104 5.8x1012 3.3x105 1.1 

4-BSA 7.6x103 1.0x1012 7.5x103 1.0 

BSA
Complex 1

BSA
Complex 2

BSA
Complex 3

BSA
Complex 4
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2.3.3.2 Circular dichroism (CD) spectral studies 

CD spectroscopy is a highly reliable and sensitive technique to investigate the 

change in the secondary structure of proteins after interaction with 

metallodrugs. Figure 2.19 and Figure 2.20, represent the interaction of BSA 

and HSA with different complexes.  A negative band at 235 nm is observable 

for BSA and HSA because of n→π* transition in bare proteins which is a 

characteristic band of α-helical proteins [21]. Upon addition of complexes with 

gradual increase in concentration, the spectra display decrease in the negative 

ellipticity value of the characteristic band of α-helix structure showing the 

extent of conformational changes in the protein structure. The result shows that 

changes in the percentage value of α-helical content of proteins are higher in 

the case of treatment with complexes 1 and 3 than complexes 2 and complex 4. 

This may be due to the presence of p-cymene ring which have isopropyl and 

methyl substituents making the system more hydrophobic and inducing greater 

interactions [34].  

 

Figure 2.19: CD spectra of HSA (10 μM) in absence or presence of complex in 

different concentration (0-100 μM) at pH ~7.4 
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Figure 2.20: CD spectra of BSA protein (10 μM) in absence or presence of 

complex in different concentration (0-100 μM) at pH ~7.4 

2.3.4 DNA binding study 

2.3.4.1 Electronic absorption spectroscopy 

UV-vis spectroscopy is the most convenient and beneficial technique to know 

the mode of interaction of complexes 1-4 with DNA. This technique evidenced 

the DNA-complex interaction through changes in absorbance intensity and 

absorption band position. Figure 2.21 demonstrate change in absorption spectra 

of complexes 1-4 in the course of titration with the increasing amount of CT-

DNA. After the addition of CT-DNA, spectra of complexes 1-4 show an 

increase in optical density at a particular wavelength along with blue shift (~ 9 

nm). An increase in the absorption intensity in a specific wavelength, i.e., 

hyperchromism in LMCT, was observed by the assemblage of DNA at 

complexes 1-4. DNA absorption spectra of complexes 1-4 represent the 

hyperchromic tendency, which suggests non-intercalative binding between 

DNA and the complexes [35]. Furthermore, appreciable change in the band 

position, i.e., blue shift, exhibits a strong groove binding nature of complexes. 

This suggests that these complexes bind to DNA electrostatically via external 
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contact (surface binding having strong intercalative interactions) with the DNA 

duplex. The Benesi-Hildebrand equation is utilized to determine the intrinsic 

binding constant Kb values, which quantified the binding strength of 

complexes 1-4 with DNA (Table 2.3). 

[DNA]

(εa − εf)
=  

[DNA]

(εb − εf)
+  

1

Kb(εb − εf)
 

where [DNA] is the concentration of DNA in base-pairs, εa is the apparent 

extinction coefficient calculated using absorbance/ [complex], εf is the 

extinction coefficient of the complex in its free form, and εb is the extinction 

coefficient of the complex in the bound form. A slope value of 1/(εb - εf) and 

an intercept of 1/Kb(εb - εf) was determined by a straight line fitting using 

above equation. The ratio of slope to intercept gives the value of Kb. 

 

Figure 2.21: Electronic absorption spectra of only complexes 1-4 and with 

addition of CT-DNA. (a) complex 1, (b) complex 2, (c) complex 3, and (d) 

complex 4. Inset: Plots of [DNA] vs. [DNA]/εa − εf for the titration of CT-DNA 

with the complexes 
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Table 2.3: The values of intrinsic binding constant (Kb) for the interaction 

between complexes and DNA 

System Wavelength (nm) Kb (M-1) 

Complex 1 265 8.8x104 

Complex 2 267 1.7x104 

Complex 3 269 1.3x105 

Complex 4 262 1.0x105 

 

2.3.4.2 Competitive fluorometric DAPI displacement assay 

Competitive fluorometric DAPI displacement assay were carried out to 

validate the binding mode of complexes 1-4 with DNA. DAPI is a blue 

fluorescent dye that preferentially binds to the AT-riched minor groove region 

of DNA. Adding a solution of DNA molecules into the DAPI solution 

increases FL intensity of DAPI dye by thirty-fold [36]. The emission spectra of  

DNA-DAPI solution with increasing concentrations of complexes 1-4 has been 

recorded. A noticeable decrease in the FL intensity of the DNA bound DAPI 

complex was observed upon the addition of complexes 1-4 as the DAPI 

molecules are displaced from their DNA binding sites (Figure 2.22). By using 

the Stern-Volmer equation, the linear Stern-Volmer quenching constant (Ksv), 

bimolecular quenching rate constant (Kq) and apparent binding constant value 

(Ka) are calculated (Table 2.4) [37]. The magnitude of calculated values of Ksv 

is in the order of 104 for complex 3 and complex 4, which indicates that 

complexes have good quenching efficiency and a remarkable degree of binding 

to DNA. 
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Figure 2.22: Fluorescence quenching spectra of DNA (0-100 μM) at gradually 

addition of complexes 1-4 at 298 K. Inset: Plots of F0/F vs. [Q](mol/L) for the 

titration of DNA with the complexes 

Table 2.4: Absorption and emission spectral parameters of SV constant, 

bimolecular quenching constant, apparent binding constant for CT-DNA 

 

2.3.5 In vitro cytotoxicity assay 

2.3.5.1 MTT assay 

The preliminary DNA and protein binding studies motivated us to check the 

potency of our complexes as a growth inhibitor for various cancerous cell 

lines. To know the anticancer efficacy of our complexes, a colorimetric MTT 

assay was performed against HeLa and MCF-7 cancer cell lines that measure 

the mitochondrial dehydrogenase activity as an indication of cell viability. The 
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Complex KSV (M-1) Kq (M-1
S

-1) Ka (M-1) n 

1 7.1  103 1.1  1012 1.3  106 1.8 

2 3.5  103 5.6  1011 1.5  104 1.1 

3 1.2  104 1.9  1012 1.3  105 1.2 

4 1.2  104 1.7  1012 7.5  104 1.2 
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cytotoxic properties of complexes were analyzed with the help of a cell 

viability curve and with different concentration values of the complexes (0-100 

μM). Figure 2.23 reveals that complexes 3 and 4 show better cytotoxicity 

against tested cancerous cell lines than complexes 1 and 2.  Complex 3 has 

shown the most cytotoxic effect against MCF-7 and HeLa cells. The Presence 

of triphenylphosphine ligand in the coordination sphere might help to increase 

the anticancer nature of compounds [38,39]. Furthermore, the presence of p-

cymene group in the complex gives stronger hydrophobic interaction with 

targeted biomolecules. Complex 3 display IC50 values as low as 3.41 ± 2.87 

μM and 9.38 ± 7.60 μM toward MCF-7 and HeLa cancer cell line, 

respectively. The cytotoxicity against normal cell line HEK 293 is found to be 

much lower as complexes 1-4 show much high IC50 values in the case in 

comparison to the cancerous cell lines. This results indicate that the activities 

of the complexes are the cancerous cell-specific (Table 2.5).  

 

Figure 2.23: (a) Percentage of cell viability of all compounds against MCF-7 

cell line (b) HeLa cell line (c) HEK 293 (normal cell line). Normalized log of 

concentrations of the compound doses and corresponding cell viabilities for 

respectively cancer cell lines (d) MCF-7 (e) Hela cells (f) HEK 293 (normal 

cell line) 
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Table 2.5: In vitro cytotoxicity studies of synthesized complexes aganist HeLa 

and MCF-7 cancer cell line and comparison with HEK 293 (normal cell line) 

for 24 hrs incubation. IC50 values are in μM 

Complex HeLa MCF-7 HEK 293 

1 20.88 ± 6.71 21.30 ± 2.23 38.78 ± 2.23 

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 

4 15.99 ± 3.87 9.61 ± 3.46 34.69 ± 5.01 

 

2.3.6 Catalytic Oxidation of NADH 

In various biocatalyzed processes, coenzyme nicotinamide adenine 

dinucleotide (NADH) and its oxidized form NAD+ maintain cellular 

metabolism, and the couple is also involved in numerous intracellular redox 

reactions [40]. The ratio between its oxidized (NAD+) and reduced (NADH) 

forms remains the central balance system for the redox status of the cells. A 

significant shift in the normal ratio of the oxidized and reduced form changes 

the cell redox balance and alters the cell metabolism, leading to cell 

malfunction. As catalysts was regulating the intracellular NAD+/NADH ratio 

of cancerous cells, so to externally influence the redox balance can provide an 

alternative strategy for the treatment of cancer. Previously it was reported that 

half-sandwich Ir(III) and Ru(II) anticancer complexes can accept a hydride 

from NADH and promote the production of ROS, thus providing a pathway to 

an oxidant mechanism of action [41]. Herein, the catalytic activities of the 

synthesized complexes 1-4 are evaluated for NADH oxidation by UV-Vis 

spectroscopy. NADH (100 μM) was taken as a control and was incubated with 

drug molecules in the solution of 5% MeOH and 95% H2O. The change in the 

characteristic absorption peak of NADH at 339 nm during the reaction between 

complexes (1 μM) and NADH (100 μM) was observed and it was found to 

decreases slowly with increasing time intervals. This observation suggests the 

gradual conversion of NADH to NAD+ as NAD+ does not show any absorption 

peak at 339 nm (Figure 2.24). With the help of a change in UV-Vis absorption 
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spectra, the turnover numbers (TONs) for complexes 1-4 (Figure 2.25) are 

obtained. The result shows that all the ruthenium compounds are quite capable 

of catalyzing the oxidation of NADH to NAD+. The probable mechanism for 

oxidative catalytic conversion of NADH to NAD+ by Ru(II) complexes 1-4 

involves the transfer of hydride from NADH to the Ru(II) center and the 

formation of kinetically favorable six membered ring transition state. It 

happens via a ring slippage mechanism, creating a vacant hydride coordination 

site [42]. A plausible mechanism has been proposed for complex 1 having the 

best TON value (Scheme 2.2). UV-Vis data demonstrates that all complexes 

can accept an NADH hydride. The extent of conversion of NADH to NAD+ 

depends not only on the arene ring but also on the lability of the leaving group 

[43]. Para-cymene ring shows faster conversion than benzene ring due to the 

presence of strong electron donating methyl substituent. Therefore, complex 1 

showed the most rapid conversion among all the complexes and possessed the 

highest TON value. This clearly indicates the ruthenium complexes can disturb 

the balance of NAD+/NADH ratio and can provide a potential pathway to 

generate ROS and enhance the killing of cancer cells by an oxidative 

mechanism of action. 
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Figure 2.24: UV-visible spectra of complexes 1-4 (1 μM) react with NADH 

(100 μM). (a) complex 1, (b) complex 2, (c) complex 3, and (d) complex 4 

 

Figure 2.25: The turnover numbers (TONs) of complexes 1-4 
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Scheme 2.2: The probable mechanism of the catalytic oxidation of NADH to 

NAD+ in presence of complex 1 

2.3.7 Reactive Oxygen Species (ROS) generation 

Reactive oxygen species (ROS) play valuable roles in regulating cell 

proliferation, signaling cell death, and mechanism of action of anticancer 

agents [44]. Uncontrolled and excessive production of reactive oxygen species 

(ROS) often leads to oxidative stress and can cause cell damage. Generation of 

high quantities of ROS cannot be tolerated by the cells as they have limited 

scavenging ability. This produces oxidative stress and damages various cellular 

components. Cancerous cells are often naturally under increased oxidative 

stress compared to normal cells because of abnormal cellular function [45]. 

Treatment with effective and selective anticancer agents can increase oxidative 

stress furthermore. Based on the previous reports of similar compounds which 

activate ROS generation, herein DCF-DA is utilized to investigate the potency 

of complexes 1-4 for inducing ROS generation in MCF-7 cells with the 
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concentration of the complexes with respective IC50 values. The data reveals 

that in treated cells there are significant increments in ROS generation in 

MCF-7 cells compared to untreated cells. Figure 2.26 represents the 

appearance of strong green fluorescence due to the overproduction of ROS 

when the cells are treated with 3 and 4. The increased ROS levels in cells by 

the complexes might be related to the catalytic conversion of NADH to NAD+. 

 

 

Figure 2.26: (a) Inverted microscopic image of ROS generation, treated and 

untreated MCF-7 cells through DCFH-DA fluorescence staining procedure. 

(b) Fluorescence intensity graph of ROS 

2.3.8 Apoptosis study with Hoechst staining method 

It is reported that the significant morphological changes of nuclei, nuclear 

swelling, cell shrinkage or rounding, cytoplasmic blebbing, chromatin 

fragmentation, and condensation are the distinctive features of apoptotic cells 

[46]. These significant changes in cancer cells were evaluated by the Hoechst 
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staining method. As complex 3 and 4 show higher cytotoxicity, so MCF-7 cells 

are treated with 3 and 4 at their IC50 concentrations and the images of the cells 

are captured with the help of confocal microscopy. Figure 2.27 shows that 

treated cells are highly stained along with elongated filamentous 

morphological changes and condensed nuclei while untreated cells are evenly 

and lightly stained. After treatment, these morphological changes of nuclei are 

attributed to apoptosis in the treated cells.  

 

Figure 2.27: Confocal image of treated MCF-7 cells with complexes 3 and 4 

stained by Hoechst dye 

2.3.9 Density functional theory (DFT) Study 

DFT study was performed to optimize the geometry and calculate the energies 

of HOMO and LUMO energy band gap and electronic communication of 

complexes 1-4. Geometry parameters, calculated bond lengths and bond angles 

of complex 1 and 2 are found to be similar to those obtained from their single 
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crystal structures. Structures of complexes 3 and 4 have also been optimized by 

generating the expected structures (Figure 2.28). Gaussview 5.0 is utilized to 

generate contour plots for molecular orbitals of the complexes and frontier 

molecular orbital (HOMO and LUMO) energies for all the complexes are 

calculated (Figure 2.29). The interactions between DNA and complexes are 

compared for different complexes, considering the energy gap of the HOMO 

of DNA molecule and LUMO of the complexes [47]. It is well established that 

higher HOMO of the DNA favors transfers of ‘‘electron-cloud’’ to low-lying 

LUMO of the complexes indicating stronger interaction between DNA and the 

complex [48]. In this regard, it could be considered that the energy and 

population of LUMO of complexes 1-4 are the key factors to affect DNA 

binding. From Table 2.6 it is evident that the order of the energies of LUMO of 

complexes is ɛL (1) > ɛL (2) > ɛL (3) > ɛL (4) and ɛL+1 (1) > ɛL+1 (2) > ɛL+1 (3) > 

ɛL+1 (4) and ɛL+2 and ɛL+3 following the same order. It is noteworthy to mention 

that with an increase in the size of the arene ring (1 and 3) the LUMO energies 

increase because of the steric factor [49]. The theoretical calculations indicate 

the order of interaction of complexes 1-4 with DNA should be 4~3 > 2 >1. To 

some extent, these results are similar to the obtained experimental results. 

However, a number of other important factors, such as lipophilicity, H-

bonding, variation of metal ions, rotational motions, etc., can also affect the 

interaction with DNA [50].  
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Figure 2.28: Frontier molecular orbitals of complexes and their HOMO-

LUMO energy gaps (a) complex 1 (b) complex 2 (c) complex 3, and (d) 

complex 4 

Table 2.6. HOMO, LUMO, and their population energy (ɛi/ev) of complexes 1-

4. 

 

 

Figure 2.29: Frontier MOs contour plots of (a) complex 1 (b) complex 2 (c) 

complex 3 and (d) complex 4 

2.4 Conclusion 

In summary, four ruthenium(II) arene complexes 1-4 with 2-aminomethyl 

pyridine as coligand have been synthesized and characterized through different 

analytical tools.  A combination of single crystal X-ray crystallography and 

DFT study confirms the structures with piano-stool geometry. Most of the 

complexes have shown binding towards biomolecules like serum albumin 

proteins and DNA. UV-Vis and DAPI displacement binding studies reveal the 

groove binding nature of the compounds. All the complexes have demonstrated 

significant cytotoxicity against HeLa and MCF-7 cancer cell lines with 
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compounds 3 and 4, containing triphenylphosphine ligand, have shown better 

activity because of enhanced hydrophobicity in the compound. The compounds 

have shown specific activity against cancer cell lines as it remains non-

cytotoxic against normal HEK cells. All the complexes have been found to be 

catalytically active to oxidize NADH to NAD+, which increases the ROS 

production within the cells and brings about apoptosis. Moreover, the Hoechst 

staining study confirms the signature morphological changes in cells due to 

apoptosis. 

2.5 Declaration 

This chapter is adapted from Polyhedron., 2021, 207, 115379. (DOI: 

10.1016/j.poly.2021.115379) 
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Chapter 3 

Pyrene based fluorescent Ru(II)-arene complexes 

towards significant biological applications: catalytic 

potential, DNA/protein binding, two photon cell 

imaging and in vitro cytotoxicity 

3.1 Introduction 

The contribution of transition metal ion chemistry towards cancer therapy 

started with the introduction of cisplatin in treating of cancers of the ovary, 

lungs, testicles, bladder, and head and neck area about forty years ago [1]. 

After the initial success of platinum-based metallodrugs, it has been found that 

several drawbacks of this class of the complex need to be taken care of 

additionally [2]. Therefore, several metal ions loaded with various ligands 

within the coordination sphere have been tested as prospective metallodrugs in 

cancer chemotherapy widening the window of cellular targets [3]. Among 

them ruthenium complexes are found to be quite interesting as several of them 

have entered in clinical trial for further evaluation [4]. The advantages of the 

ruthenium complexes lie in the facts that they can show significant ligand 

exchange in biological systems. Furthermore, the introduction of aqueous 

solubility of the complexes can be achieved with the engagement of the 

hydrophilic ligands, and ruthenium is accessible in its different oxidation 

states. To understand the prospective mechanism of the anticancer metal 

complexes, using specific ligands to render fluorescent character to the metal 

complex is a standard technique[5]. Properties like intense emission, large 

stoke shift values, and extended emission lifetime can make them suitable as 

molecular imaging agent within the cell. A fluorescent chemotherapeutic agent 

is generally suitable for monitoring cellular distribution and reveals the 

mechanism of action.  

As the effectiveness of a drug is determined by both the central metal atom and 

the surrounding ligands, a minimal change in the structure of ligand moieties 
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can produce a new drug. Therefore, special care must be taken while selecting 

the prospective ligands. Schiff bases are well known pharmacophores for a 

wide range of biological activities that interfere with normal cellular processes 

by forming intramolecular hydrogen bonds between the imine group and the 

active center of the cellular components [6]. Therefore, it is conceived that 

combining these biologically active Schiff base ligands with the ruthenium (II) 

arene moiety can invoke a synergistic effect that could be used to design 

effective metallodrugs for chemotherapy [7].  

In this chapter a pyrene ring containing ligand is designed and synthesized and 

incorporated into a Ru(II)-arene scaffold to generate four ruthenium 

compounds with general formula [Ru(arene)LX] [arene = p-cymene, benzene; 

HL = (E)-N'-(pyren-1-ylmethylene)thiopene-2-carbohydrazide; X = Cl, N3
-] 

having significant emission properties. Different arene rings are utilized to 

explore the effectiveness of the hydrophobicity of the compound on cytotoxic 

behaviour and different anionic co-ligands are used to investigate their 

influences. The pyrene containing N, O donor Schiff base HL has an extended 

delocalized π-system which imparts unique photophysical character in the 

compounds. Extended delocalized π-system such as anthracene, perylene, 

naphthalene, and pyrene are excellent rigid molecular skeletons that are 

convenient for the development of highly fluorescent probes with two-photon 

excitation [8]. The synthesized compounds are investigated for their anticancer 

properties and their cytotoxicity is evaluated against different cell lines. 

Theoretical calculations have been performed by applying the B3LYP DFT 

approach to support the experimental observations [9,10,11,12]. A hybrid 

periodic DFT-D quantum mechanical (QM) method has been employed to 

obtain the equilibrium geometries of complexes 5 and 6. A finite non-periodic 

molecular cluster modelling approach has been utilized to explore the reaction 

pathways, mechanisms, formation, and reaction barriers using a non-periodic 

DFT method to explain the experimental observation. It was found that the 

computed results agreed well with the experimental observation. The 

interaction of the compounds with DNA and plasma proteins (HSA/BSA) was 
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studied using UV–visible and fluorescence spectroscopy. Ruthenium(II) 

complexes have been explored as catalysts in order to investigate the transfer 

of hydrogen from NADH and its conversion into NAD+, and the cell migration 

inhibition study is also conducted. Furthermore, these complexes have also 

been tested to check their utility as two-photon cell imaging agents. The results 

suggest that these arene ring containing organometallic Ru(II) complexes are 

promising candidates for further investigation in cancer treatment. 

3.2 Experimental Section 

3.2.1 Materials and methods 

All the required chemicals were commercially accessible with highest quality 

analytical grade from Alfa Aesar and Sigma Aldrich, India.  Biological 

reagents purchased from Himedia and Sisco Research Laboratories (SRL) were 

used without purification. The specifications of all the instruments used for 

analysis purpose were same as described in the section 2.2.1 of the chapter 2. 

3.2.2 Syntheses of compounds 

3.2.2.1 Synthesis of ligand, HL 

The ligand synthesis is already reported in a previous work [13].  

3.2.2.2 Synthesis of complex 5 [Ru(η6-p-cymene)(L)Cl] 

Complex 5 was synthesized through drop-by-drop addition of DMF solution of 

ligand, HL (0.11 g, 0.32 mmol) into the corresponding ruthenium dimer 

precursor, [(ƞ6‐p‐cymene)RuCl2]2 (0.1 g, 0.16 mmol) solution containing 10 ml 

of DMF solvent. The reaction mixture was stirred at room temperature for 4-5 

hours to obtain a brownish coloured solution. The crude product was obtained 

by evaporating and drying the final mixture over a vacuum. The residue was 

recrystallized to grow suitable single crystals in DMF solvent by slow 

evaporation. Yield: 70%. 1H NMR in (400.13 MHz, 298K, DMSO-d6) δ: ppm, 

9.51 (1H, s, Py-CH=N), 9.21 (1H, d, Py-H), 8.75 (2H, d, Py-H), 8.56 (4H, d, 

Py-H), 8.49 (2H, d, Py-H), 8.32 (1H, d, Th-CH), 7.77 (1H, d, Th-CH), 7.23 

(1H, t, Th-CH), 6.17 (2H, d, CH of C6H4), 5.93 (2H, d, CH of C6H4), 2.96 (1H, 

sept, CH(CH3)2), 2.46 (3H, s, C6H4CH3), 1.43 (6H, d, CH(CH3)2) ppm. 13C 

NMR (100.61 MHz, 298 K, DMSO-d6) δ ppm: 162.8(C=O), 158.5(C=N), 
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132.6, 130.2, 129.9, 128.0, 127.9, 126,7, 124.8, 123.6, 102.0, 100.1, 85.6, 81.9, 

80.6, 80.5(CAromatic) and 36.2, 31.2, 22.2(CAlphatic) ppm. FT-IR (KBr, cm-1): 

1654 (amide), 1558 (C=N). ESI-MS (+ve mode): [Ru(η6-p-cymene)(L)]+ : 

589.1 (m/z). Calcd. elemental analysis (%) for C32H27ClN2ORuS: C, 61.58; H, 

4.36; N, 4.49; S, 5.14. Found: C, 60.15; H, 4.32; N, 4.29; S, 5.02. 

3.2.2.3 Synthesis of complex 6 [Ru(η6-benzene)(L)Cl] 

Complex 6 was synthesized through drop by drop addition of DMF solution of 

ligand, HL (0.14 g, 0.4 mmol) into the corresponding ruthenium dimer 

precursor, [(ƞ6‐benzene)RuCl2]2 (0.1 g, 0.2 mmol) solution containing 10 ml of 

DMF solvent. The reaction mixture was then stirred at room temperature for 4-

5 hrs to get the brownish coloured solution. Crude product was obtained by 

evaporating and drying the final mixture over vacuum. Dark brown single 

crystals were obtained via slow evaporation method in DMF solvent over a 

period of few days. Yield: 70%. 1H NMR (400.13 MHz, 298K, DMSO-d6) δ: 

ppm, 9.74 (1H, s, Py-CH=N), 9.28 (1H, d, Py-H), 8.49 (2H, d, Py-H), 8.38 

(4H, d, Py-H), 8.36 (2H, d, Py-H), 8.22 (1H, d, Th-CH), 7.69 (1H, d, Th-CH), 

7.17 (1H, t, Th-CH), 5.32 (6H, s, CH of C6H6) ppm. 13C NMR (100.61 MHz, 

298 K, DMSO-d6) δ ppm: 170.1(C=O), 158.9(C=N), 135.5, 132.6, 131.3, 

130.3, 129.7, 128.8, 127.9, 126.8, 124.7 and 84.3(CAromatic) ppm. ESI-MS (+ve 

mode): [Ru(η6-benzene)(L)]+: 532.0 (m/z). FT-IR (KBr, cm-1): 1643(amide), 

1568(C=N). Calcd. elemental analysis (%) for C28H19ClN2ORuS: C, 59.20; H, 

3.37; N, 4.93; S, 5.64. Found: C, 58.15; H, 3.32; N, 4.29; S, 5.16. 

3.2.2.4 Synthesis of complex 7 [Ru(η6-p-cymene)(L)N3] 

A through drop by drop addition of DMF solution of ligand, HL (0.11 g, 0.31 

mmol) into ruthenium dimer viz. [(ƞ6‐p-cymene)Ru(N3)2]2 (0.1 g, 0.15 mmol) 

solution containing 10 ml of DMF solvent furnished complex 7. It was stirred 

at room temperature for 4-5 hrs and a brownish coloured solution was 

obtained. Crude product was collected by evaporating and drying the final 

mixture over vacuum. The residue was recrystallized in DMF solvent by slow 

evaporation. Yield: 65%. 1H NMR (400.13 MHz, 298K, DMSO-d6) δ: ppm, 

9.36 (1H, s, Py-CH=N), 9.06 (1H, d, Py-H), 8.60 (2H, d, Py-H), 8.42 (4H, d, 
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Py-H), 8.28 (2H, d, Py-H), 8.17 (1H, d, Th-CH), 7.58 (1H, d, Th-CH), 7.31 

(1H, t, Th-CH), 6.02 (2H, d, CH of C6H4), 5.84 (2H, d, CH of C6H4), 2.84 (1H, 

sept, CH(CH3)2), 2.54 (3H, s, C6H4CH3), 1.26 (3H, d, CH(CH3)2) ppm . 13C 

NMR (100.61 MHz, 298 K, DMSO-d6) δ ppm: 172.4(C=O), 152.0(C=N), 

130.7, 128.1, 129.3, 128.9, 127.9, 126.7, 124.4, 100.8, 83.5, 82.3, 

80.8(CAromatic) and 31.2, 22.8, 18.9(CAlphatic) ppm. FT-IR (KBr, cm-1): 1643 

(amide), 1552 (C=N), 2135 (azide). ESI-MS (+ve mode): [Ru(η6-p-

cymene)(L)]+:  589.1 (m/z) . Calcd. elemental analysis (%) for C28H19N5ORuS: 

C, 60.94; H, 4.31; N, 11.10; S, 5.08. Found: C, 59.20; H, 4.12; N, 10.38; S, 

4.80. 

3.2.2.5 Synthesis of complex 8 [Ru(η6- benzene)(L)N3] 

Complex 8 was synthesized in a similar method like complex 7 using 

[(ƞ6‐benzene) Ru(N3)2]2 (0.1 g, 0.17 mmol) as ruthenium precursor. Yield: 

65%. 1H NMR (400.13 MHz, 298K, DMSO-d6) δ: ppm, 9.74 (1H, s, Py-

CH=N), 9.26 (1H, d, Py-H), 8.54 (2H, d, Py-H), 8.51 (4H, d, Py-H), 8.49 (2H, 

d, Py-H), 8.36 (1H, d, Th-CH), 7.73 (1H, d, Th-CH), 7.19 (1H, t, Th-CH), 5.32 

(6H, s, CH of C6H6) ppm. 13C NMR (100.61 MHz, 298 K, DMSO-d6) δ ppm: 

169.8(C=O), 158.6(C=N), 135.3, 132.4, 131.4, 130.1, 129.1, 127.6, 126.8, 

124.1, 123.3 and 84.4(CAromatic) ppm. FT-IR (KBr, cm-1): 1664 (amide),1558 

(C=N), 2033 (azide). ESI-MS (+ve mode): [Ru(η6-benzene)(L)]+: 532.0 (m/z). 

Calcd. elemental analysis (%) for C28H19N5ORuS: C, 59.53; H, 3.33; N, 12.19; 

S, 5.58. Found: C, 58.20; H, 3.12; N, 12.08; S, 5.50. 

Note: Ruthenium benzene azide dimer i.e. [(ƞ6‐benzene)Ru(N3)2]2 is explosive 

in nature, needs to be handled carefully. 

3.2.3 X-ray crystallography 

3.2.3.1 X-ray crystallography of complex 5 and 6 

The description of instrumentation of X-ray crystallography for complex 5 and 

6 is same as described in Section 2.2.3 of chapter 2. 

3.2.4 Protein Binding Study 

3.2.4.1 Competitive binding experiments 
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Protein binding experiments follow the procedure outlined in section 2.2.4.1 of 

chapter 2. 

3.2.4.2 Circular dichroic spectral studies 

Follow the same procedure outlined in section 2.2.4.2 of chapter 2 for circular 

dichroic spectral studies. 

3.2.5 DNA binding study 

3.2.5.1 Absorption spectral studies 

DNA binding experiments follow the procedure outlined in section 2.2.5.1 of 

chapter 2. 

3.2.5.2 Competitive binding experiments 

Follow the same procedure outlined in section 2.2.5.2 of chapter 2 for 

competitive binding experiments. 

3.2.6 Evaluation of cytotoxicity 

The procedure for MTT assay is same as discussed in section 2.2.5.1 of chapter 

2. 

3.2.7 Wound healing assay 

HeLa cells (1.5  106 per well) were seeded in 2.0 mL media in 6-well plates 

and allowed to attach and grow to form a confluent monolayer. Each well of 

the plates was marked with a horizontal line passing through the center of 

bottom in advance. Wounds were created perpendicular to the lines by 10 μL 

tips, and unattached cells were removed by washing with PBS (pH = 7.4) [14]. 

Complexes 5-8 in DMEM with 1% FBS were added and cells were incubated 

at 37 ºC under 5% CO2 for imaging. DMEM with 1% FBS were used to 

suppress cell proliferation. Images were captured at t = 0 and 24 h at the same 

position of each well. Experiments were repeated for at least three times. 

3.2.8 Two-photon cell imaging analysis 

HeLa cells were plated at a density of 5×104 in 6-well plates. They were 

allowed to grow at 37 °C in a humidified CO2 incubator until they were 70-80 

% confluent. Then cells were treated at IC50 concentration of complexes 5-8 

for 24 h. The culture medium was aspirated from each well and cells were 

gently rinsed thrice with PBS at room temperature [15]. Then equal volumes of 

cells from the control (untreated) were mixed with DAPI dye (1μg/mL). 
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Finally, the treated and untreated cells were viewed immediately with two-

photon laser scanning microscope: excitation 790 nm for the blue channel. 

3.2.9 Dual staining assay with Hoechst and PI 

To further confirm the nucleus morphology, Hoechst 33258 and PI staining 

were used. The 5 × 104 HeLa cells were placed on six-well plates (Nest; USA). 

The cells were treated with the corresponding IC50 concentration of complexes 

5-8 and incubated for 24 h.  After the incubation period treated cells were 

stained with the Hoechst and PI dye with concentrations of 5 and 3 μg/mL, 

respectively., it was followed by incubation for 60 min at 37 °C and washing 

with PBS thrice. The fluorescence was viewed with the help of Fluoview 

FV100 (OLYMPUS, Tokyo, Japan) confocal microscope using appropriate 

filters. (Hoechst 33258 and PI having excitation wavelengths of 378 and 535 

nm and an emission wavelength of 457 and 617 nm, respectively). 

3.2.10 Reactive Oxygen Species (ROS) generation  

The procedure for generating reactive oxygen species (ROS) is identical to the 

one outlined in section 2.2.7 of chapter 2. 

3.2.11 Methodology and Computational Details 

3.2.11.1 Periodic DFT Calculations 

To obtain the equilibrium crystal structures and lattice parameters of both the 

Complex 5 and Complex 6, the periodic hybrid density functional theory 

(DFT) method was employed. The equilibrium geometries with the bulk 3D 

crystal unit cells of these Complex 5 and Complex 6 were obtained by using 

first-principles based B3LYP-D3 (in short DFT-D) method employed in 

quantum chemistry ab-initio based CRYSTAL17 program i.e. suite code. 

Triple-ζ valence polarization (TZVP) quality Gaussian types of atomic basis 

sets (i.e. Gaussian types of atomic Orbitals (GTO)) of the Ru, S, Cl, N, O and 

C atoms were used in the present calculations. The equilibrium structures are 

shown. To get fine equilibrium geometry of the crystal structures of the 

complexes 5 and 6, semi-empirical Grimme’s 3rd order (-D3) dispersion 

corrections have been incorporated in the present DFT computations to take 

account weak van der Waals (vdW) interactions among various layers and 
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atoms of the crystals which cannot be avoided. A threshold value of 10-7 a. u. 

was set to converge both the energy and density during the optimization. The 

importance of B3LYP-D3 method is that it provides excellent quality of 

geometry of the crystal structures and also the structures are less affected due 

to the spin contaminations in the calculation. For analysis and graphical 

representation of the optimized crystal structures VESTA visualization code 

has been used. 

3.2.11.2 Non-periodic DFT Calculations 

To explore the reaction mechanism involved in the formation of Ruthenium 

arene complexes, a theoretical and computational study was accomplished by 

employing the first-principle based hybrid quantum mechanical DFT method 

i.e. B3LYP considering a non-periodic molecular modeling. All the geometries 

of ligand HL, ruthenium dimers i.e. [(ƞ6‐p‐cymene)RuCl2]2, 

[(ƞ6‐benzene)RuCl2]2, [(ƞ6‐p-cymene)Ru(N3)2]2, [(ƞ6‐benzene)Ru(N3)2]2  and 

ruthenium arene complexes (i.e. finite molecular cluster model systems of the 

complexes 5-6 i.e. Complex 5, Complex 6, Complex 7 and Complex 8) were 

obtained by the same DFT method. The important stationary points on 

potential energy surface that is energy minima and first order saddle points 

(i.e., equilibrium transition states (TSs)) was investigated by employing the 

same DFT method in this study. All the electronic structure calculations and 

thermodynamic properties of the systems were calculated using B3LYP DFT 

method by with the Gaussian basis sets i.e., LANL2DZ with the Effective Core 

Potential (ECP) for the Ru atoms and the 6-31+G* basis sets for the other 

atoms i.e., C, H, N, O, Cl and S atoms. The harmonic vibrational frequency 

analysis has been carried out to obtain the energy minima of the equilibrium 

geometries, and the imaginary frequencies were eliminated very carefully in 

the optimized stable structures. B3LYP method is the most popular method 

because of its accuracy and the equilibrium structures calculated by the B3LYP 

method are less influenced by the spin contamination in the present DFT 

calculations. 

3.3 Results and discussion 
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3.3.1 Synthesis and characterization 

The N, O chelating monobasic ligand was synthesized by the condensation 

reaction of equimolar amounts of thiophene-2-carboxylic hydrazide and 1-

pyrenecarboxyaldehyde in ethanol as per the previously reported method [13]. 

Ruthenium arene complexes 5-8 were synthesized in good yields by the 

addition of one equivalent of ruthenium chloro- or azido-arene dimer with two 

equivalent of ligand HL in DMF and stirring the solution at room temperature 

for 4-5 hrs (Scheme 3.1). All four complexes are air stable and soluble in 

alcohols, DMSO, acetonitrile and moderately soluble in chlorinated solvents. 

Complexes 5-8 have been well characterized using various spectroscopic 

technique including 1H NMR, FT-IR, ESI-MS, UV-visible, fluorescence and 

the bulk purity was examined by elemental analysis (Figure 3.1- Figure 3.12). 

 

Scheme.3.1: Synthetic path of complexes 5-8 

The proton NMR spectra (1H) of complexes 5-8 show significant aromatic 

proton peaks at 5.84-9.51 and typical azomethine proton peak in the region of 
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9.8- 9.2 ppm [16]. Compared to the free ligand, the absence of –NH proton 

around 12.06 ppm in complexes confirms the conversion to imidic form and 

ligation of the imidolate oxygen to the Ru(II) center. Complex 5 and 7 exhibit 

desired peaks in the region 5.84-6.17 ppm for p-cymene ring protons and 2.96-

2.46, 2.36, and 1.11-1.02 ppm for the side chain protons of the p-cymene 

moiety. Complex 6 and 8 display singlet peak for benzene ring protons at 5.32 

ppm [17]. 

Figure.3.1: 1H NMR Spectra of Complex 5 in DMSO-d6 (400.13 MHz, 298K) 
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Figure.3.2:  1H NMR Spectra of Complex 6 in DMSO-d6 (400.13 MHz, 298K)  

 

Figure.3.3:  1H NMR Spectra of Complex 7 in DMSO-d6 (400.13 MHz, 298K) 
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Figure.3.4:  1H NMR Spectra of Complex 8 in DMSO-d6 (400.13 MHz, 298K) 

 

 

Figure.3.5:  13C NMR Spectra of Complex 5 in DMSO-d6 (400.13 MHz, 298K)  
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Figure.3.6: 13C NMR Spectra of Complex 6 in DMSO-d6 (400.13 MHz, 298K)  

 

Figure.3.7:  13C NMR Spectra of Complex 7 in DMSO-d6 (400.13 MHz, 298K)  
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Figure.3.8:  13C NMR Spectra of Complex 8 in DMSO-d6 (400.13 MHz, 298K) 

 

Figure.3.9:  ESI-MS spectra of synthesized complex 5  

 

Figure.3.10:  ESI-MS spectra of synthesized complex 6 
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 Figure.3.11:  ESI-MS spectra of synthesized complex 7 

 

Figure.3.12:  ESI-MS spectra of synthesized complex 8 

FTIR spectra of the ligand, HL display a characteristic band for N-H in the 

region of 3221 cm-1 and also show two different absorption bands viz. ʋC=O and 

ʋC=N within the range 1640-1700 cm-1 and 1550-1650 cm-1 [13]. After 

complexation, in all of the IR spectra of Ru(II)-arene complexes 5-8, the 

disappearance of ʋN-H absorption band was observed due to the conversion of 

the ligand in imidic form and subsequent dissociation of the proton leads to 

oxygen coordination to the metal center. The 1550-1650 cm-1 absorption band 

represents the azomethine nitrogen coordination to metal [18]. Complex 7 and 

complex 8 shows another characteristic sharp band for ʋazide in the region of 

2033 cm-1 and 2130 cm-1 which indicates the presence of azido functional 

group coordination with the metal center [19] (Figure 3.13). 
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Figure.3.13 FTIR stretching frequencies (in KBr pallet) of (a) HL, (b) complex 

5, (c) complex 6, (d) complex 7 and (e) complex 8, respectively 

Complexes 5-8 exhibit two absorption bands in the 283-385 nm range. The 

first relates to the ligand-centered transitions and has been characterized as π-

π* transition with potential contributions from ligand (HL) moiety [18]. Like 

other Ru(II)-arene complexes, all exhibit a second highly intense absorption 

band in the 375-385 nm region due to the MLCT transition [20]. The 

fluorescence experiments of all complexes were carried out in a DMSO 

solution. All the complexes show emission maxima bands within 435-443 nm 

(Figure 3.14). 

Figure.3.14 (a) UV-Visible spectra, (b) emission spectra of complexes 5-8 in 

DMSO 
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3.3.2 X-ray crystallography study of complex 5 and 6 

Single crystals of complexes 5 and 6 were obtained and characterized by 

single-crystal X-ray diffraction. However, it is pertinent to indicate that the 

crystal structure of complex 5 is communicated in a recent report [21]. 

Complex 5 and 6 were crystallized in monoclinic crystal arrangement having 

space groups of P 21 and C2/c, respectively. The crystal data and structure 

refinement data details are shown in Table 3.1, and the selected bond lengths 

and angles are summarized in Table 3.2. The crystal structures of complexes 5 

and 6 display that the ligand coordinates with the ruthenium metal center in a 

bidentate manner through the azomethine nitrogen and imidolate oxygen, and 

two other coordination positions of the Ru metal center are occupied by 

chloride and arene group. The geometry of the ruthenium metal center is the 

pseudo-octahedral with a classical three‐legged piano stool arrangement. In the 

complexes, three legs of the piano stool are formed by the ligand (HL) and 

chloro group, while the arene ring represents the seat. Extensive H-bonding 

interactions to build 2D and 3D polymeric frameworks are recorded. Complex 

5 and 6 show a strong supramolecular network not only through hydrogen 

bonding (H4…Cl1, 2.825 Å, and H1…S3, 2.993 Å) but also via π …π stacking 

and CH…π (2.881Å) (Figure 3.15 - Figure 3.16). 
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Figure.3.15 ORTEP presentation of (a) complex 5 and (c) complex 6, at 50% 

thermal probability level. Supramolecular framework via intermolecular 

hydrogen bonding for (b) complex 5 and (d) complex 6 

Figure.3.16: Crystal polymeric framework. (a) and (b) 2D framework of 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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complex 5 and complex 6. (c) and (d) Supramolecular interaction in complex 5 

and 6 via intermolecular hydrogen bonding and CH…π stacking interaction. 

Table 3.1: Experimental crystal and structure refinement data of complex 5 

and 6 

Parameter Complex 5 Complex 6 

Empirical Formula 4(C32 H27 Cl N2 O Ru S), 

4(C3 H7 N O), H2O 

C28H19 Cl N2 O Ru S 

Formula weight 2806.94 568.03 

Crystal system monoclinic monoclinic 

Space group P21 C2/c 

a (Å) 11.0233(4) 24.1813(16) 

b (Å) 17.3526(6) 13.2549(9) 

c (Å) 16.4133(5) 14.7463(10) 

α (°) 90 90 

β (°) 99.3076(9) 100.7758(16) 

𝛄 (°) 90 90 

V (Å3) 3098.25(18) 4643.2(5) 

λ (Å) 0.71073 0.71073 

ρcalcd (g/cm3) 1.504 1.625 

Z 1 8 

T (K) 273 273 

μ (mm-1) 0.698 0.906 

F(0 0 0) 1442 2288 

Crystal size (mm3) 0.04 x  0.06 x  0.10 0.06 x 0.08 x0.12 

Theta ranges (°) 2.9 to 28.3 3.0 to 29.6 

h/k/l -14,14/-23,23/-21,21 -33,33/-18,18/-20,20 

Goodness-of-fit 

(GOF) 

1.03 1.07 

Final R indices [I > 

2σ(I)] 

R1 =  0.0277, wR2 = 

0.0681 

R1 = 0.0293, wR2 = 

0.0789 

R(int) 0.029 0.038 
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Largest peak and 

hole (eÅ-3) 

1.19 and -0.78 1.06 and -1.03 

CCDC No. 2092515 2092521 

 

Table 3.2: Selected bond lengths (Å) and bond angles (°) of complexes 5 and 6 

Complex 5 Complex 6 

Ru1-Cl1 2.4025(11) Ru1-Cl1 2.3985(6) 

Ru1-O1 2.076(3) Ru1-O1 2.0706(14) 

Ru1-N1 2.090(3) Ru1-N1 2.1044(15) 

Ru1-C1 2.241(4) Ru1-C1 2.177(2) 

Ru1-C2 2.200(5) Ru1-C2 2.188(2) 

Ru1-C3 2.157(5) Ru1-C3 2.180(2) 

Ru1-C4 2.187(5) Ru1-C4 2.186(2) 

Ru1-C5 2.162(4) Ru1-C5 2.167(2) 

Ru1-C6 2.197(3) Ru1-C6 2.188(2) 

N1-N2 1.409(4) N1-N2 1.408(2) 

O1-C11 1.282(5) O1-C7 1.290(2) 

Cl1-Ru1-O1 85.01(9) Cl1-Ru1-O1 85.80(4) 

Cl1-Ru1-N1 86.45(9) Cl1-Ru1-N1 86.22(4) 

Cl1-Ru1-C1 90.51(9) Cl1-Ru1-C1 126.50(7) 

Cl1-Ru1-C2 109.71(13) Cl1-Ru1-C2 96.33(6) 

Cl1-Ru1-C3 145.67(11) Cl1-Ru1-C3 89.40(7) 

Cl1-Ru1-C4 167.15(13) Cl1-Ru1-C4 110.37(7) 

Cl1-Ru1-C5 129.33(10) Cl1-Ru1-C5 146.95(8) 

Cl1-Ru1-C6 98.74(9) Cl1-Ru1-C6 163.72(6) 

O1-Ru1-N1 76.66(13) O1-Ru1-N1 76.54(5) 

O1-Ru1-C1 129.25(14) O1-Ru1-C1 147.10(8) 

O1-Ru1-C2 98.65(16) O1-Ru1-C2 162.70(8) 

O1-Ru1-C3 88.75(15) O1-Ru1-C3 125.27(8) 

O1-Ru1-C4 107.83(15) O1-Ru1-C4 95.25(8) 
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O1-Ru1-C5 144.30(12) O1-Ru1-C5 88.61(7) 

O1-Ru1-C6 165.80(15) O1-Ru1-C6 110.42(7) 

N1-Ru1-C1 153.57(14) N1-Ru1-C1 97.40(7) 

N1-Ru1-C2 162.92(15) N1-Ru1-C2 120.68(8) 

N1-Ru1-C3 124.78(13) N1-Ru1-C3 157.39(8) 

N1-Ru1-C4 96.84(15) N1-Ru1-C4 161.15(9) 

N1-Ru1-C5 94.04(14) N1-Ru1-C5 123.97(8) 

N1-Ru1-C6 117.11(15) N1-Ru1-C6 98.69(7) 

  

To support the experimental observation, a hybrid periodic DFT-D calculation 

is performed to predict the crystal structures of both the Complex 5 and 

Complex 6 as depicted in Figure 3.17, individually. These DFT-D 

computations reveal that the equilibrium lattice constants of the complex 5 are 

a = 10.415 Å, b = 16.831 Å, and c = 14.887 Å, and the interfacial angles are α 

= 90o, β = 151.96o and γ = 90o. The computational study shows that the 

complex 5 has P21 monoclinic symmetry. The equilibrium bond lengths of the 

N-N, C-C, C-S, Ru-Cl, Ru-O, Ru-N, C-O and C-H are 1.426 Å, 1.407 Å, 1.751 

Å, 2.457 Å, 2.094 Å, 2.067 Å, 1.258 Å, and 1.085 Å, respectively. Similarly, 

the equilibrium lattice constants of complex 6 are a = 24.049 Å, b = 12.326 Å 

and c = 30.732 Å, and the interfacial angles are α = 90o, β = 151.96o and γ = 

90o. Computationally, it has been found that the crystal structure of the 

complex 6 has C2/c monoclinic symmetry, and the structure is 

thermodynamically stable. The equilibrium bond lengths of the N-N, C-C, C-S, 

Ru-Cl, Ru-O, Ru-N, C-O and C-H are 1.425 Å, 1.408 Å, 1.753 Å, 2.443 Å, 

2.080 Å, 1.301 Å and 1.081 Å, respectively (Table 3.3). The computed lattice 

constants and various equilibrium bond lengths agree well with the 

experimental observation.  
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Figure.3.17: The equilibrium 3D bulk crystal structure of the Complex 5 and 

Complex 6 is depicted here, and the unit cell is highlighted by a cube 

Table 3.3: Equilibrium structural parameters of the optimized crystal structure 

of the Complex 5 and complex 6  

 

3.3.3 Stability studies 

The investigation of the stability of the compounds under physiological 

conditions is an essential factor for almost all biological applications. Thus, an 

appropriate study was carried out by dissolving complexes 5-8 in a solution 

mixture of 1% DMSO/PBS and observing their stability in the time frame of 0 

h, 6 h, 12 h, and 24 h via UV-visible spectroscopy. No substantial shifting or 

change in peaks was detected in the absorption spectra of the all the 

compounds, indicating the complexes' stability in biological medium (Figure 

3.18).  

(a) (b)
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Figure.3.18 Stability studies of the complexes 5-8 (1% DMSO in PBS 

Solution) 

3.3.4 Protein binding study 

3.3.4.1 Emission Spectra 

To understand the binding affinity of synthesized complexes with plasma 

protein, HSA and BSA are generally taken as model proteins. Serum albumin 

proteins have shown significant interaction with synthesized complexes 

because of their capability to transport the molecules through the bloodstream 

[22]. Fluorescence quenching experiment is carried out by the BSA and HSA 

protein (10 μM), where mainly the tryptophan residue contributes to the 

fluorescence. In the fluorescence titration studies, the FL intensity of BSA and 

HSA protein has been found to decrease continuously with an increase in the 

complexes concentration (5-50 μM) in the wavelength range of 290-500 nm 

(λex = 280 nm) (Figure 3.19 and Figure 3.20). The quantitative analysis of the 

binding affinity of complexes with protein is determined by employing the 

Stern-Volmer equation [17]. Stern-Volmer quenching constant of complex 5 

(3.9  105 M−1 for HSA and 1.9  105 M−1 for BSA) and complex 7 (1.5  105 

M−1 for HSA and 1.8  105 M−1 for BSA) are found to be higher than that of  

Complex 5 Complex 6

Complex 7 Complex 8
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complex 6 (1.2  105 M−1 for HSA and 1.3  105 M−1 for BSA) and complex 8 

(3.2  104 M−1 for HSA and 2.7  104 M−1 for BSA) which may be ascribed to 

the presence of methyl side chain and isopropyl group in the p-cymene ring 

which  can stabilizes the hydrophobic interaction via nonpolar residue in 

protein chain pocket. In addition, the parameters of bimolecular quenching 

constant (kq), of approximately 1012 M−1s−1 signifies the role of static 

quenching while in the range of 1011 M−1s−1 stands for the dynamic quenching. 

The bimolecular quenching constants (kq) of all complexes 5-8 are found to be 

in the range of 1012 M−1s−1 which signify the involvement of static quenching 

(Table 3.4).  

 

Figure.3.19: Emission titration spectra of HSA (10 μM) in Tris-HCl buffer 

with complexes 5-8 (5-50 μM) at 298 K. Inset: Plots of F0/F vs. [Q](mol/L) for 

HSA 
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Figure.3.20: Emission titration spectra of BSA (10 μM) in Tris-HCl buffer 

with complexes 5-8 (5-50 μM) at 298 K. Inset: Plots of F0/F vs. [Q](mol/L) for 

BSA 

Table 3.4: Determination of various spectral parameters to check the 

interaction of compounds with HSA and BSA protein 

System KSV (M-1) kq (M-1s-1) Ka (M-1) n 

5-HSA  3.9  105 6.1  1013 5.1  109 2.02 

6-HSA 1.2  105 1.9  1013 2.4  107 1.57 

7-HSA 1.5  105 2.4  1013 4.8  107 1.63 

8-HSA 3.2  104 5.1  1012 3.3  105 1.25 

5-BSA 1.9  105 3.0  1013 1.3  108 1.69 

6-BSA 1.3  105 2.1  1013 1.4  107 1.56 

7-BSA 1.8  105 2.9  1013 3.7  107 1.62 

8-BSA 2.7  104 4.3  1012 4.6  104 1.29 

 

3.3.4.2 Circular dichroic spectroscopy studies 

Circular Dichroism spectroscopy is a highly sensitive and informative 

technique for investigating changes in protein secondary structure during 
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protein-ligand interactions. As shown in Figure 3.21 and 3.22, bare proteins 

have a negative band at 235 nm attributed to n→π* transition which is 

characteristic of α-helical proteins (BSA and HSA) [19].  To examined the 

conformational changes in the secondary structure of protein after the 

interaction with complexes, recorded the CD spectra which show a decrement 

in the negative ellipticity value of the helix structure, signifying the extent of 

conformational changes in the protein structure. When the complexes interact 

with the main polypeptide chain of the proteins, it breaks their H-bonding 

networks and the protein secondary structure (BSA/HSA) is destroyed. Apart 

from that, binding induces the extent of α-helical content, which gradually 

decreases with a slight unfolding of the polypeptide chains of BSA/HSA. 

Based on the result, it is found that changes in the α–helical content percentage 

values of proteins are higher in complexes 5 and 7 than complexes 6 and 8 

because of the extra hydrophobicity factor associated with p-cymene ring. The 

result shows that α–helical content of free HSA decrease from 68.39% to 

2.61% (in the case of complex 5) and 68.39% to 3.83% (in the case of complex 

7). For BSA α–helical content decrease from 67.3% to 2.03% (in the case of 

complex 6) and 67.3% to 3.42% (in the case of complex 8). 
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Figure.3.21: BSA proteins (10 μM) Circular dichroism spectra with or without 

complex at different concentration (0-40 μM) 

 

Figure.3.22: HSA proteins (10 μM) Circular dichroism spectra with or without 

complex at different concentration (0-40 μM) 
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3.3.5 DNA binding study 

3.3.5.1 Absorption spectroscopy  

UV-visible spectroscopy is a reliable approach to knowing the interaction 

between synthesized small molecules with double-stranded DNA helix. 

Generally, upon spectroscopic titration of complexes to CT-DNA, two kinds of 

absorption spectral changes with hyperchromic (increased absorbance 

intensity) and hypochromic (deceased absorbance intensity) shifts are 

observed. The hypochromic effect arises due to DNA contraction, and 

hyperchromic shift results from conformational changes in DNA [23]. 

Complexes 5-8 display significant hyperchromic effect during spectroscopic 

titration with CT-DNA, signifying non-intercalative interaction. After 

gradually increasing the concentration of the complexes 5-8, hyperchromic 

shifts occur indicating the existence of groove or electrostatic binding (Figure 

3.23). The intrinsic binding constant (Kb) of complexes-DNA adduct was 

examined by the Benesi-Hildebrand equation.  

By using the Benesi-Hildebrand equation, the slope value of 1/(εb - εf) and an 

intercept value of 1/Kb(εb - εf) was determined by a straight line fitting. The 

value of Kb was determined by the ratio of slope to intercept (Table 3.5).  The 

intrinsic binding constant (Kb) values of all complexes range between 105-106 

M-1; which indicates a strong binding interactions with DNA. 

Moreover, the interaction between DNA and complexes 5-8 was investigated 

via the theoretical study (DFT), by calculating the energy gap of the HOMO of 

the DNA molecule and the LUMO of the complexes. It is well established that 

a higher HOMO of DNA favours transfers of ‘‘electron-cloud’’ to a low lying 

LUMO of a complex, indicating a stronger interaction between DNA and the 

complex [24]. In this regard, it could be considered that the energy of the 

LUMO and the population of the LUMO of complexes 5–8 are the key factors 

to affect DNA binding. Figure 3.24 clearly shows that order of the energies of 

the LUMOs of the complexes is: εL (8) > εL (6) > εL (5) > εL (7). The 

theoretical calculations indicate the order of interaction of complexes 5-8 with 

DNA should be 5 ~ 7 > 6 > 8. To some extent, these results are similar to the 
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obtained experimental results. However, a number of other important factors, 

such as lipophilicity, H-bonding, variation of metal ions, rotational motions 

etc., can also affect the interaction with DNA [25].  

 

Figure.3.23: Absorption titration spectra of complexes 5-8 with CT-DNA (a) 

complex 5 (b) complex 6 (c) complex 7 and (d) complex 8. Inset: Plots of 

[DNA] vs. [DNA]/εa − εf for the titration of CT-DNA with the complexes 

Figure.3.24: The molecular orbitals analysis of the optimized complexes and 

Complex 5 Complex 6 Complex 7 Complex 8
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their corresponding HOMO-LUMO energy gaps (a) complex 5 (b) complex 6 

(c) complex 7, and (d) complex 8 

3.3.5.2 Competitive fluorimetric DAPI displacement assay 

A competitive binding assay with DAPI dye was used to examine the DNA-

complexes interaction further. DAPI is a blue fluorescent dye with a phenylindole ring 

that binds to DNA minor grooves. After adding the DNA molecule into the DAPI dye 

solution, the FL intensity of DAPI dye increases approximately thirty times. 

Accordingly, the emission spectra of the DNA-DAPI solution were recorded as 

complex concentrations increased. It was noted that as the molecules of DAPI dye 

were replaced from their DNA binding sites by adding complexes 5-8, the FL 

intensity of the DNA-bound DAPI solution decreased (Figure 3.25). The Stern-

Volmer equation can be used to calculate the Stern-Volmer quenching constants (Ksv), 

apparent binding constant values (Ka), and the bimolecular quenching rate constants 

(Kq) (Table 3.5) [26]. For complexes 5-8, the calculated Stern-Volmer quenching 

constants (Ksv) are found to be in the range of 103-104, reflecting that all complexes 

have significant quenching efficiency and intense interaction with DNA. 

 

Figure.3.25: Fluorescence quenching spectra of DAPI-DNA with complexes 5-

8 (0-50 μM). 
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Table 3.5 Emissiona and absorptionb spectral data of DNA interaction with 

titled compound 

Complex KSV (M-1)a Kq (M-1S-1)a Ka (M-1)a Kb (M-1)b 

5 3.8  104 6.2  1012 5.8  105 1.8  106 

6 3.7  104 6.0  1012 5.7  105 5.6  105 

7 3.4  104 5.5  1012 4.7  107 3.7  105 

8 9.5  103 1.5  1012 4.4  103 1.3  105 

aDetermined by emission bCalculated via absorbance spectroscopy. 

3.3.6 In vitro cytotoxicity assay (MTT assay) 

The outcome of protein and DNA binding experiments stimulated the idea of 

checking the antiproliferative capability of synthesized compounds against 

various cancerous cells. The colorimetric MTT assay was used to evaluate the 

anticancer activity of all the complexes against the HeLa, A431, and MCF7 

cells line. The cytotoxic result of complexes was analyzed by using the cell 

viability curve (Figure 3.26 and Figure 3.27) and signified with the 

concentration of the complexes (0-100 μM). Compounds 5-8 show good 

cytotoxicity against the malignant cell lines. Among all complexes, 

complexes 5 and 6 show better anticancer efficacy than other complexes due to 

the presence of both chloride group and p-cymene moiety. The p-cymene 

group provides a stronger hydrophobic interaction with targeted biomolecules, 

and chloride plays a significant role in the water-halogen exchange reaction. 

Complex 5 shows low IC50 values signifying higher cytotoxicity toward HeLa, 

A431, and MCF7 cancer cell lines, respectively (Table 3.6). When tested with 

normal cell lines like HEK 293 (normal cell line), complexes 5-8 exhibit high 

IC50 values compared to cancerous cell lines, revealing significant cell 

selectivity. Interestingly complexes 5-8 exhibited a comparable range of 

inhibitory concentration (IC50) values to the commercially available cisplatin 

anticancer drug.  
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Figure.3.26: Cell viabilities curve of complexes 5-8 for respectively cancer 

cell lines (a) HeLa (b) A431 (c) MCF7 and (d) for HEK 293 (normal cell line) 

 

Figure.3.27: Cell viabilities curve of complexes 5-8 for respectively cancer 

cell lines (a) HeLa (b) A431 (c) MCF7 and (d) for HEK 293 (normal cell line) 
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Table 3.6 Invitro anticancer effacy of titled compounds aganist cancerous cell 

(HeLa, A431, MCF7) and compare with normal cell line (HEK 293) after 24 

hours incubation at 37 °C, 5% CO2   

IC50 (μM) ± SD   

Complex HeLa A431 MCF7 HEK 293 

5 <10 <10 6.48 ± 0.07 36.15 ± 0.64 

6 <10 <10 7.28 ± 0.06 43.24 ± 0.51 

7 10.65 ± 0.24 8.40 ± 0.07 15.32 ± 

0.07 

48.67 ± 0.33 

8 19.78 ± 0.35 14.31 ± 

0.06 

16.06 ± 

0.06 

49.72 ± 0.40 

Cisplatin 12.35 ± 0.26 15.61 ± 

0.09 

7.13 ± 0.09 43.08 ± 0.24  

 

3.3.7 Inhibition of cell migration 

Cell migration and invasion play a pivotal role in various biological processes, 

such as cancer growth and metastasis [27]. At a later period of cancer 

evolution, metastasis makes the disease more aggressive and difficult to 

contain. Malignant cancer cells have the potential to, migrate to non-malignant 

cells or tissues away from the primary tumour and proliferate there. Therefore, 

metastasis inhibition study is one of the vital research areas in advanced cancer 

treatment [28,29].  To evaluate compounds' effect on migration capacity, HeLa 

cells were treated with complexes 5-8 at their IC50 values and analyzed for cell 

migration with time intervals.  After 24 hr of drug treatment, treated cells 

showed little or no migration in the scratched wound region while PBS treated 

cells (without drug treatment) migrated to the scratched wound side 

significantly (Figure 3.28). Results obtained suggests that complexes 5-8 could 

reduce substantially the migratory ability of cancerous cells.  
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Figure.3.28: (a) Wound healing motility assay of HeLa untreated and treated 

cell with complexes 5-8, Image were taken at 0 and 24 h (b) Histogram of 

wound closure ratio of heal wound at 24 h (c) Measuring scale 

3.3.8 NADH Catalytic Oxidation and generation of Reactive Oxygen 

Species (ROS) 

In any biological system, reducing and oxidizing agents play an important role 

in maintaining the cell redox status for cell survival.  In several biological and 

biocatalyzed processes such as cell death and energy metabolism, one redox 

couple nicotinamide adenine dinucleotide (NADH) and its oxidized form of 

NAD+ act as the coenzyme [30]. Previously it is reported that the anticancer 

half sandwich Ir(III) and Ru(II) arene complexes can take up a hydride from 

NADH and increase the production of ROS, thereby providing a pathway to an 

oxidant mechanism of cell death [31]. To investigate similar NADH catalytic 

activity of all complexes, 100 μM NADH was incubated in a 10% MeOH + 

90% H2O solution as a control and the catalytic ability of all the complexes 5-8 

with NADH was monitored through UV-Visible spectroscopy at 298 K in 

different time intervals. Since NADH has an absorbance at 339 nm, but NAD+ 

does not show an absorbance at 339 nm, it is straightforward to observe 

NADH to NAD+ catalytic conversion at the absorbance peak at 339 nm [32]. 
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Turnover numbers (TONs) of complexes 5-8 were determined with the help of 

UV absorption spectra 15.52, 15.04, 11.64 and 10.19 are the values calculated 

for the complexes 5, 6, 7 and 8 respectively (Figure 3.29). The extent of 

conversion of NADH to NAD+ depends not only on the arene ring but also on 

the lability of the leaving group. The complexes with para-cymene ring show a 

faster conversion than the benzene ring due to the presence of the strong 

electron donating methyl substituent; therefore, complex 5 shows the most 

rapid transformation among all the complexes and possesses the highest TON 

value. It shows that th ruthenium metal center can play an important role in 

reducing the catalytic activity and conversion of NADH to NAD+, thereby 

providing a potential pathway to produce ROS and increase cancer cell death 

via an oxidant mechanism [33]. Furthermore, the capacity of all complexes to 

cause ROS generation was evaluated by treating MCF7 cells with complexes 

close to their IC50 values and using untreated MCF7 cells as a control. After 

examining the data, it was concluded that treated cells significantly increase 

the generation of ROS in MCF7 cells compared to the untreated cells (Figure 

3.30). 
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Figure.3.29: UV-visible spectra of complexes 5-8 (3 μM) react with NADH 

(100 μM) (a) only NADH (b) complex 5 (c) complex 6 (d) complex 7 (e) 

complex 8 and (f) Histogram graph of complexes 5-8 turnover numbers(TONs) 
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Figure.3.30: (a) Inverted microscopic image of ROS generation, treated and 

untreated HeLa cells through DCFH-DA fluorescence staining procedure (b) 

Fluorescence intensity graph of ROS 

3.3.8.1 Theoretical Study of NADH Oxidation 
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The probable mechanism for the oxidative conversion of NADH to NAD+ by 

Ru(II) complexes 5–8 involves the transfer of hydride from NADH to the 

Ru(II) center and the formation of the kinetically favored six membered ring 

transition state. It happens via a ring slippage mechanism, creating a vacant 

hydride coordination site. A plausible mechanism has been proposed for 

complex 5, having the best TON value (Scheme 3.2). Density-functional 

theory (DFT) calculations were used to investigate the NADH oxidation 

pathway. Figure 3.31 represents the free energy diagram of the proposed 

mechanism and all the equilibrium geometries of reaction steps. In the first 

step of the reaction, to structure A whose free energy is set as 0.0 kcal/mol as a 

reference of the reaction, one H2O molecule is added it and Cl- has been 

removed. Completion of this reaction gives the structure B and the detailed 

reaction pathways with the mechanism is shown in Figure 3.31 with the 

changes of free energy during the reactions. The equilibrium geometry of B is 

shown in Figure 3.31(b). This reaction involves a free energy change (ΔG) of 

about -40.21 kcal/mol. The next step of the reaction occurs with the addition of 

NADH to structure B, and the formation of structure C takes place by change 

of free energy (ΔG) about -2.21 kcal/mol. The equilibrium geometry of C is 

shown in Figure 3.31(c). These two reaction steps are thermodynamically 

favourable and spontaneous i.e., for the completion of these two steps, no 

additional energy is required. The next step proceeds from C to D by hydride 

transfer, and the free energy change in this step was calculated to be +12.26 

kcal/mol. In the final step, NAD+ is added to the structure D, and the formation 

of structure E takes place with the change of free energy +6.62 kcal/mol. The 

change in free energy of the last two steps is positive which means that for the 

completion of these two steps additional energy from outside is required. The 

equilibrium geometries of structures D and E are shown in Figure 3.31 (d) and 

(e), respectively. 
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Scheme.3.2: The Probable mechanism of catalytic oxidation of NADH to 

NAD+ for complex 5 
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Figure.3.31: Reaction free energy profile diagram of the proposed mechanism 

for complex 5 

3.3.9 Two-photon cell imaging study 

Due to its low cell damage, ease of dynamic observation and high resolution, 

two-photon fluorescence cell imaging has attracted interest in the biological 

and medical fields [34]. Considering the above facts, the two-photon 

fluorescent cell imaging study in cancer (HeLa) cells was also carried out. 

HeLa cells were stained and treated with complexes 5-8 close to their IC50 

values and captured the images of cell through the help of a confocal 

microscope. To correlate the imaging efficiency of synthesized compounds, 

DAPI dye was used as a positive control. After incubating HeLa cells with the 

complexes 5-8 for 24 hours, an excitation laser source of 790 nm was used to 

obtain two-photon fluorescence. The result displays significant uptake 

behaviour of complexes 5-8 into the treated cells with a bright blue emission 

and clear evidence of considerable morphological changes of nuclei, 

multinucleation and nuclear swelling together with the selective staining 

(Figure 3.32). Complexes 5-8 exhibit dual behaviour of good anticancer 

efficacy with two photon microscopic bio-imaging properties, making them 

promising candidates for cancer treatment in the future. 
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Figure.3.32: Two-photon confocal laser scanning microscopy images in HeLa 

cells (excitation at 790 nm) 

3.3.10 Dual Staining (Hoechst/PI and AO/EtBr) 

A fluorescence staining experiment with DNA binding dyes, namely Hoechst 

and PI, was done to investigate cell morphological changes during apoptosis 

after drug treatment. Hoechst dye is a cell-permeable dye that stains dead and 

live cells. In contrast, PI dye is membrane impermeable and generally 

precluded to live cells [35]. With the aid of the confocal microscopic 

technique, substantial changes were observed in the morphology of cancer 

cells after treating the cells with complexes 5-8. The non-viable cell stain 

shows apoptotic nuclei with bright blue or intense red fluorescence with 

condensed and fragmented nuclei. In contrast, untreated cells show uniformly 

light blue fluorescence, which describes no nuclear disruption (Figure 3.33a). 

For further investigation, the dual staining assay with acridine orange/EtBr dye 

(5μg/mL) was done the same way as the Hoechst/PI dye staining experiment 

(Figure 3.33b). These experiments clearly show that drugs can potentially 

trigger apoptosis in cancer cells. 
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Figure.3.33: (a) Hoechst and PI, (b) Acridine orange and EtBr double 

staining confocal microscopy images of HeLa cells after complexes 5-8 

treatment and cells without treatment as a control  

3.3.11 Molecular docking study 

A molecular docking study was performed to determine the binding sites and 

binding mode of interaction of synthesized compounds with biomolecule i.e. 

DNA and proteins (HSA and BSA). The dodecamer d(CGCGAATTCGCG)2 

(PDBID: 355D) duplex DNA sequence was employed. The cif files of 

complexes were obtained from their single crystal XRD analysis to have the 

exact conformation. To obtain the protein confirmation, the X-ray structure of 

HSA and BSA protein with PDB ID 5K2C and 3V03 were used. It clarifies 

from the docking profiles that complex 5 and complex 6 interact with the 

minor grooves region of DNA (binding energy = -8.5 kcal/mole for 5 and -8.8 

kcal/mol for 6 and molecular docked profile of complex 5 and 6 with HSA and 

BSA are situated in the deep hydrophobic region of proteins, where the 

complexes are enclosed within the cavity by the polar and charged residues of 

the amino acids (Figure 3.34). The binding of BSA (binding energy = -7.9 

kcal/mole for 5 and -7.7 kcal/mole for 6) and HSA (binding energy = -9.0 

kcal/mole for 5 and -8.0 kcal/mole for 6) were found to be interacting with free 

(a) (b)



                                                                         

  
    

 

135 

3 Chapter 

chloro groups of complexes. Vander Waals interactions and H-bonding are 

found to be the main driving forces of protein-complex interactions [36].  

 

Figure.3.34: Docking images of complex 5 with (a) DNA (b) HSA and (c) BSA 

and complex 6 with (d) DNA (e) HSA and (f) BSA 

3.3.12 Density functional theory (DFT) study 

The finite molecular model system was constructed to explore the detailed 

chemical reactions and equilibrium structures of the complexes, and this model 

system has been developed to support the experiments. The equilibrium 

structures of molecular cluster models are depicted in (Figure 3.35). The 

equilibrium transition states (TSs) the appeared during the reactions are shown 

in Figure 3.36. According to the density functional theory calculations, all the 

equilibrium structures are thermodynamically stable, and the results are 

consistent with the experimental findings. The molecular modelling of the 

reaction pathways of formation of the four arene ruthenium (II) dimer 

complexes was used to explore the chemical reaction mechanisms and to 

explain the formation of the adducts, complexes, TSs and products by 

employing the first principles-based quantum mechanical (QM) DFT method. 

Thermodynamic and vibrational frequency calculations reveal that the 

products, Complex-5, Complex-6, Complex-7, and Complex-8, formed in the 

chemical reactions are thermodynamically and energetically stable, as no 

imaginary frequency is present in the equilibrium geometries of all the stable 

complexes and adducts (A-1, A-2, A-3, and A-4) as well. The adducts A-1, A-

2, A-3 and A-4 are formed by the chemical reactions between the ligands and 

ruthenium arene dimers which are formed four complexes i.e., Complex 5, 6, 
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7, and 8, respectively, as products after completing the chemical reactions. A 

reaction between the ruthenium dimer complexes and the ligand HL formed 

the adducts, and they have been studied here to investigate the interactions 

during the initial step of the chemical reaction. To understand the chemical 

reaction mechanism, and the energy barriers in the reaction, the B3LYP DFT 

approach was used with the same level of theory to calculate the changes in 

enthalpy (∆H) and relative Gibbs free energy (∆G) in the reactions. The Figure 

3.35 shows the reaction path, in which the transition states (TSs) show are 

intermediate state between adduct and product. Here, the complex 5 was 

formed via the Transition State-1 i.e.TS-1, with the reaction barriers (∆G) 6.5 

kcal/mol computed by the DFT method. Similarly, complex-6, 7 and 8 were 

formed via Transition States TS-2, 3, and 4, with the reaction barriers (∆G) 

6.9, 6.8 and 6.7 kcal/mol respectively. The TS-1, TS-2, TS-3 and TS-4 are 

connected between the adducts (A-1, A-2, A-3 and A-4) and corresponding 

products (Complex 5, Complex 6, Complex 7, and Complex 8) as displayed in 

the figure 3.36. The barrier energies of complexes were calculated with respect 

to the adducts. The barrier energy in terms of ∆G of the complexes 5, 6, 7 and 

8 are -6.3, -5.7, -6.7 and -6.8 kcal/mol; and ∆H of the complexes are -7.0, -7.6, 

-6.24 and -7.0 kcal/mol, respectively, which indicate that the all the systems 

are thermodynamically stable. The DFT calculation presented here revels that 

the reaction pathways are energetically favourable with a small reaction barrier 

about 6.5 – 6.9 kcal/mol. 
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Figure.3.35: a) Reaction path of the [(ƞ6‐p‐cymene)RuCl2]2 and ligand, HL 

with adduct A-1, TS-1, and complex 5; b) reaction path of the 

[(ƞ6‐benzene)RuCl2]2 and ligand, HL with adduct A-2, TS-2, and complex 6; c) 

reaction path of the [(ƞ6‐p-cymene)Ru(N3)2]2, and ligand, HL  with adduct A-

3, TS-3, and complex 7; d) reaction path of the [(ƞ6‐benzene) Ru(N3)2]2 and 

ligand, HL with adduct A-4, TS-4, and complex 8 are shown here 
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Figure.3.36: Equilibrium geometries computed by the DFT method are 

presented here; a) Ligand, HL, b) [(ƞ6‐benzene)RuCl2]2, c) 

[(ƞ6‐p‐cymene)RuCl2]2, d) [(ƞ6‐benzene) Ru(N3)2]2, e) [(ƞ6‐p-

cymene)Ru(N3)2]2, f) Complex 5, g) Complex 6, h) Complex 7, i) Complex 8, j) 

TS-1 is the transition state between A1 adduct and Complex 5 product. k) TS-2 

is the transition state between A2 adduct and Complex 6 product. l) TS-3 is the 

transition state between A3 adduct and Complex 7 product. m) TS-4 is the 

transition state between A4 adduct and Complex 8 product 

3.4 Conclusions 

Four Ru(II) arene complexes have been synthesized and characterized through 

various spectroscopic techniques. The single crystal X-ray experiments 

revealed the molecular structure of the complexes with pseudo-octahedral 

geometry. The biological interaction studies of the complexes demonstrate 

significant binding of the compounds with DNA and protein (HSA, BSA). 

Through the DFT method, the interaction between DNA and complexes has 

been investigated by calculating the molecular orbitals (HOMO and LUMO) 

energy and the results found are in accordance with the obtained experimental 
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results. The in vitro anticancer efficacy of complexes 5 and 6 is found to be 

higher than complexes 7 and 8 towards HeLa, A549 and MCF7 cell lines. All 

the complexes can catalyze the oxidation of NADH to NAD+ which increase 

ROS production causing cell deaths. Furthermore, a plausible mechanistic 

pathway for the conversion of NADH to NAD+ has been explored through 

computational study (DFT) with the free energy diagram of the proposed 

mechanism and all the equilibrium geometries of reaction steps. Hoechst and 

PI dual staining were used to elaborate on the probable mechanism of cell 

death. It was observed that these complexes can exhibit their cytotoxicity 

through apoptosis. Meanwhile, complexes are found to be efficient in 

preventing cell migration which is one of the significant steps of metastasis.  
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Chapter 4 

Chitosan-Biotin Conjugated pH Responsive Ru(II) 

Glucose Nanogel: A Dual Pathway of Targeting Cancer 

Cells and Self-Drug Delivery 

4.1 Introduction 

In the world of nanotechnology, designing effective nanocarriers is a 

challenging task for drug delivery applications. These ideal nanocarriers must 

be biocompatible and biodegradable, and should have a long blood circulation 

time with a high drug-loading capacity [1,2]. To satisfy all such requirements, 

efforts are being made to customize amphiphilic polymers as effective drug-

delivery agents based on the selectivity and stability of the systems. Among the 

polymer-based systems, the development of nanocarriers, particularly nanogels 

(NGs), offers distinct advantages over micelles, dendrimers, vesicles, and 

nanoparticles due to the spacious architecture that enables the incorporation of 

a greater amount of drugs, proteins, or other bioactive molecules [3,4]. As a 

soft nanomaterial, nanogels have drawn a lot of interest in the past few decades 

in the field of medicinal chemistry. Nanogels are materials with a unique 

structure consisting of crosslinked hydrogel particles and nanoparticles that can 

release drugs in a controlled manner under specific conditions [5,6]. Nanogels, 

with the advantage of nanoparticles and hydrogels, can be helpful in various 

applications, including drug delivery and biomedicine.  Thus, these carriers 

offer a polymeric nanotechnology approach with exceptional advantages like 

high drug loading capacity, high stability, and responsiveness to a wide range 

of environmental stimuli, whereby they may contract or expand in response to 

a change in pH or temperature, resulting in the release of the drug under 

particular conditions [7].  

In this context, herein, a novel system has been synthesized for targeting 

cancer cells using nanogels loaded with ruthenium complexes containing 

glucose rings in the associated ligand. NGs have been meticulously designed 
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and synthesized by incorporating three essential components to achieve 

specific targeting of cancer cells.  

These components include mesoporous silica nanoparticles (MSNs), which 

provide: 

 High drug loading capacity. 

 Chitosan (CTS), which serves as a pH-responsive drug delivery gatekeeper. 

 Biotin, which is a ligand for targeting cancer cells. 

Drug-loaded mesoporous silica nanoparticles are employed in this approach 

due to their high pore volume, easy synthesis, simple functionalization, tunable 

pore morphologies, capability of high drug loading, biocompatibility, drugs 

protection from harsh environments, and ability to carry a variety of cargos 

within the porous core [8,9]. The use of biotin as a cancer cell-specific drug 

delivery system has shown promising results in recent studies. Biotin, also 

known as vitamin H, is an essential cellular micronutrient is crucial in various 

cellular functions, growth, and development. By utilizing biotin as a targeting 

agent, researchers have been able to deliver drugs specifically to cancer cells 

while minimizing toxicity to healthy cells. Biotin molecules are also known to 

bind favourably to the overexpressed biotin receptors of cancer cells [10,11]. 

Furthermore, the second most common polysaccharide after cellulose, 

chitosan, which can provide a variety of sites for attachment to molecules or 

ligands to target cancerous cells, is utilized here. Additionally, chitosan is 

useful in drug delivery systems due to its pH sensitivity, biodegradability, 

biocompatibility, non-toxicity, etc [12]. Chitosan can be chemically modified 

with various functional groups due to the active hydroxyl and amino groups in 

the molecular chains. Using different techniques and systems, such as alkaline 

or acidic systems, chitosan, and its derivatives have been converted into 

hydrogels with many desirable properties (Scheme 5.1). CTS acts as the 

"gatekeeper" for pH-responsive drug delivery in distinct pH environments: 

normal cells pH 7.4 and cancer cells pH 5.5. Chitosan, a natural biopolymer, 

acts as a linking agent between the MSNs and biotin by forming a bio-

conjugate [13,14].  
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In the field of chemotherapeutic metallodrugs, researchers seek alternatives to 

platinum-based chemotherapy to reduce side effects, prevent drug resistance, 

and for economic viability. Ruthenium complexes have gained attention as 

anticancer agents due to their lower toxicity and ability to mimic iron's binding 

ability to biomolecules [15,16]. NAMI-A, KP1019, and NKP-1339 are leading 

ruthenium-based candidates and have entered clinical trials for further 

evaluation [17,18].  

Keeping all the above facts in mind and continuous endeavors to develop 

ruthenium-based anticancer complexes, two ruthenium-based anticancer 

complexes have been designed and synthesized, employing a targeted ligand 

called HGluL. This ligand was obtained by the condensation of thiophene-2-

carbohydrazide with D-glucose. As Cancer cells require glycolysis to generate 

energy, so they have a higher demand for simple sugars like D-glucose [19]. It 

is well known that polar molecules cannot pass through the impermeable cell 

membrane. Hence the glucose intake is regulated by specialized membrane 

transporters (GLUT and SGLT) [20]. These transporters facilitate D-glucose 

penetration because they are overexpressed in various cancer cells. 

Additionally, it offers a way to direct therapeutic or imaging agents 

specifically to cancer cells [21,22,23]. On the other hand, thiosemicarbazones 

are organic molecules that contain a thiosemicarbazide functional group (-

C(=S)NHNH2). They have been extensively studied in medicinal chemistry 

due to their diverse biological activities, such as their antibacterial, antiviral, 

and antifungal properties [24]. Additionally, these molecules have displayed 

promising results in addressing cancer and have recently emerged as potential 

candidates for cancer therapy. Their ability to hinder tumor growth has been 

demonstrated in numerous preclinical models [25].  

The novelty of a drug-loaded nanogel delivery system lies in its ability to 

target cancer cells in a dual way, which is a unique approach in the field of 

cancer drug delivery, allowing the delivery of the drug in cancer cells with 

precision. The dual mode ensures that if the cancer cell targeting delivery 

system fails to transport the complete cargo inside the cancer cells specifically, 
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the pre-released HGluL-based ruthenium compound will also target cancer 

cells through the GLUT receptor. The above feature is crucial as it improves 

the overall selectivity of the drug towards cancerous cells, which is critical for 

effective cancer therapy.  The synthesized ruthenium(II) complexes derived 

from the ligand showed promising efficacy against various cell lines. These 

complexes were further loaded into the nanogel system for selective delivery. 

The accumulation of the drug within cancerous cells, with or without a 

delivery agent, was investigated, and morphological changes in cells were 

captured using confocal microscopy. Additionally, zebrafish culture was used 

to assess the practical applicability of the compounds and cardiac function was 

evaluated. Overall, the results demonstrate promising potential for further 

studies on nanogels loaded with ruthenium(II) anticancer agents. 

 

Scheme.4.1. Diagrammatic illustration of (a) the synthesis of Ru(II) arene 

complex-loaded NGs, and (b) the gel formation strategy through the loading of 

Ru(II) arene complexes in MSNs followed by wrapping of CTS-biotin, where 

C9: [Ru(GluL)(p-cymene)Cl] and C10: [Ru(GluL)(benzene)Cl]. 

4.2 Experimental Section 

4.2.1 Materials and methods 

Ru@MSNs

MSNs + Ru(II) 

complex

Stirr at RT

24 h, dark

Centrifuge

Ru@MSNs + 

aq. CTS-biotin

(at pH 6.0)

Stirr at RT

24 h, dark

GEL

Loading 

Ru(II)

complex

Wrap  

CTS-biotin

GEL 

Formation

a.

b.

PEG

Chitosan

(CTS)

Biotin
C9 C10

GEL
MSNs



                                                                         

  
    

 

151 

4 Chapter 

All the required chemicals were commercially accessible with highest quality 

analytical grade from Alfa Aesar and Sigma Aldrich, India.  Biological 

reagents purchased from Himedia and Sisco Research Laboratories (SRL) were 

used without purification. The specifications of all the instruments used for 

analysis purposes were the same as described in section 2.2.1 of Chapter 2. 

4.2.2 Syntheses of compounds 

4.2.2.1 Synthesis of ligand, HGluL 

To a stirred solution of D-glucose (0.54 g, 3.0 mmol) in 50 mL of methanol 

was added 2-thiophene carboxylic acid hydrazide (0.426 g, 3.0 mmol) and 0.3 

mL of 10% HCl (aq.). The reaction mixture was refluxed for 6 hr. The 

resulting clear white solution was cooled to room temperature, and the solvent 

was removed under reduced pressure. The compound was purified by 

recrystallization in the water to obtain a white-colored solid product. Yield: 

70%. 1H NMR in (400.13 MHz, 298K, DMSO-d6) δ: ppm, 10.15 (1H, s, -NH 

(1) of –CONH), 7.91 (1H, d, Th-CH), 7.39 (1H, d, Th-CH), 7.19 (1H, t, Th-

CH), 4.99 (1H, s, -NH (2)), 4.51-3.02 (11H, of glucose ring) ppm. 13C NMR 

(100.61 MHz, 298 K, DMSO-d6) δ ppm: 161.6(C=O), 138.0, 131.6, 129.0 and 

128.6 (C of thiophene ring), 91.4, 78.5,77.1, 71.4, 70.8 and 61.7 (C of glucose 

ring) ppm. FT-IR (KBr, cm-1): 3428 (ʋ(-NH)), 3299 (ʋ(-OH)), 1631 (ʋ(-C=O)), 1080 

(ʋ(-C-O-C)). ESI-MS (+ve mode): [C11H16N2O6S + H] +: 305.1 (m/z). Calcd. 

elemental analysis (%) for C11H16N2O6S: C, 43.42; H, 5.30; N, 9.21; S, 10.54. 

Found: C, 43.52; H, 5.46; N, 9.30; S, 10.56. 

4.2.2.2 Synthesis of complex C9 [Ru(η6-p-cymene)(GluL)Cl] 

Complex C9 was synthesized by the dropwise addition of MeOH: H2O 

solution of GluL (0.098 g, 0.4 mmol) in the methanolic solution of ruthenium 

p-cymene dimer (0.100 g, 0.2 mmol) and stirred it for 6 hr at room 

temperature. After that, the reaction mixture was filtered, by rotavapour the 

solvent was evaporated, and a brown-colored solid product was obtained, 

which was purified by the recrystallization method in DCM and methanol 

solution. Yield: 70%. 1H NMR in (400.13 MHz, 298K, DMSO-d6) δ: ppm, 

7.40 (1H, d, Th-CH), 7.28 (1H, d, Th-CH), 7.15 (1H, t, Th-CH), 5.82 (2H, d, 
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CH of C6H4), 5.77 (2H, d, CH of C6H4), 5.47 (1H, s, CH of glucose ring), 3.98-

3.64 (11H, of glucose ring), 2.83 (1H, sept, CH(CH3)2), 2.09 (3H, s, 

C6H4CH3), 1.18 (6H, d, CH(CH3)2), ppm. 13C NMR (100.61 MHz, 298 K, 

DMSO-d6) δ ppm: 161.6(C=O), 138.0, 131.5, 129.0 and 128.6 (C of thiophene 

ring), 106.8, 100.6, 86.8 and 85.8 (Caromatic of p-cymene), 78.2, 76.8, 71.1, 61.4 

and 48.9 (C of glucose ring), 30.4, 21.9 and 18.1 (Caliphatic of p-cymene) ppm. 

FT-IR (KBr, cm-1): 3289 (ʋ(-OH)), 1635 (ʋ(-C=O)), 1017 (ʋ(-C-O-C)). ESI-MS (+ve 

mode): [C12H29ClN2O6RuS + H] +: 575.09 (m/z). Calcd. elemental analysis (%) 

for C12H29ClN2O6RuS: C, 43.94; H, 5.09; N, 4.88; S, 7.29. Found: C, 44.02; H, 

5.19; N, 5.01; S, 7.50.  

4.2.2.3 Synthesis of complex C10 [Ru(η6- benzene)(GluL)Cl] 

Complex C10 was synthesized by the dropwise addition of MeOH: H2O 

solution of GluL (0.121 g, 0.4 mmol) in the methanolic solution of ruthenium 

benzene dimer (0.100 g, 0.2 mmol) and stirred it for 6 hr at room temperature. 

After stirring, the reaction mixture was filtered, the solution was evaporated by 

the rotavapour, and a brown-colored solid product was obtained, which was 

purified by the recrystallization method in DCM and methanol solution. Yield: 

70%. 1H NMR in (400.13 MHz, 298K, DMSO-d6) δ: ppm, 7.51 (1H, d, Th-

CH), 7.36 (1H, d, Th-CH), 7.08 (1H, t, Th-CH), 5.81-5.79 (6H, s, CH of 

C6H6), 5.10 (1H, s, CH of glucose ring), 3.58-3.38 (10H, glucose ring), ppm. 

13C NMR (100.61 MHz, 298 K, DMSO-d6) δ ppm: 161.6(C=O), 138.0, 131.5, 

129.0 and 128.6 (C of thiophene ring), 106.8, 100.6, 86.8 and 85.8 (Caromatic of 

p-cymene), 78.2, 76.8, 71.1, 61.4 and 48.9 (C of glucose ring), 30.4, 21.9 and 

18.1 (Caliphatic of p-cymene) ppm. FT-IR (KBr, cm-1): 3295 (ʋ(-OH)), 1650 (ʋ(-

C=O)), 1032 (ʋ(-C-O-C)). ESI-MS (+ve mode): [C12H29ClN2O6RuS+H]+: 519.0, 

[C17H21N2O6RuS]+: 483.0 (m/z). Calcd. elemental analysis (%) for 

C17H21ClN2O6RuS: C, 42.32; H, 4.39; N, .81; S, 6.64. Found: C, 42.52; H, 

4.49; N, 5.99; S, 6.70. 

4.2.2.4 Preparation of Nanoparticles 

The MSN-based nanoparticles were synthesized based on previous reports. 

Here, a short description has been added for the reference. 
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4.2.2.4.1 Preparation of MSNs  

Briefly, 1.0 g of CTAB and 0.28 g of NaOH were dissolved in 480 mL of 

distilled water and heated to 80°C with vigorous stirring. Next, 5.0 g of TEOS 

was added dropwise to the aforementioned solution with vigorous stirring and 

heated at 80°C for 2 h. Finally, the white precipitate obtained was washed with 

distilled water and methanol three times each and then dried under a high 

vacuum. The CTAB surfactant of the MSNs was removed with concentrated 

HCl at 80°C for 48 h. The resulting product was washed with ethanol and 

double-distilled water six times each and dried as mentioned above. The 

obtained product was denoted as MSNs. 

4.2.2.4.2 Synthesis of Drug-Loaded Ru(II)GLUL C9/C10@MSNs 

50 mg of MSN particles was added to 5 mL of C9 and C10 solution (10 

mg/mL). The mixed solution was stirred for 24 h at room temperature in the 

dark. The product was collected by centrifugation and vacuum-drying to obtain 

C9/C10@MSN particles. The loading capacity (LC) of C9 and C10 in MSNs 

was determined by the weight and UV/vis spectrophotometry methods and 

calculated with the following formula.  

For weight method: LC = (m1 - m0) / m1 

Here, m0 and m1 are the weights of MSNs before and after loading, 

respectively. 

4.2.2.4.3 Preparation of Chitosan and Biotin Conjugates (CTS-Biotin)  

Biotin-PEG-NHS was joined to CTS by conjugating NHS to the -NH2 group 

on CTS to obtain CTS-biotin. In brief, CTS (50 mg) and Biotin-PEG-NHS (10 

mg) were reacted in dry tetrahydrofuran (THF) (10 mL) at room temperature 

for 24 h and then CTS-biotin was collected by centrifugation and vacuum 

drying. 

4.2.2.4.4 Synthesis of drug loaded insitu gel formation (GC9 & GC10) 

Twenty millilitres of 2% w/v CTS-biotin acetic acid aqueous (10% v/v) 

solution was prepared, and the pH was adjusted to 6.0 with 1 M NaOH; then, 

C9/C10@MSNs was added to it and stirred for 24 h at room temperature in the 
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dark it resulted formation of gels. Thus the resulting product C9@MSNs-CTS-

Biotin (GC9) and C10@MSNs-CTS-Biotin (GC10)   were obtained. 

4.2.3 Experimental Methods 

4.2.3.1 Theoretical Study 

In order to understand the geometry of the molecules, stability of the 

compounds, and electronic communication with ligand (HGluL), for 

complexes C9 and C10, DFT calculations are carried out. Structures 

of C9 and C10 have been optimized by the generation of the expected 

structures. Both complexes have piano stool pseudo-octahedral geometry 

where three positions around Ru metal are being coordinated through arene 

rings, two sides are coordinated through bidentate ligand, and the remaining 

side is occupied by chloride. Gaussview 5.0 is utilized to generate contour 

plots for molecular orbitals of the ligand and complexes, and frontier 

molecular orbital (HOMO and LUMO) energies for all the compounds are 

calculated. 

4.2.3.2 In vitro drug release 

For determination of the drug release profile, 5 mg of GC9 and GC10 were 

suspended in 20 ml of PBS at different pH values with constant shaking at 

37˚C in a hard glass tube. At a specific time following incubation, 0.5 mL of 

the supernatant was taken out from the glass tube and the same volume of fresh 

PBS was replaced. All samples were investigated by UV-vis 

spectrophotometry.  

4.2.3.3 Cytotoxic assay 

The procedure for MTT assay is same as discussed in section 2.2.6 of chapter 

2. 

4.2.3.4 Western blotting 

The procedure was done according to previously published methods 

(10.1039/D2RA01919A). Briefly, the 4  105 HeLa cells were seeded into the 

6-well plate for 24 h. The next day HeLa cells were dealt with the C9, C10, 

GC9 and GC10 at the IC50 values for 24 h. The cell lysates were then collected 

for western blot analysis. After briefly being washed with 1X PBS, the cells 
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were lysed in the RIPA lysis buffer (1 M Tris pH 7.4, 2 M NaCl, 0.1 M EDTA, 

1 M PMSF, protease inhibitor cocktail, 100 mM DTT and 1 mM sodium 

orthovanadate, Triton-X-100, and Glycerol) and stored in -80 °C. The proteins 

were separated in 15% SDS–PAGE gel electrophoresis and then transferred to 

the nitrocellulose membrane (Bio-Rad). The membrane was blocked for 1 h at 

room temperature in 1X PBST, containing 5% of skimmed milk. Followed by 

membrane was then incubated with the primary antibody (1:1000) at 4°C 

overnight on shaking condition. Next, the membrane was incubated with HRP-

conjugated anti-rabbit/anti-mouse IgG secondary antibodies for 2 h at room 

temperature. The membrane was developed using standard chemiluminescent 

substrate (BioRad) and images were captured on a Fusion Solo S chemidoc 

system (Vilber). β-actin was applied as a loading control. Band intensities were 

measured using Image J software (NIH) with respect to β-actin. 

4.2.3.5 In vitro cellular uptake by ICP-OES analysis 

For quantitative analysis of cellular uptake HeLa and HEK293 cells were 

seeded in 10 cm dishes with 106 cells in 10 ml PBS solution and allowed to 

attach for 24 h. The cells were then treated with complex C9 and C10, 

nanogels GC9 and GC10 at 10 µM for 4 h at 37°C in CO2 incubator. At the 

end of the incubation, the collected cells were digested with mixed acid 

(HNO3:HClO4 = 3:1) for 2 h at 180 °C. Then the concentration of ruthenium in 

the cells was examined with inductively coupled plasma optical emission 

spectrometry (ICP-OES) analysis. The uptake in cancer and normal cells was 

expressed as the amount of Ru (µg). 

4.2.3.6 Reactive Oxygen Species (ROS) generation 

The procedure for generating reactive oxygen species (ROS) is identical to the 

one outlined in section 2.2.7 of chapter 2. 

4.2.3.7 Hoechst staining assay 

HeLa cancer cell line were plated at a density of 5×104 in 6-well plates. They 

were allowed to grow at 37°C in a humidified CO2 incubator until they were 

70-80% confluent. Then cells were treated IC50 concentration of synthesized 

compounds for 24 h. The culture medium was aspirated from each well and 
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cells were gently rinsed thrice with PBS at room temperature. Then equal 

volumes of cells from control (untreated) were mixed with 10 µL Hoechst 

33258 dye. Finally, the compounds and dye-treated cells were viewed 

immediately with a confocal microscope: excitation 340 ± 20 nm for the blue 

channel.  

4.2.3.8 Dual staining assay with Acridine orange and EtBr 

To validate the nucleus morphology, an AO/EtBr staining procedure was 

conducted. The 5×104 HeLa cells were placed on six-well plates (Nest; USA). 

The cells were treated with the corresponding IC50 concentration of the 

synthesized compounds followed by incubation for 24 h.  After the incubation 

period treated cells were stained with the acridine orange and ethidium 

bromide dye with concentrations of 5 and 3 μg/mL, respectively, followed by 

incubation for 15 min at 37°C and washing with PBS thrice. The fluorescence 

was viewed with the help of Fluoview FV100 (OLYMPUS, Tokyo, Japan) 

confocal microscope using appropriate filters.  

4.2.3.9 Wound healing assay 

The procedure for wound healing assay is identical to the one outlined in 

section 3.2.7 of chapter 3. 

4.2.3.10 In vivo assessment using zebrafish embryos 

4.2.3.10.1 Zebrafish Husbandry 

Wild type Zebrafish (Danio rerio) was maintained in a 14:10 light: dark cycle 

under optimum conditions at 28°C. The experiments were performed under the 

guidelines of the institutional bioethical committee and complied with the 

ARRIVE guidelines following the U.K. Animals (Scientific Procedures) Act, 

1986 and associated guidelines. The adult zebrafish were bred in a breeding 

tank and the embryos were collected. 

4.2.3.10.2 Zebrafish toxicity studies 

The embryos were exposed to different concentrations (10, 25, 50, 100, 200, 

400, 800, 1200, and 1600 µM) of GC9 and GC10. The mortality, hatching 

rate, morphology, and heartbeat rate were observed till 72 hours 

postfertilization (hpf) according to the OECD guidelines. Any developmental 
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changes, such as deformities in the tail, spine, edema, and change in the 

heartbeat, were observed using a stereo microscope. Working standards of the 

solutions were prepared using distilled water and diluted in an E3 medium. 

Statistical analysis was performed using Origin 8 for determination of LD50 

values 

4.2.3.10.3 Heartbeat analysis of the zebrafish embryos 

The heartbeat of the zebrafish larvae was analyzed at 48 hpf, and the 

percentage change in a heartbeat was calculated with respect to 

control. GC9 and GC10 were incubated to check the influence of the 

compounds on heartbeat rate when compared to the control. 

4.2.3.10.4 Differential AO/PI apoptosis staining assay 

AO/PI double staining was performed at 96-hpf on the embryos exposed to 10, 

25, 50, 100, 200, 400, 800, 1200 and 1600 µM of GC9, and GC10. Briefly, 

zebrafish embryos were incubated with 10 µg/mL AO and 10 µg/mL PI for 15 

min in the dark. Then they were washed three times with an E3 medium and 

visualized using a stereo microscope. AO: acridine orange. 

4.3 Results and discussion 

4.3.1 Preparation and characterization of glucose-based Ru anticancer 

drug and delivery systems 

Glucose is a naturally occurring and abundant sugar in the human body, which 

makes it an ideal choice as a ligand for targeting glucose transporters, such as 

GLUT. These transporters are responsible for the glucose uptake from the 

bloodstream into cells, and their dysregulation is linked to various diseases, 

including diabetes and cancer. Glucose-based ligands are designed to mimic 

the structure of glucose, allowing them to bind to the GLUT transporter with 

high affinity and specificity. This enables them to selectively target cells that 

overexpress GLUT transporters, such as cancer cells. Therefore, in this 

Chapter a new water-soluble glucose-based ligand named HGluL is 

synthesized and characterized. The ligand was prepared through the 

condensation of 2-thiophenecarbohydrazide and D-glucose in ethanol, using an 

acid catalysis method (Scheme 4.2) [26].  
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Scheme 4.2. Synthesis of Glucose ring conjugated ligand (HGluL). 

The monomeric Ru(II) complexes (C9: attached to p-cymene, and C10: 

benzene substitution) were obtained upon refluxing the ligand (HGluL) in 

presence of Ru(II) dimer of either p-cymene or benzene (Scheme 4.3). 

 

Scheme 4.3. Synthesis of Glucose ring conjugated Ru(II) arene complexes. 

Both complexes are soluble in DMSO, acetone, methanol, DMF, 

dichloromethane, chloroform, acetonitrile, and benzene. They are found to be 

hygroscopic, and light brown in color. The HGluL and the corresponding 

complexes C9 and C10 were characterized using various analytical techniques, 

including ESI-MS, NMR, elemental analysis, FTIR, and UV-vis. Further, the 

theoretical DFT study was used to validate the structure and geometry of the 

ligand and complexes. In the 1H NMR spectrum of ligand, peaks between 7.91-

7.19 ppm show the presence of a thiophene ring [27], the peaks between 4.99-

3.02 ppm display the existence of resonating glucose ring, and the signal at 

10.1 ppm exhibit presence of -NH. Likewise, the proton signals between 5.82-

5.77 display the presence of p-cymene ring and 2.83, 2.09, and 1.18 ppm for 

the side chain of p-cymene ring and 5.97-5.79 the benzene ring in the 
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corresponding complexes C9 and C10 [28]. From the mass spectroscopic data 

analysis, the molecular peaks of synthesized compounds were observed, 

confirming the formation of the desired products.  Ligand shows band at 3428 

and 3299 cm−1 for ʋ(-NH) and ʋ(-OH), and at 1631 and 1080 cm−1 for ʋ(-C=O) and 

ʋ(-C-O-C), respectively [29]. In complex C9 and C10, the band at 3428 cm−1 ʋ(-

NH) disappeared, which shows that Ru metal gets coordinated through the N, 

S-donor sites of the ligand in a bidentate manner and validates the structures of 

the complexes. The absorption spectra of three compounds, namely HGluL, 

C9, and C10, were recorded in a DMSO solution. The ligand exhibited a single 

absorption band at 265 nm, indicating the promotion of an electron from a non-

bonding orbital to a higher energy level (n-π*). On the other hand, the metal 

complexes C9 and C10 showed two distinct absorption bands at 260 nm and 

375 nm. The higher energy absorption band at 375 nm is attributed to a metal-

to-ligand charge transfer (MLCT) transition, where an electron is transferred 

from a metal d-orbital to a ligand π*-orbital (Figure 4.1- Figure 4.10).  

 

Figure 4.1: 1H NMR Spectra of ligand GluL in DMSO-d6 (400.13 MHz, 298K) 



                                                                         

  
    

 

160 

4 Chapter 

 

Figure 4.2: 1H NMR Spectra of complex 9 in DMSO-d6 (400.13 MHz, 298K) 

 

Figure 4.3: 1H NMR Spectra of complex 10 in DMSO-d6 (400.13 MHz, 298K) 
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Figure 4.4: 13C NMR Spectra of ligand GluL in DMSO-d6 (400.13 MHz, 

298K) 

 

Figure 4.5: 13C NMR Spectra of complex 9 in DMSO-d6 (400.13 MHz, 298K) 
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Figure 4.6: 13C NMR Spectra of complex 10 in DMSO-d6 (400.13 MHz, 298K) 

 

Figure 4.7. ESI-MS data for ligand (HGluL) at room temperature. 

 

Figure 4.8. ESI-MS data for complex C9 at room temperature. 
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Figure 4.9. ESI-MS data for complex C10 at room temperature. 

 

Figure 4.10. (a) FTIR Spectra and (b) UV-vis spectra of ligand (HGluL), C9 

and C10. 

Furthermore, the structure and geometry of the complexes were optimized 

through DFT studies. The geometry of both complexes is found to be pseudo-

octahedral, and the arene fluxional π-bonded ring occupies three coordination 

positions., The GluL occupies the other two coordination sites in complexes 

C9 and C10 via N, S chelation, and the chloro ligand takes up the sixth 

coordination position (Figure 4.11). Estimated bond lengths and angles are 

described in Table 4.1 for synthesized compounds. 

For biological studies, the stability of the compounds was examined in DMSO, 

considering its wide use for preparing metal complex stock solutions. The 

stability of complexes was confirmed through 1H NMR in DMSO‑d6 over 48 

hrs, with time intervals of 0, 24, and 48 h; this showed no significant change in 

the 1H NMR peaks for either complex (Figure 4.12). 

Complex 9

Complex 10

Complex 9

Complex 10
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Figure 4.11. Geometry optimized structure of (a) HGluL, (b) C9, and (c) C10. 

The Stuttgart/Dresden (SDD) basis set and effective core potential were used 

for the Ru atom, and 6-311 G* basis set was applied for H, C, O, N, S, and Cl. 

(d) Calculated frontier molecular orbitals viz HOMO and LUMO of HGluL, 

C9, and C10 (Isovalue = 0.04).  
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Table 4.1. Selected bond lengths (Å) and bond angles (°) for Ligand (HGluL), 

C9 and C10 (calculated data). 
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Figure 

4.12. Time dependent stability study of (a) complex 9 (b) complex 10 at 

different time interval 0 h, 24 h and 48 h.  

The synthesized ruthenium(II) complexes have been tested for their anticancer 

properties against different cancer cell lines. It was observed that both 

compounds could show significant cytotoxicities (vide infra). In order to 

achieve targeted delivery of the newly synthesized compound for cancer 

treatment, a composite system consisting of three key components: complex-

loaded mesoporous silica nanoparticles, chitosan act as a pH-responsive drug 

delivery gatekeeper, and biotin act as a cancer cell-targeting ligand is 

developed. Interestingly, this system formed a drug-loaded nanogel, 

presumably due to the chemically crosslinked hydrogen bonding and 

electrostatic interaction between the encapsulated glucose moiety of the 

complexes and the amine group of chitosan. To confirm the specificity of the 

developed system, similar experiments was performed separately with Ru-

arene-dimer, only the ligand HGluL, and our previously synthesized 

ruthenium complexes. However, it was found that gel not formed with these 

compounds, except for HGluL, which formed a runny gel with low 

mechanical strength (Figure 4.13). Our results suggest that our composite 

system is highly specific for gel formation. 
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Figure 4.13. Digital images of Gel formation of a. reported Ru complex (not 

forming gel) b. ligand HGluL (runny gel formed) c. Ru-dimer (not forming 

gel). 

The delivery systems are characterized by various analytical methods, such as 

SEM, BET, TGA, UV-vis, XPS, and gel formation is confirmed by the 

rheological study. Drug-loaded nanoparticles and the formation of gels can be 

clearly seen by FE-SEM analysis. The uniform sheet-like morphology of the 

gels is observable by SEM. Moreover, SEM images of nanogels display 

embedded drug-loaded nanoparticles at a 100 nm scale. HR-TEM images were 

utilized to confirm the presence of drug-loaded nanoparticles within the gels. 

Further, the elemental composition in drug-loaded nanoparticles is verified 

using EDS analysis and mapping study (Figure 4.14-Figure 4.15). 

 

Figure 4.14. FE-SEM images of NGs: (a) GC9 at 10 μm, and (b) magnified 

range of GC9 at 100 nm. (c) HR-TEM image of GC9. (d) EDS analysis (e) 

mapping data of C9@MSNs, showcasing the elemental composition. 

a. b. c.

b.

Element Weight (%) Atomic (%)

C 22.32 37.67

N 6.97 8.20

O 33.33 38.01

Si 19.96 10.82

S 2.47 1.35

Cl 5.34 2.63

Ru 9.61 1.32

a.d. e.
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Figure 4.15. FE-SEM images of NGs: (a) GC10 at 10 μm, and (b) magnified 

range of GC10 at 100 nm. (c) HR-TEM image of GC10. (d) EDS analysis (e) 

mapping data of C10@MSNs, showcasing the elemental composition. 

Surface area calculations of drug-loaded nanoparticles and nanogels were 

performed using the obtained measurements from the BET isotherm. The 

surface area decreased considerably from 965.7m²/g (MSNs) to 885.0m²/g 

(C9@MSNs) and 104.1m²/g (GC9) in case of C9, and to 909.5 m²/g 

(C10@MSNs) and 347.3m²/g (GC10) for C10, respectively. Similar to this, 

the pore volumes in BET also decreased from 1.88 cm²/g (MSNs) to 1.76 

cm²/g (C9@MSNs) and 0.31 cm²/g GC9 for C9 and to 1.81 cm²/g 

(C10@MSNs) and 1.00 cm²/g GC10 in case of C10, respectively (Figure 4.16-

Figure 4.17). The result demonstrates that drug-loaded nanoparticles (C9 and 

C10) have been successfully loaded into a gel matrix. This is significant 

because it suggests that the nanoparticles can be used as a drug delivery 

system, where the gel matrix can provide a sustained release of the drug over 

time.  

10 μm 100 nm 50 nm

a. b. c.

d. e.
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Figure 4.16. N2 adsorption isotherms of (a) MSNs, (b) C9@MSNs, (c) 

C10@MSNs, (d) GC9 and, (e) GC10. 

 

Figure 4.17. Pore size distribution curve analyzed by BET method for (a) 

MSNs, (b) C9@MSNs, (c) C10@MSNs, (d) GC9, and (e) GC10. 

By using FTIR spectroscopy, the successful encapsulation of complexes was 

further verified. Si-O-Si antisymmetric vibration band of MSNs has been 

found in the range of 1065-1092 cm-1, whereas biotin's carboxylic C=O 

stretching vibration has been observed around 1621 cm-1 [30]. Besides, three 

new bands of GC9 and GC10 in the region of 2033-2043 cm-1, 1498-1546 cm-

1 and, 1636-1641 cm-1 were ascribed to C-H and C=C stretching vibration on 

benzene and cymene, and C=O stretching present in the complexes. 

Additionally, the UV-vis peaks in GC9 and GC10 at 260 nm and 378 nm, 

a. b. c.

d. e. f.

a. b. c.

d. e.
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respectively, reveal the characteristic peaks for complexes C9 and C10, 

supporting the successful drug loading in the core. TGA profile of drug 

delivery systems demonstrates that up to 150 °C, drug delivery systems are 

thermally stable, and no significant weight loss occurred other than the 

removal of water molecules that have adhered to surfaces. Further verification 

of these findings was carried out using X-ray photoelectron spectroscopy 

(XPS), which offers details on the valence state of metal ions, stereochemical 

configurations, and multiplicity of electrons. The XPS data of GC9 and GC10 

demonstrate that C9 and C10 were successfully loaded inside the NGs. All the 

elements found in the NGs are identified by XPS spectra from the XPS survey. 

The presence of -N-H is confirmed with a peak at 401.0 eV in N1s, and the 

presence of -C=O with a peak at 531.0 eV in O1s, and C=C at 284.3 eV in 

C1s, respectively. Similarly, Ru 3d5/2 (Cl), and Ru 3d5/2 give the HRD-XPS 

peaks at 282.4/283.8 eV, and 282.0/283.1 eV for GC9 and GC10, respectively, 

which reveal the presence of Ru-Cl and Ru-N in the NGs [31]. All of these 

results also support the successful drug-loading into the NGs (Figure 4.18-

Figure 4.20). 

 

Figure 4.18. (a) FTIR spectra of MSNs, CTS-Biotin, GC9, and GC10. (b) 

TGA graph in the temperature range of 0-800 oC of synthesized compounds. 

(c) UV-vis spectra of MSNs, CTS, C9, C10, GC9, and GC10 in PBS at 

pH~7.4. 

a. b. c.
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Figure 4.19. X-ray photoelectron spectroscopic (XPS) analysis of drug 

delivery systems (NGs). Representation of XPS survey spectra of (a) GC9, and 

(b) GC10, respectively. High resolution deconvoluted XPS spectra of (c) C1s 

(d) O1s, (e) N1s, and (f) Ru 3d3/2, and Ru 3d5/2 in case of GC9. 

 

Figure 4.20. High resolution deconvoluted XPS spectra of (a) C1s, (b) O1s, (c) 

N1s, and (d) Ru 3d3/2, and Ru 3d5/2 in case of GC10. 

4.3.2 Rheology Study for confirmation of gels formation 

It is essential to understand the mechanical strength of the material to evaluate 

the rigidity of the material for potential applications, so rheological 

a. b.

c. d.
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experiments have been performed. The average storage modulus (G′) in GC9 

and GC10 was found to be 520 Pa and 553 Pa, respectively, higher than the 

loss modulus (G′′), indicating moderate gel strength. There is no crossover 

point found for either gel. in the experiment, the gel had a higher dynamic 

frequency sweep storage modulus (G') than loss modulus (G"), demonstrating 

the viscoelastic nature of the material. The rigidity of the gel was demonstrated 

by G' - G" values that were positive over the entire sweep range (Figure 4.21). 

 

Figure 4.21. (a) Linear viscoelastic graph, (b) time-oscillation strain-sweep 

experiment, and (c) dynamic frequency sweep of GC9. (d) Linear viscoelastic 

graph, (e) time-oscillation strain-sweep experiment, and (f) dynamic frequency 

sweep of GC10. ‘■’ and ‘●’ denote the storage modulus (G'), and loss modulus 

(G''), respectively. 

4.3.3 Solvent dependency of nanogels formation  

Gels are formed due to weak interactions, such as hydrogen bonding and - 

stacking, that can be easily changed by exposing them to different conditions 

or solvent systems. As a result, the nature of the gel formation was assessed in 

the presence of various solvent systems. In this work, the gelation was 

investigated with respect to the common laboratory solvents. Here, seven 

different solvent systems (10% DMSO, 10% ethanol, 10% DMF, 10% ACN, 

100% water and 100% acetic acid with respect to gel formation solvent 10% 

acetic acid) were used to check the gel formation in similar conditions. It was 

noticed that gel gets formed only with the 10% aqueous acetic acid solution. It 
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observed that some solvent systems, such as 100% acetic acid and 10% 

ethanol, show colloidal solution, but other solvent systems show transparent 

solution except pure aqueous solution in which compounds settled down in the 

bottom. Therefore, it was concluded that the formation of gels depends on the 

solvent systems (Figure 4.22).  

 

Figure 4.22. Digital images of nanogel formation captured by a handheld 

camera under different solvent conditions. 

4.3.4 Effect on NADH catalytic activity 

In various biological processes, the pair of coenzymes NADH/NAD+, the 

reduced and oxidized form, play a very significant role in maintaining the cell 

redox status for its survival. The substantial changes in the equilibrium 

between the reduced and oxidized form of coenzymes (NADH/NAD+) alter the 

redox balance of the cell and affect the metabolism, which causes the cell to 

malfunction. With the help of catalysts, disrupting this intracellular redox 

balance in cancer cells can offer an alternative path for cancer treatment. 

Earlier studies have shown that half-sandwich Ru(II) and Ir(III) anticancer 

complexes can take a hydride from NADH that can promote the production of 

ROS, opening a pathway to an oxidation mode of action [32]. With the help of 
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UV-vis spectroscopy, the catalytic ability of C9 and C10 was investigated with 

the incubation of 100 μM NADH. The NADH shows one absorption band at 

339 nm, but after the addition of C9 and C10 (3 μM), the band at 339 nm 

gradually disappeared with time (0→210 min), which suggests the conversion 

of NADH to NAD+. TON values were calculated through time-dependent 

absorption spectra and the values were found to be 17.4 and 15.4 for C9 and 

C10, respectively. These TON values suggest that ruthenium complexes C9 

and C10 have the capability to reduce the NADH and convert it into NAD+. It 

can disrupt the NAD+/NADH equilibrium and offer a potential pathway to 

generate ROS and enhance the killing of cancer cells by an oxidative 

mechanism of action [33] (Figure 4.23). 

 

Figure 4.23. UV-vis spectra of the mixture of Ru(II) complex (3 μM), and 

NADH (100 μM) in PBS buffer at pH~7.4. (a) Self-catalysis of NADH in 

absence of C9 and C10. (b) Time-dependent absorption spectra of NADH 

catalysis in presence of C9. (c) Linear curve fitting of NADH absorption 

maxima at 339 nm in presence of C9. (d) Time-dependent absorption spectra 

of NADH catalysis in presence of C10. (e) Linear curve fitting of NADH 

C9 C10
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absorption maxima at 339 nm in presence of C10. (f) The histogram 

representing the turnover numbers (TONs) of NADH catalysis by C9 and C10. 

5.3.5 Anticancer activity of core complexes and drug loaded nanogel  

To evaluate the antiproliferative effect of complexes (C9 and C10) and 

the loaded NGs on cancer cells and normal cells, three cancer cell lines HeLa, 

MCF7, A431, and a normal cell line HEK 293, were taken and treated 

with C9 and C10 and drugs loaded nanogels for 24 hrs. The outcomes 

demonstrated that both drug-loaded nanogels exhibit higher cytotoxicity than 

the free complexes C9 and C10. The IC50 values of C9, 

C10, GC9 and GC10 were recorded as 15.01 ± 0.73, 24.05 ± 0.56, 7.50 ± 

0.45, and 10.17 ± 0.62 μM against HeLa cell, respectively, 15.52 ± 0.35, 23.92 

± 0.29, 10.61 ± 0.38 and 12.53 ± 0.34 μM against MCF 7 cell line respectively, 

and for normal cell line (HEK 293) IC50 values were 51.32 ± 0.63, 48.98 ± 

0.63, 60.29 ± 0.32 and 58.60 ± 0.57 μM respectively (Figure 4.24 and Table 

4.2). The results indicated that drug-loaded cancer cell targeting nanogels, 

GC9 and GC10 showed higher cytotoxicity against cancer cell lines and lower 

cytotoxicity against normal cell lines due to the presence of cancer cell 

targeting biotin component in the gel, which can easily get recognized by 

cancer cells via integrin receptors that overexpressed in cancer cells. It can be 

concluded that the strategically designed cancer cell targeting nanogels 

enhanced the efficacy of C9 and C10 while encapsulated in gel matrices 

containing biotin components. 
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 Figure 4.24. IC50 values of various cancer cells after the treatment of C9, 

C10, GC9, GC10, and positive control viz cisplatin. A temperature of 37 °C 

and 5% CO2 were thoroughly maintained during 24 h of incubation period. 

The histograms represent the IC50 values of the treated: (a) HeLa cervical 

cancer, (b) MCF7 breast cancer, (c) A431 epidermoid cancer cell, and (d) 

human embryonic HEK-293 kidney normal cell lines. 

Table 4.2. IC50 values of complexes and NGs (GC9 and GC10) against cancer 

cell line as well as normal cell line. 

System IC50 (μM) 

HeLa MCF 7 A431 HEK 293 

Complex 9 

(C9) 

15.01 ± 

0.73 

15.52 ± 

0.35 

30.20 ± 

0.35 

51.32 ± 

0.63 

Complex 10 

(C10) 

24.05 ± 

0.56 

23.92 ± 

0.29 

30.46 ± 

0.56 

48.98 ± 

0.63 

GC9 7.50 ± 

0.45 

10.61 ± 

0.38 

12.42 ± 

0.41 

60.29 ± 

0.32 

GC10 10.17 ± 

0.62 

12.53 ± 

0.34 

18.86 ± 

0.36 

58.60 ± 

0.57 
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Cisplatin 11.04 ± 

0.51 

14.99 ± 

0.39 

21.87 ± 

0.33 

41.88 ± 

0.25 

 

4.3.6 Drug loading capacity and pH-mediated drug release study 

The critical factors determining the drug activity of nanogels are drug loading 

capacity and release behaviour. The drug loading capacities of GC9 and GC10 

are approximately 39.1% (19.5 mg/50 mg) and 35.9% (17.9 mg/50 mg), 

respectively, according to the weight measurement method. The investigation 

of pH-mediated drug release behavior is crucial for the development of 

effective drug delivery systems.  In this study, the release behavior of drug-

loaded nanogels GC9 and GC10 was examined in different pH environments. 

The nanogels were suspended in PBS at pH values 7.4 and 5.5 to mimic the 

normal tissue environment and tumor microenvironment, respectively. 

The results presented in Figure 4.25a, indicate that the release ratios of both 

nanogels in acidic environments pH 5.5 are almost identical, with both 

releasing approximately 12.9% of their contents within the first six hours. The 

release amount quickly rises over time, reaching 76.8% and 73.4% for C9 and 

C10, respectively, at 96 hours. In neutral environments with a pH of 7.4, the 

release rates of C9 and C10 from a nanogel system were found to be 22.2% 

and 20.2%, respectively, over a period of 96 hours. The different release 

behaviours of nanogel systems under neutral and acidic conditions were 

possibly caused by the wrapping of pH-responsive biopolymer CTS. The 

stability of CTS in neutral conditions allows for the encapsulation of drugs 

within the system, protecting them from degradation and improving their 

bioavailability. However, the protonation of amino groups in acidic conditions 

can cause to trigger drug release at specific sites. This pH-responsive behavior 

has been exploited to develop targeted drug delivery systems that release drugs 

only at the desired location, minimizing side effects and maximizing 

therapeutic efficacy. In this case, the conformation of CTS was transformed, 

and subsequently, rapid leaking of the complexes from the delivery system was 

observed [34]. As a result, the release of C9 and C10 from nanogels is found to 
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be pH dependent, with lower pH values providing more release of the cargo 

from gel system. However, it should be noted that under acidic and neutral 

conditions, nanogels demonstrate a distinct capacity for controlled release. 

Because of the hydrogen bonds between complexes and the remaining amino 

groups on the surface of the nanoparticles, C9 and C10 were released from the 

nanogel system more quickly when the pH was acidic. The amino groups were 

protonated in an acidic environment, causing the hydrogen bonds to break and 

the release of C9 and C10 occur more quickly. The above results showed that 

the nanogel system could control the release of complexes in an acidic 

environment, demonstrating the feasibility of controlling the release of drugs 

around tumour tissues but not in normal cells because of the pH differences. 

These results help to hypothesize that the pH-responsive drug release 

behaviour endowed the nanogels with significant anticancer drug delivery 

properties (Figure 4.25). 

4.3.7 In vitro cellular uptake study 

A drug to act as a cytotoxic agent must cross the cell membrane, which is 

composed of lipids and various proteins that control the substances that can 

enter the cell. Subsequently, cellular uptake is crucial for a targeted and 

efficient mode of treatment. Complexes have two pathways for entering the 

cell: endocytosis and active transport, both of which require energy for their 

processes. Complexes can also enter the cell through passive and facilitated 

diffusion, which does not rely on cellular energy [35]. This innovative 

approach of using target-based drug-loaded carriers has shown great potential 

in cancer treatment. By specifically targeting the overexpressed integrin 

receptor in cancer cell membranes, these carriers can increase the cellular 

uptake of drugs through an active transport process. This Chapter investigates 

the cellular uptake patterns of newly synthesized complexes, C9 and C10, 

along with biotin-conjugated nanogels loaded with a drug targeting cancer 

cells, GC9 and GC10. For the cellular uptake of these complexes in both 

breast cancer cells (MCF7) and normal cells (HEK 293) is studied by 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The 
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experimentally obtained values are found to be 0.324, 0.326, 0.372, and 0.360 

in MCF7 cancer cells and 0.058, 0.072, 0.040, and 0.045 μg/106 in HEK 293 

normal cells for C9, C10, GC9, and GC10, respectively (Figure 5.25b). 

Compared to normal cell viz HEK-293, cancer cell viz MCF7 were found to 

have higher intracellular ruthenium concentrations of synthesized compounds. 

Additionally, the results demonstrated that both nanogels, GC9 and GC10, 

showed higher uptakes in MCF7 with respect to the core complexes C9 and 

C10 in the cancer cells. Interestingly the trends are found to be reversed in the 

normal cell line. From the above observation, it is concluded that biotin-

conjugated targeted nanogels selectively deliver more drugs inside the 

cancerous cells than normal cells, which makes them potential candidates as 

drug-delivering agents for the cancerous cells.  

 

Figure 4.25. (a) Drug release profile of nanogels measured via UV-vis 

analysis under different pH environments. (b) Cellular uptake profile of C9, 

C
1

C
2

G
C
1

G
C
2

0.0

0.1

0.2

0.3

0.4

0.5

C
e
llu

la
r 

u
p
ta

k
e

 (


g
/1

0
6
c
e
lls

)

 MCF7

 HEK-293

a. b.

c.

0 20 40 60 80 100

0

20

40

60

80

100

R
e
le

a
s
e
d
 C

o
m

p
le

x
 (

%
)

Time (h)

 GC1 at pH 7.4 

 GC2 at pH 7.4 

 GC1 at pH 5.5

 GC2 at pH 5.5



                                                                         

  
    

 

180 

4 Chapter 

C10, GC9, and GC10 in MCF7 cancer, and HEK-293 normal cells. (b) 

Illustrating drug release mechanism from NGs to cancer, and normal cells. 

4.3.8 Protein immunoblotting assay 

To better assess the actual mechanism of cancer cell deaths mediated by 

synthesized compounds, the expression level of apoptotic proteins associated 

with apoptosis was analyzed by western blotting. The expression level of 

cleaved caspase-3 was examined. The intrinsic and extrinsic pathways play an 

essential role in activating the caspase cascade, a common characteristic 

biological feature during apoptosis [36,37]. After exposing the HeLa cells to 

synthesized compounds for 24 hr at their close to IC50 values, western blot 

results showed the cleavage of caspase-3. On the other hand, the expression 

level of anti-apoptotic protein BCL-XL was markedly inhibited by the C9, 

C10, GC9, and GC10. It is interesting to note that C9 encapsulated in the gel 

exerted the lowest IC50 value among the tested compounds and even with the 

lower concentration the caspase-3 cleavage and BCL-XL inhibitory activity of 

GC9 was not different from the C9, which suggests encapsulation of C9 in the 

gel resulted into the improved biological efficacy of the complex. Taken 

altogether, obtained results exhibited that the apoptosis in HeLa cells mediated 

by C9, C10, GC9, and GC10 occurred through the caspase-dependent 

pathway (Figure 4.26). 
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Figure 4.26. Representation of Western blotting experiments to examine the 

expression levels of proteins associated to apoptosis (e.g., BCLXL and Cleaved 

caspase-3) in HeLa cancer cells. The IC50 concentrations were used to perform 

the blotting experiments, such as C9 (15.01 μM), C10 (24.05 μM), GC9 (7.50 

μM), and GC10 (10.17 μM) exposing through a period of 24 h. 

4.3.9 Metastasis Inhibition Assay 

Malignant tumor cells can migrate and survive in non-malignant tissue and 

affect normal cells also, which causes a severe problem in the treatment of 

cancer [38]. Therefore, inhibition of migratory cells plays a vital role in 

chemotherapeutic drugs in the treatment of metastatic cancer. A study of the 

anti-metastatic potential in terms of the anti-migratory effect of drugs is 

extremely helpful in this regard. Thus, the anti-migration ability of synthesized 

compounds in MCF7 cancer cells was evaluated using a wound-healing assay. 

Results show that the treated cells reduced the migratory effect of cancer cells, 

whereas control cells (untreated) fill the space of the created wound. The 

wound closure ratios are 16.6%, 26.4%, 6.6%, and 7.8% for C9, C10, GC9, 

and GC10, respectively, while for untreated cells wound closure ratio is 75%. 

The outcome demonstrates that the compounds under consideration have the 
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potential to affect cancer cell metastasis, which is useful for cancer therapy 

(Figure 4.27).  

 

Figure 4.27. (a) Depiction of wound healing assay in MCF7 cancer cells 

having incubation period of 24 h. Control experiment represents the wound 

closure without treating any compound. (b) Histogram summarizing the 

percentage wound closure ratio of treated and untreated MCF7 cancer cells. 

4.3.10 ROS production in cancer cells  

Reactive oxygen species (ROS) production plays a crucial role in various 

biological processes, including controlling the proliferation of cells, cellular 

apoptosis, and the mechanism of cell death. Cancer cells generate more 

spatially concentrated ROS than normal cells, stimulating the cell signaling 

pathways required for cellular transformation and carcinogenesis.  Increased 

oxidative stress in cancer cells is caused by excessive ROS production and low 

levels or deactivation of antioxidant machinery. The ability of tumour cells to 

control the expression of endogenous antioxidant enzymes prevents the steady 

level of ROS from rising above the critical level, which would otherwise result 

in tumour cell death. However, nanogel-based targeted chemotherapy may be 

an effective way to increase anticancer efficacy for cancer cell death. Here, 

HeLa cells were treated and incubated with complexes and nanogels (at 10 

μM) for 24 hours. The production of ROS was determined through the DCF-

C9 C10 GC9 GC10
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DA assay, and the result shows the excessive production of ROS. This 

indicates that one of the reasons for cancer cell death while being treated with 

anticancer drugs is the overproduction of ROS, which leads to apoptosis 

(Figure 4.28a). ROS formation appears when the two acetate linkages of non-

fluorescent DCF-DA are broken, resulting in green fluorescence-based DCF 

[39]. In Figure 4.28b, concentration-dependent fluorescence microscopic 

images of HeLa cancer cells treated with GC9 are presented at two different 

concentrations (b1: 20 μM and b2: 30 μM). Figure 4.28c, indicates a higher 

fluorescence intensity of ROS generation in GC9 compared to the other 

compounds, exhibiting a greater capacity for ROS production in GC9.  

 

Figure 4.28. (a) Fluorescence microscopic images showing ROS generation in 

HeLa cancer cells after treating with C9, C10, GC9, and GC10 (10 μM). 

Untreated control does not emit green fluorescence. The acronym ‘DIC’ stands 

for differential interference contrast. (b) Concentration dependent 

fluorescence microscopic images of GC9 treated HeLa cancer cells (b1: 20 

μM, and b2: 30 μM). (c) The normalized ROS intensity calculated using 

ImageJ programme. Standard deviations are provided for three independent 

events. 
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4.3.11 Cell Morphology study via Hoechst Staining 

Apoptosis is the main factor for cell death after treating cancer cells with our 

compounds. It indicates substantial nuclei morphological changes, cytoplasmic 

blebbing, chromatin condensation, and nuclear swelling. Such morphological 

changes in cells can be identified with the help of Hoechst staining. Through 

the Hoechst staining assay, the nuclear morphology changes of cells induced 

by the treatment of complexes and nanogels were evaluated. Consequently, the 

Hoechst staining assay was performed in HeLa cells using IC50 concentrations 

of complexes and nanogels [40]. Changes in the morphology were observed 

with the help of confocal microscopy and presented in Figure 4.29a. 

Furthermore, the changes in the morphology of the cells after GC9 treatment at 

different concentrations (Figure 4.29b and 4.29c) were recorded. The untreated 

cells are found to be evenly and lightly stained; however, the treated cells can 

be observed with multinucleation, condensed nuclei, and chromatin 

fragmentation.  

 

Figure 4.29. (a) Confocal images of treated and untreated HeLa cancer cells 

stained with Hoechst. Arrows indicate morphological changes of nucleus. (b) 

Treated HeLa cancer cells along with Hoechst staining at different 
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concentration of GC9 (b1: 1 μM, b2: 5 μM, b3: 10 μM, b4: 15 μM, b5: 20 μM, 

and b6: 25 μM). (c) Concentration dependent fluorescence intensity plot of 

treated cells, using ImageJ programme.  

4.3.12 Acridine Orange/EtBr dual staining assay  

Using DNA-binding dyes like Acridine orange and EtBr, changes in the 

nuclear morphology during apoptosis were further explored. A cell-permeant 

nucleic acid binding dye called acridine orange can bind to DNA, stain living 

and dead cells, and emit green fluorescence. While EtBr, a red fluorescence 

dye, can stain only dead cells due to cell impermeability to live cells [41]. With 

the help of confocal microscopy, the morphological disruptions in cancer cells 

were studied after treating cancer cells with synthesized compounds close to 

their IC50 values. As shown in Figure 4.30, bright green fluorescence is emitted 

by acridine orange, staining both viable and apoptotic nuclei, while EtBr 

produced intense red fluorescence, staining only dead cells with fragmented 

and condensed nuclei. Additionally, untreated cells exhibit evenly light green 

emission and no red fluorescence, indicating no disruption in the nucleus. 

These findings clearly show that drug-loaded nanogels have the potential to 

induce apoptosis in cancer cells. To confirm the practical applicability of the 

synthesized nanogels, an in vivo approach was also used in addition to in vitro 

investigation. Same as in vitro, dual staining (acridine orange and propidium 

iodide) assay was utilized for in vivo imaging, and the results demonstrated 

that cellular apoptosis prevails over necrosis (Figure 4.31a). This study 

demonstrates the potential of compounds to be used in practical applications at 

lower concentrations. It also provides insights into the mechanisms by which 

they exert their effects, leading to further research. 
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Figure 4.30. Confocal Images analysis of HeLa treated cells with synthesized 

compounds and untreated cells as a control, stained with AO/EtBr  

4.3.13 Quantification of toxicity in zebrafish embryos: in vivo study 

Zebrafish (Danio rerio) are now viewed as an appropriate animal model for 

phenotype-based drug discovery due to their high DNA homology similarity to 

humans, rapid development, high fertility, and transparency. Because of DNA 

similarity with humans, it is a beneficial bioassay tool for toxicological studies 

and allows for high-quality in vivo confirmation of drug targets [42]. 

Following OECD guidelines [43], used embryos of zebrafish and exposed 
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them to different concentrations of drug-loaded nanogels GC9 and GC10 (10, 

25, 50, 100, 200, 400, 800, 1200, and 1600 μM) to notice their rate of hatching, 

mortality, morphology, and heartbeat rate until 72 hours after fertilization 

(hpf). Drug-loaded nanogels GC9 and GC10 have shown promising results as 

a drug delivery system, with lethal dose concentration values of 1185.93 μM 

and 823.03 μM, respectively. Controlled release of the drug over an extended 

period can improve efficacy and reduce the frequency of administration 

(Figure 4.31b). The rate of heartbeat in the larvae and the percentage change 

from controls after compound treatment were analysed at 48 hpf. Both 

nanogels showed higher heart rates than controls (Figure 4.31c). After 24 

hours, the hatching rate for both nanogels was 100% at a concentration of 100 

µM, whereas there was no hatchability observed at a concentration of ≥ 400 

µM. For both nanogels, no noticeable deformities were found at ≤ 400 µM 

concentration (Figure 4.31d). The results on cardiac function show that overall 

toxicity is low, supporting further research on drug-loaded nanogels GC9 and 

GC10 for further evaluation as chemopreventive and chemotherapeutic agents. 
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Figure 4.31. (a) In vivo zebrafish dual staining (AO/PI) assay after treatment 

with drug loaded nanogels at 72 hpf. (A) control larvae of Zebrafish; (B) AO-

stained zebrafish control larvae emitting green fluorescence; (C) no red 

fluorescence in control larvae when stained with PI; (D) dual stained merged 

image of zebrafish showing only green emission at 72 hpf. (E) 800 µM of GC9 

treated zebrafish showing deformities; (F), and (G) are zebrafish images 

stained with AO, and PI, respectively treated with 800 µM of GC9. (H) is the 

merged image of (F), and (G) indicating live, and dead cells. (I) Zebrafish 

deformities upon treating 800 µM of GC10. (J), and (K) are zebrafish images 
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stained with AO, and PI, respectively treated with 800 µM of GC10. (H) is the 

merged image of (F), and (G) indicating live, and dead cells. No such 

deformations were observed at LD50 concentrations. (b) Determining toxicity 

(LD50) of nanogels in zebrafish embryos at different concentrations of GC9, 

and GC10 (10, 25, 50, 100, 200, 400, 800, 1200, and 1600 µM). (c) Heartbeat 

rate (in bpm) percentage bar chart of control, GC9 and GC10. Arrows 

indicates increase or decrease heartbeat rate percentage when compared to 

control. Control represents by first bar, next three represents the GC9 treated 

zebrafish embryos with increase heartbeat rate of 13.42 %, and 19.04 % at 200, 

and 400 μM and decrease heartrate 30.18 % at 800 μM. The last three bar 

represents the GC10 treated zebrafish embryos with increase heartbeat rate of 

8.33 %, 4.17 %, and 25.0 % at 200, 400, and 800 μM, respectively. (d) 

Malformations observed in zebrafish embryos at 48 hpf after treatment with 

GC9, and GC10. Where (d1) control zebrafish, (d2, d3 and d5, d6) embryos 

treated with 200 µM and 400 µM of GC9 and GC10 showing no observable 

deformities, (d4 and d7) embryos treated with 800 µM of GC9 and GC10 

displaying stunned growth, blood congestion, edema, stunted growth, tail, and 

head malformation after 48 hpf. 

5.3.14 Self-healing nature of gel 

Biomaterials from plants and animals exhibit an innate natural self-healing 

property. Gels have been identified as probable candidates that can mimic self-

healing properties. The rheological time oscillation sweep (TOS)/strain sweep 

experiment has confirmed that these gels can heal themselves even after 

experiencing significant damage. The minimum and maximum applied strains 

with a constant angular frequency of 10 rad/s observed during the experiment 

show that these gels can withstand substantial mechanical stress without losing 

their self-healing properties. Furthermore, the incorporation of metal 

complexes into the gel matrix has been shown to enhance their mechanical 

strength and durability. Four cycles of TOS tests were conducted in both gels 

with periodic low (0.5% strain) and high (100% strain) strains applied at 

intervals of 200 seconds. The current study investigated the mechanical 
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properties of a nanogel under different strain levels. In step one, the nanogel 

was subjected to a low strain (0.5%) below its deformation level, resulting in 

the formation of a stable cross-linked gel structure, as indicated by the greater 

storage modulus (G′) than the loss modulus (G′′). In step two, a higher strain 

(100% strain) was applied to the same nanogel after 200 seconds, causing the 

destruction of the cross-linked system within the gel matrix, as evidenced by a 

smaller G′ value compared to G′′. Step three demonstrated the recovery of the 

broken cross-linked system, with the sol transformed back into a gel within 

200 seconds upon applying a low strain (0.5% strain) again. The nanogel 

exhibited a sol-gel-sol transition for four continuous cycles, indicating the 

regeneration of noncovalent and metal-ligand interactions. Notably, even after 

seven cycles, the gel strength showed no significant change. This suggests that 

the gel can maintain its shape and structure over time, which is an important 

characteristic for the development of advanced drug delivery systems.  

Further, gels were taken out and divided into two halves on a petri dish. Then, 

with only a light press, the two pieces were reassembled and left untouched. 

Rhodamine B dye was used to stain one side of the joined gel. Furthermore, 

gels were cut into small pieces and brought into close contact, where they self-

healed at the point where they were separated, resulting in a bridge made of 

alternate dye-doped and undoped gel. Generally, after 60 min, gels were found 

to be self-healed entirely (Figure 4.32). 

 

Figure 4.32. Self-healing nature of NGs recorded with a handheld camera. 

Images depict: (a) gel GC9, (b) gel separated into two pieces, (c) one side of 

the gel doped with a red dye, (d) doped and undoped sides start healing on 

contact, (e) 30 min, and (f) 60 min after the contact showing entirely self-
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healed nature of the gel. (g) Histogram representing increment of self-healing 

with time. 

4.4 Conclusion 

In this Chapter, a novel drug delivery system (nanogels) that targets cancer 

cells and releases drugs in response to changes in pH levels, minimizing side 

effects and maximizing effectiveness is reported. The fabricated nanogels are 

loaded with synthesized glucose ring conjugated ruthenium (II) arene 

complexes as anticancer agents. The incorporation of glucose rings is to 

strategize the selective uptake of the complexes by cancerous cells to GLUT 

receptors. The core ruthenium complexes demonstrated improved cytotoxicity 

against different cancerous cell lines. Though the ruthenium complexes have 

shown significant selectivity towards cancerous cells, they can be further 

improved when loaded into the nanogels. The drug delivery system 

(NGs)which is used for this purpose is a combination of chitosan and biotin 

biopolymers that helps in targeted drug delivery. Bioconjugation with biotin 

promotes higher accumulation in cancer cells via receptor-mediated 

endocytosis, whereas pH-triggered release of ruthenium complexes has been 

achieved using chitosan. Core ruthenium complexes increase intracellular ROS 

production because they can catalyze the oxidation of NADH to NAD+. ROS 

can damage the DNA in the cell nucleus and trigger an intrinsic pathway 

(DNA damage-mediated pathway) for cellular apoptosis. Remarkably, all the 

results show that drug-loaded nanogels support the increased selectivity of 

ruthenium complexes between cancer and normal cells, subsequently 

establishing an improved anticancer property. The efficacy of this strategy 

presents a unique opportunity to investigate more practical and affordable drug 

delivery systems in the future.  
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Chapter 5 

Cancer-Targeted Chitosan−Biotin Conjugated 

Mesoporous Silica Nanoparticles as Carriers of Zinc 

Complexes to Achieve Enhanced Chemotherapy In 

Vitro and In Vivo  

5.1 Introduction 

The primary reason for the high mortality rate of cancer patients, which is 

about 20.2% of the total death per annum, is mostly due to the lack of 

controlled, selective, and targeted drug delivery to cancer cells [1]. Therefore, 

the design of anticancer drug delivery systems is of great interest, as many of 

the drugs in the clinic cause severe toxic side effects due to nonspecific 

cytotoxicity, outweighing the therapeutic effect. Consequently, targeted 

nanodrug delivery systems are being developed with the help of a wide array 

of functional materials like metals, oxides, polymers, liposomes, 

semiconductors, micelles, and nanoparticle-based drug formulations combined 

with peptide or surface-antibody tagging, with the advantages like 

photochemical internalization, ultrasound stimulation etc. to enhance not only 

the therapeutic efficiency but also to suppress the toxic side effects [2,3].  

Among these anticancer drugs carriers, MSNs have been well recognized as 

excellent disease-detection and drug delivery systems owing to their high pore 

volume, tunable pore morphologies, straightforward synthesis, facile 

functionalization, high drug loading capability, protection of drugs from harsh 

environment, biocompatibility, and capacity to carry disparate payloads 

(molecular drugs, proteins, other nanoparticles) within the porous core [4,5]. 

The endowed bioconjugation or easy surface modification property of MSNs 

helps them become an ideal vehicle for drug release, delivery, diagnosis, and 

imaging [6,7,8]. Also, to overcome the insolubility problem of hydrophobic 

anticancer drugs, using MSNs is a decent option [9]. Interestingly, the 

cytotoxicity of anticancer platinum drugs was found to be enhanced using 
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MSNs by ascertaining localized drug delivery though the mechanistic actions 

remain elusive [10]. Despite several advantages of MSNs, controlled drugs 

release is still a big challenge. In recent reports, an efficient agent biotin 

(vitamin H, a crucial cellular micronutrient accountable for numerous general 

cellular functions, growth, and development) has been considered for cancer 

cell-specific drug delivery as biotin conjugates as biotin molecules can 

preferentially bind to the overexpressed biotin receptors of cancer cells 

[11,12,13]. Now, introducing chitosan (CTS) can bridge biotin and MSNs 

through bioconjugation to produce smart delivery systems. The role of CTS is 

crucial because it is the second-most abundant polysaccharide after cellulose, 

having a vast number of amino groups on its chain which offers various sites 

of attachment to the cancer targeting molecule/ligand. Furthermore, its pH-

sensitive biodegradability, biocompatibility, non-toxic nature, etc., make it 

significant for drug delivery systems (Scheme 5.1) [14,15]. Keeping in mind 

the pH distinction between normal (pH~7.4) and cancer (pH~5.5) cells, CTS 

can act as a “gatekeeper” for pH-tunable drug delivery. 

 

Scheme.5.1: Schematic demonstration of the synthesis of zinc(II) nanodrug 

candidates. 

In the realm of chemotherapeutic metallodrugs, scientists are constantly 

looking to go beyond platinum complex-based chemotherapy to combat drug 

resistance, reduce side effects, and economically viable options [16]. As an 

essential element for humans, zinc (Zn), which exists in all life forms, acquires 
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several commendatory properties (e.g., low toxicity and high coordination 

number) appropriate for rational anticancer drug design and other medicinal 

applications. Owing to such importance, irregularity of its homeostasis can 

lead to various diseases, which can be further linked to cancer development 

[17,18]. Numerous zinc-mediated complexes have been documented over the 

years for their pivotal biological activities in preventing infectious diseases. 

Among diverse medicinal applications, Zn(II) complexes have been revealed 

to be appealing as anticancer drugs with minimum side effects or as 

photosensitizers in photodynamic therapy. Recently, FDA approved two zinc-

based histone deacetylase (HDAC) inhibitors such as depsipeptide (in 2009) 

and suberoylanilide hydroxamic acid (in 2006), for the treatment of cancers 

[19]. Among the various options of zinc-binding ligands, Mannich base-driven 

complexes received immense attention recently due to their unique properties, 

namely easy synthetic pathways, high stability, and flexible structures for fine-

tuning to obtain compounds with promising in vitro and in vivo cytotoxic 

activities [20,21]. Several reports have also observed that higher nuclearity in 

metal complexes can help in obtaining more cytotoxic species, and using an 

ancillary bridging ligand, e.g., azide, can be an excellent choice to produce 

complexes with higher nuclearity [18]. Herein, two new azide-bridged zinc 

Mannich base complexes have been synthesized to get evaluated as core drug 

candidates for the in vitro treatment of a series of human cancer cells viz. 

breast cancer MCF7, cervical carcinoma HeLa, alveolar basal epithelial A549 

(lung), and epidermoid carcinoma A431. In addition, selective drug 

administration inside cancer cells was quantified using ICP-OES, and the 

corresponding morphological changes at the cellular level were investigated 

via two-photon microscopy. Further emphasis has also been given to in vivo 

zebrafish culture to check the practical applicability of titled compounds 

because it has emerged in cardiac research that it can display anatomical 

resemblance to the human heart. Besides, to determine the lethal dose (LD50) 

responses in normal zebrafish embryos, the heartbeat of the larvae has been 
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analyzed in assessing cardiac function since discrepancies in heart rhythm can 

be the reason or consequence of hidden pathological heart conditions [22]. 

Thus, in this chapter, the main objectives are to determine whether it is 

possible to design improved anticancer zinc candidates and improve the 

therapeutic index of antitumor nanodrugs using pH-triggered CTS. 

Furthermore, the interaction between peptide/protein, say biotin and 

overexpressed ανβ3 integrin receptor of cancer cells is exploited for better drug 

delivery of the zinc payload, and it is investigated if zinc nanodrug agents are 

suitable for in vivo administration. 

5.2 Experimental Section 

5.2.1 Materials and methods 

All the chemical reagents were commercially accessed with highest quality 

analytical grade mostly from Sigma Aldrich and used without further 

purification. The reagents, concentrated HCl, diethyl ether, magnesium sulfate, 

and zinc acetate dihydrate were supplied from Merck. 4% formaldehyde, 

ethanol (EtOH), dimethyl sulfoxide (DMSO), polyethylene glycol (PEG), 

cetyltrimethylammonium bromide (CTAB), biotin, chitosan (CTS), N-

hydroxysuccinimide (NHS), and tetraethyl orthosilicate (TEOS) were obtained 

by Sisco Research Laboratories Pvt. Ltd. Cis-platin, doxorubicin hydrochloride 

(DOX), 5-fluorouracil (5-FU), and dichlorodihydrofluorescein diacetate (DCF-

DA) were purchased from Tokyo Chemical Industry (TCI). Deionized water 

(Millipore, 18 MΩ) was used to prepare buffer or physiological mediums. pH 

was measured using TOSHCON INDUSTRIES Pvt. LTD., AJMER. NMR (1H 

and 13C), ESI-MS/HRMS, and FTIR have been recorded in an AVANCE III 

400 Ascend Bruker BioSpin, MicroTOF-Q II, and BRUKER TENSOR 27 

instruments, respectively. Thermo Scientific FLASH 2000 (Flash EA1112), 

and METTLER TOLEDO were used for determining C, H, N and S contents, 

and thermogravimetric analysis (TGA; N2 atmosphere, 0-800 °C, heating rate 

of 10°C min-1). Photophysical properties such as UV-Vis, Fluorescence, and 

TCSPC were performed in Perkin-Elmer lambda-650 (Model: Cary 100), 

Horiba JobinYvon (Model: FM-100) made Fluoromax-4p, and HORIBA Jobin 
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Yvon picosecond (model Fluorocube-01-NL) spectrophotometers, 

respectively. For microscopic techniques, Carl zeiss Libra 200FE, Supra55 

Zeiss, Nikon (Model: TS100 Eclipse, Hg lamp), and Olympus confocal 

microscopes were utilized to analyze HRTEM, FE-SEM, fluorescence, and 

two photon images. Raman, PXRD, and BET were recorded in a CCD detector 

based Jobin Yvon T64000, Rigaku SmartLab, and NOVA 1200 (Quanta 

Chrome) equipment, respectively. XPS, and ICP-OES PHI were measured 

through a Physical Electronics made 5000 VersaProbe III (Mg-Kα X-rays, hν 

= 1253.6 eV), and “Perkin Elmer”- ELAN DRC-e instruments, respectively. 

5.2.2 Syntheses of compounds 

5.2.2.1 Synthesis of Mannich base ligands (HL1 and HL2) 

Two Mannich bases have been synthesized as described in our previous report 

[23,24]. The spectroscopic characterization of the two ligands is given below. 

5.2.2.2 Synthesis of 2,4-Dimethyl-6-{[(2′-dimethyl aminoethyl)- 

methylamino]methyl}-phenol (HL1) 

Molecular Weight: 236.36 g/mol. Yield: 2.10 g, 8.9 mmol, 83% (reactant, 10.7 

mmol). 1H NMR (400.13 MHz, 298K, CDCl3, in ppm): δ 2.211 (3H, s, -CH3 

Ar), 2.220 (3H, s, -CH3 Ar), 2.256 (6H, s, -N(CH3)2), 2.285 (2H, s, -NCH2 Ar), 

2.512 and 2.589 (2H+2H, t, -NCH2CH2N-), 3.618 (3H, s, -N(CH3)), 4.875 (1H, 

s, ArOH), 6.628 (1H, s, ArH), 6.859 (1H, s, ArH), 13C NMR (100.61 MHz, 

298 K, CDCl3, in ppm): δ 15.710, 20.401, 41.830, 45.544, 54.687, 56.938, 

60.753, 121.261, 124.594, 126.777, 127.292, 130.463, 153.501. Anal. 

Calculated for C14H24N2O: C, 71.14 %; H, 10.24%; N, 11.85%. Found: C, 

71.26%; H, 10.32%; N, 11.72%. FTIR (in KBr pallete, ʋ in cm−1): 1475 (ʋC-H, 

Scissoring, s), 1245 (ʋC-N, s). ESI-MS in HPLC MeOH (+ve mode, m/z): 

{C14H24N2O + H}+: 237.20 (100%). UV/Vis in HPLC H2O: (λmax, nm): 284  

5.2.2.3 Synthesis of 2-Methyl-4-t-butyl-6-{[(2′-dimethyl aminoethyl)-

methylamino]methyl}−phenol (HL2) 

Molecular Weight: 278.44 g/mol. Yield: 2.39 g, 8.6 mmol, 80% (reactant, 10.7 

mmol). 1H NMR (400.13 MHz, 298K, CDCl3, in ppm): δ 1.397 (9H, s, -t-Bu 

Ar), 2.205 (6H, s, -N(CH3)2), 2.228 (3H, s, -CH3 Ar), 2.298 (3H, s, -N(CH3)), 
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2.466 and 2.539 (2H+2H, t, -NCH2CH2N-), 3.631 (2H, s, -NCH2 Ar), 6.637 

(1H, s, ArH), 6.973 (1H, s, ArH), 13C NMR (100.61 MHz, 298 K, CDCl3, in 

ppm): δ 21.166, 29.941, 34.932, 42.095, 46.026, 54.573, 57.409, 62.201, 

122.447, 126.981, 127.237, 127.609, 136.595, 154.821. Anal. Calculated for 

C17H30N2O: C, 73.33 %; H, 10.86%; N, 10.06%. Found: C, 73.16%; H, 

10.91%; N, 9.89%. FTIR (in KBr pallete, ʋ in cm−1): 1447 (ʋC-H, Scissoring, 

s), 1242 (ʋC-N, s). ESI-MS in HPLC MeOH (+ve mode, m/z): {C17H30N2O + 

H}+: 279.24 (100%). UV/Vis in HPLC H2O: (λmax, nm): 282. 

5.2.2.4 Synthesis of complex Zn2L1
2N3(OH) (ZnMBC 11) 

152 μL triethylamine (1.0 mmol) was added to a solution of HL1 (0.236 g, 1.0 

mmol) followed by mixing with a 20 mL methanolic solution of Zn(OAc)2. 

2H2O (0.219 g, 1.0 mmol) and NaN3 (0.078 g, 1.2 mmol) to stir under inter 

atmosphere for 4 h. The colourless microcrystalline solid was obtained by 

filtration. Needle-shaped transparent single crystals were obtained through 

vapor diffusion method in MeOH: DEE solvent after 3-4 days. Molecular 

Weight: 660.49 g/mol. Yield: 0.541 g, 0.82 mmol, 82%. Anal. Calculated (%) 

for C28H46N7O3Zn2: C, 50.92; H, 7.17; N, 14.84; Found (%): C, 51.08; H, 7.31; 

N, 14.66. ESI-MS in HPLC H2O (+ve mode, m/z): {[Zn2L
1

2N3(OH)] + H2O + 

H+}+: 679.97 (100%) and {C28H46N7O7Zn2 + H2O + H+}+: 743.19 (100%). 

FTIR (in KBr, ʋ in cm−1): 2918 {ʋC-H, (m)}, 2084 {ʋN=N=N, stretching, (s, sh)}, 

1026 {ʋC-O, phenolic, (s)}, 518 {δZn-O-Zn, (m)}. UV/Vis in HPLC H2O: (λmax, 

nm): 285. 

5.2.2.5 Synthesis of complex Zn2L2
2(N3)2 (ZnMBC 12) 

Complex 12 was also synthesized in a similar procedure as adopted for 

complex 11. HL2 (0.278 g, 1.0 mmol) has only been used in place of ligand 

HL1. The mixture was stirred for 4 h under inert atmosphere and recrystallized 

by slow evaporation of methanol at room temperature. Block-shaped 

transparent single crystals were found after 4-5 days through vapor diffusion 

method in MeOH: DEE solvent. Molecular Weight: 769.67 g/mol. Yield: 

0.684 g, 0.89 mmol, 89%. Anal. Calculated (%) for C34H58N10O2Zn2: C, 53.06; 

H, 7.60; N, 18.20; Found (%): C, 52.88; H, 7.39; N, 18.35. ESI-MS in HPLC 
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H2O (+ve mode, m/z): {[Zn2L
2

2(N3)2] + H2O + K+}+: 827.28 (100%). FTIR (in 

KBr, ʋ in cm−1): 2903 {ʋC-H, (m)}, 2079 {ʋN=N=N, stretching, (s, sh)}, 1023 {ʋC-

O, phenolic, (s)}, 516 {δZn-O, (sh)}. UV/Vis in HPLC H2O: (λmax, nm): 281. 

Where, the above abbreviations define; (s) = strong; (m) = medium and (sh) = 

sharp band. 

5.2.2.6 Preparation of Nanoparticles 

The MSN-based nanoparticles were synthesized based on previous reports 

[25]. Here, a short description has been added for the reference. 

5.2.2.6.1 Preparation of MSNs 

Briefly, 1.0 g of CTAB and 0.28 g of NaOH were dissolved in 480 mL of 

distilled water and heated to 80 °C with vigorous stirring. Next, 5.0 g of TEOS 

was added dropwise to the solution with vigorous stirring and heated at 80 °C 

for 2 h. Finally, the white precipitate was washed with distilled water and 

methanol three times each and dried under high vacuum. The CTAB surfactant 

of the MSNs was removed with concentrated HCl at 80 °C for 48 h. The 

resulting product was washed with ethanol and double-distilled water six times 

each and dried as mentioned above. The obtained product was denoted MSNs. 

5.2.2.6.2 Synthesis of Drug-Loaded ZnMBC 11/12@MSNs 

50 mg of MSN particles was added to 5 mL of ZnMBC 11/12 solution (10 

mg/mL). The mixed solution was stirred for 24 h at room temperature in the 

dark. The product was collected by centrifugation and vacuum-drying to obtain 

ZnMBC 11/12@MSN particles. The loading capacity (LC) of ZnMBC in 

MSNs was determined by the weight and UV/vis spectrophotometry methods 

and calculated with the following formula 

For weight method: LC = (m1 − m0)/m1          (1) 

Here, m0 and m1 are the weights of MSNs−biotin before and after loading, 

respectively. 

5.2.2.6.3 Preparation of Chitosan and Biotin Conjugates (CTS-Biotin) 

Biotin-PEG-NHS was joined to CTS by conjugating NHS to the -NH2 group 

on CTS to obtain CTS-Biotin. In brief, CTS (50 mg) and Biotin-PEG-NHS (10 

mg) were reacted in dry tetrahydrofuran (THF) (10 mL) at room temperature 
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for 24 h and then CTS-Biotin was collected by centrifugation and vacuum 

drying. 

5.2.2.6.4 Synthesis of drug loaded ZnMBC 11/12@MSNs-CTS-Biotin 

Twenty milliliters 2% w/v CTS-Biotin acetic acid aqueous (10% v/v) solution 

was prepared, and the pH was adjusted to 6.0 with 1 M NaOH, then ZnMBC 

1/2@MSNs was added into it and stirred for 24 h at room temperature in the 

dark. The mixture was centrifuged, suspended, washed with deionized water 

twice, and dried. Then the resulting product ZnMBC 11/12@MSNs-CTS-

Biotin was obtained. The concentration of ZnMBC 11/12 in the nanomaterials 

was determined by weight method: 

LC = m0/m1       …(2) 

Herein, m0 and m1 mean the weight of ZnMBC 11/12 in ZnMBC 

11/12@MSNs and the weight of obtained ZnMBC 11/12@MSNs-CTS-Biotin. 

5.2.2.6.5 Preparation of amino-functionalized MSNs (MSNs-NH2) 

The surface of MSNs was functionalized with amine groups by treatment with 

APTES. MSNs (50 mg) were dispersed in 100 mL of ethanol, followed by the 

addition of 100 μL of APTES. Then the solution was refluxed for 4 h. 

MSNs−NH2 was then collected by centrifugation and vacuum drying. 

5.2.2.6.6 Synthesis of Biotin modified MSNs delivery system (MSNs-

Biotin) 

The Biotin-PEG-NHS was joined to MSNs by conjugating N-

hydroxysuccinimide (NHS) onto MSNs-NH2 to obtain MSNs-Biotin. In brief, 

MSNs-NH2 (50 mg) and Biotin-PEG-NHS (10 mg) was reacted in dry THF 

(10 mL) at room temperature for 24 h, and then MSNs-Biotin were collected 

by centrifugation and vacuum drying. 

5.2.2.6.7 Synthesis of CTS modified MSNs delivery system (MSNs-CTS) 

Twenty millilitre 2% w/v CTS acetic acid aqueous (10% v/v) solution was 

prepared and the pH was adjusted to 6.0 with 1 M NaOH, then MSNs was 

added into it and stirred for 24 h at room temperature in dark. The mixture was 

centrifuged, suspended, washed with deionized water twice and dried. Then the 

resulting products MSNs-CTS was obtained. 
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5.2.2.6.8 Synthesis of drug loaded ZnMBC 11/12@MSNs-Biotin 

To obtain the ZnMBC 11/12@MSNs-Biotin particles, 50 mg of the MSNs-

Biotin particles was added to 5 mL of the ZnMBC solution (10 mg/mL). The 

mixed solution was stirred for 24 h at room temperature in the dark, and then 

collected by centrifugation and vacuum drying. The loading capacity (LC) of 

the nanomaterials was determined following aforementioned equations (1, 2). 

5.2.2.6.9 Synthesis of drug loaded ZnMBC 11/12@MSNs-CTS 

Twenty milliliters of 2% w/v CTS acetic acid aqueous (10% v/v) solution was 

prepared, and the pH was adjusted to 6.0 with 1 M NaOH, then 

ZnMBC 11/12@MSNs was added into it and stirred for 24 h at room 

temperature in the dark. The mixture was centrifuged, suspended, washed with 

deionized water twice, and dried. Then the resulting product 

ZnMBC 11/12@MSNs-CTS was obtained. 

5.2.3 X-ray crystallography 

Single crystal X-ray structural studies of ZnMBC 11 and ZnMBC 12 were 

elucidated on a CCD Agilent Technologies (Oxford Diffraction) SUPER 

NOVA diffractometer. Data for both the compounds were collected at 293 K 

using a graphite-monochromated CuKα radiation (λα = 0.71073 Å). The 

strategy for the data collection was evaluated by using the CrysAlisPro CCD 

software. The data were collected using the standard ‘phi-omega scan 

techniques and scaled and reduced using CrysAlisPro RED software. The 

structures were solved by direct methods using SHELXS-97 and refined by full 

matrix least-squares with SHELXL-97, refining on F2. The positions of all the 

atoms were obtained by direct methods. All non-hydrogen atoms were refined 

anisotropically. The remaining hydrogen atoms were placed in geometrically 

constrained positions and refined with isotropic temperature factors, generally 

1.2Ueq of their parent atoms.  

5.2.4 Experimental Methods 

5.2.4.1 Stability studies in DMSO/DMEM medium 

For the stability studies, all complexes were dissolved in 5% DMSO/95% 

DMEM at ca. 1 × 10−4 M, and their electronic spectra were recorded in the 
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range allowed by the solvents at set time intervals. The samples used in the 

measurements were protected from light sources and were stored at room 

temperature between measurements. 

5.2.4.2 DNA binding study 

5.2.4.2.1 Absorption spectral studies 

DNA binding experiments were done following the procedure outlined in 

section 2.2.5.1 of chapter 2. 

5.2.4.2.2 Competitive binding experiments 

 It was done by following the same procedure outlined in section 2.2.5.2 of 

chapter 2 for competitive binding experiments. 

5.2.4.3 Protein binding assay 

5.2.4.3.1 Absorption spectral studies 

The stock solutions of Bovine serum albumin (BSA) and Human serum 

albumin (HSA) proteins were prepared in TRIS-HCl buffer (pH ∼7.4). 

Concentrated stock solutions of ZnMBC 11 and ZnMBC 12 were prepared by 

dissolving them separately in TRIS-HCl buffer and diluted suitably to get the 

required concentrations. An aqueous solution (2 mL) of BSA or HSA protein 

(10 µM) was titrated by successive additions of the respective complexes (0-

100 µM). Interaction with proteins is also monitored by measuring the 

increment of the absorption band at 278 nm in UV-Vis spectroscopy through 

successive addition of 0-100 μM of ZnMBC 11 and ZnMBC 12 in 10 μM 

protein solutions. 

5.2.4.3.2 Competitive binding experiments 

Protein binding experiments follow the procedure outlined in section 2.2.4.1 of 

chapter 2. 

5.2.4.4 Evaluation of cytotoxicity 

The procedure for MTT assay is same as discussed in section 2.2.5.1 of chapter 

2. 

5.2.4.5 In vitro cellular uptake by ICP-OES analysis 

For quantitative analysis of cellular uptake, A549, HeLa, MCF7, A431 and 

HEK293 cells were seeded in 10 cm dishes with 106 cells in 10 ml PBS 
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solution and allowed to attach for 24 h. The cells were then treated with 

ZnMBC 11/12, and ZnMBC 11/12@MSNs-CTS-Biotin at 10 µM 

(concentration of ZnMBC) for 4 h at 37 °C in CO2 incubator. At the end of the 

incubation, the collected cells were digested with mixed acid (HNO3:HClO4 = 

3:1) for 2 h at 180 °C. Then the concentration of Zn in the cells was examined 

with inductively coupled plasma optical emission spectrometry (ICP-OES) 

analysis. The uptake in cancer and normal cells was expressed as the amount 

of Zn (µg). 

5.2.4.6 Wound healing assay 

The procedure for wound healing assay is same as discussed in section 3.2.7 of 

chapter 3. 

5.2.4.7 Two photon analysis 

4′,6-diamidino-2-phenylindole (DAPI) staining coupled with two photon 

confocal was carried out to check the nuclear disruption inside cells during 

cellular apoptosis. Different cancerous cell lines such as A549, HeLa, and 

MCF-7 were plated at a density of 5×104 in 6-well plates. They were allowed 

to grow at 37 °C in a humidified CO2 incubator until they were 70-80 % 

confluent. Then cells were treated with IC50 concentration of nanodrugs for 24 

h. The culture medium was aspirated from each well and cells were gently 

rinsed thrice with PBS at room temperature. Then equal volumes of cells from 

the control (untreated nanodrugs) were mixed with 10 µL dye of DAPI. 

Finally, the nanoconjugates, and dye treated cells were viewed immediately 

with a two-photon laser scanning microscope: excitation 690 ± 20 nm for the 

blue channel. 

5.2.4.8 Dual staining assay with Hoechst and PI 

The procedure for dual staining assay is same as discussed in section 3.2.9 of 

chapter 3. 

5.2.4.9 Measurement of intracellular reactive oxygen species (ROS) 

generation 

The procedure for generating reactive oxygen species (ROS) is identical to the 

one outlined in section 2.2.6 of chapter 2. 
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5.2.5 In vivo assessment using zebrafish embryos 

5.2.5.1 Zebrafish Husbandry 

Wildtype Zebrafish (Danio rerio) was maintained in a 14:10 light: dark cycle 

under optimum conditions at 28 °C. The experiments were performed under 

the guidelines of the institutional bioethical committee and complied with the 

ARRIVE guidelines following the U.K. Animals (Scientific Procedures) Act, 

1986 and associated guidelines. The adult zebrafish were bred in a breeding 

tank and the embryos were collected.  

5.2.5.2 Zebrafish toxicity studies 

The embryos were exposed to different concentrations (10, 25, 50, 100, 200, 

400, 800, 1200 and 1600 µM) of ZnMBC 1@MSNs-CTS-Biotin, and ZnMBC 

12@MSNs-CTS-Biotin. The mortality, hatching rate, morphology and heart 

beat rate were observed till 72 hours postfertilization (hpf) according to the 

OECD guidelines. Any developmental changes such as deformities in the tail, 

spine, edema and change in heart beat were observed using a stereo 

microscope. Working standards of the solutions were prepared using distilled 

water and diluted in an E3 medium. Statistical analysis was performed using 

Origin 8 for the determination of LD50 values. 

5.2.5.3 Heartbeat analysis of the zebrafish embryos 

The heartbeat of the zebrafish larvae was analysed at 48 hpf, and the 

percentage change in a heartbeat was calculated with respect to control. 

ZnMBC 11@MSNs-CTS-Biotin, and ZnMBC 12@MSNs-CTS-Biotin were 

incubated to check the influence of the compounds on heartbeat rate when 

compared to the control. 

5.2.5.4 Differential AO/PI apoptosis staining assay 

 AO/PI double staining was performed at 96-hpf on the embryos exposed to 

10, 25, 50, 100, 200, 400, 800, 1200, and 1600 µM of ZnMBC 11@MSNs-

CTS-Biotin, and ZnMBC 12@MSNs-CTSBiotin. Briefly, zebrafish embryos 

were incubated with 10 µg/mL AO and 10 µg/mL PI for 15 min, in the dark. 

They were washed three times with E3 medium and visualized using a stereo 

microscope. AO: acridine orange. 
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Precaution! Azide salts are explosive in nature. Proper protections should be 

taken while using in the laboratory. A very small portion of it was considered 

during complexation reactions as well as biomedical applications. 

5.3 Results and discussion 

5.3.1 Preparation and characterization of drug delivery systems 

Ligands HL1 and HL2, synthesized by a conventional Mannich base 

condensation method, are further utilized for the production of core drug 

agents (ZnMBC 11 and ZnMBC 12) after metalation with Zn(OAc)2·2H2O 

(Scheme 5.2).  
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Scheme.5.2: Synthesis of Mannich base ligands and core drug candidates 

Various analytical methods such as NMR, ESI-MS, elemental analysis, FTIR 

spectroscopy, and UV-vis spectrophotometry were used to characterize the 

Mannich bases and the corresponding complexes. ZnMBC 11 and ZnMBC 12 

show a sharp band for bridging azide at about 2079−2084 cm−1 (Figure 5.1-

Figure 5.9).  
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Figure.5.1: 1H NMR Spectra of HL1 in CDCl3 (400.13 MHz, 298K) 

 

Figure.5.2: 1H NMR Spectra of HL2 in CDCl3 (400.13 MHz, 298K) 
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Figure.5.3: 13C NMR Spectra of HL1 in CDCl3 (400.13 MHz, 298K) 

 

Figure.5.4: 13C NMR Spectra of HL2 in CDCl3 (400.13 MHz, 298K) 
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Figure.5.5: ESI-MS data of HL1 at room temperature. 

 

Figure.5.6: ESI-MS data of HL2 at room temperature. 

 

Figure.5.7: ESI-MS data of complex 11 at room temperature. 
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Figure.5.8: ESI-MS data of complex 12 at room temperature.

 

Figure.5.9: (a) FTIR stretching frequencies of HL1, HL2, Zn2L
1
2(N3)(OH) (11) 

and Zn2L
2
2(N3)2 (12) (b) UV-Visible transitions of ligands and complexes (10 

μM in HPLC DMSO-H2O (1:9) solvent at 25 °C). 

Also, single crystal XRD was employed to elucidate the exact solid-state 

structure and the refinement parameters of ZnMBC 11, and ZnMBC 12. In 

both cases the Mannich base ligands bind the metal ion in a tridentate fashion 

with one phenolic O and two amino N atoms getting coordinated to the zinc(II) 

center. The distorted square pyramidal structure of 11 gets satisfied with the 

help of a bridging azido (N3
−) group in the fourth position and the fifth position 

is occupied by a bridging phenolic-OH group. On the other hand, two bridging 

azido (N3
−) groups were involved in furnishing the square pyramidal geometry 

around zinc(II) in the case of 12. The symmetrical ZnMBC 11 (CCDC: 

2097274) and ZnMBC 12 (CCDC: 1488858) were crystallized in an 

orthorhombic and monoclinic crystal system having the space group of P nm a 

and P 21/c, respectively. The crystal structures and packing diagrams of 

ZnMBC 11, and ZnMBC 12, present the 2D polymeric networks formed by the 

strong hydrogen bond interaction between O1H…O111 and H12A…O333 of 

(a) (b)
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closest water of crystallization (bond distances of 2.743 and 2.596 Å, 

respectively) in complexes (Figure 5.10, Table 5.1-5.2).  

 

Figure.5.10: The Oak Ridge Thermal Ellipsoid Plot (ORTEP) (ellipsoids with 

50% thermal probability level) of ZnMBC (a) 11, and (b) 12. Omitting 

hydrogens and wireframe as the style occasionally used for simplicity. 

Formation of three-dimensional supramolecular framework via hydrogen bond 

interactions in (c) 11, and (d) 12. 

Table.5.1. Crystallographic information and structure refinement parameters 

for ZnMBC 11, and ZnMBC 12. 

Parameter Complex 11 Complex 12 

Empirical Formula C28H46N7O3Zn2 + 4O C34H58N10O2Zn2 

Formula weight 723.46 769.64 

Crystal system Orthorhombic Monoclinic 

Space group P n m a P 21/c 

a (Å) 13.0990(3) 13.5811(6) 

b (Å) 22.9389(7) 7.7937(4) 

c (Å) 12.0270(4) 18.3035(9) 

α (°) 90 90 

β (°) 90 95.882(5) 

𝛄 (°) 90 90 

V (Å3) 3613.83(18) 1927.17(16) 

a. b.

c. d.
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λ (Å) 0.71073 0.71073 

ρcalcd (mg m-3) 1.330 1.326 

Z 4 4 

T (K) 293(2) 293(2) 

μ (mm-1) 1.376 1.288 

F(0 0 0) 1516 816 

Crystal size (mm3) 0.28 × 0.24 × 0.21 0.26 × 0.21 × 

0.17 

Theta ranges (°) 2.905 to 24.998 3.016 to 32.356 

h/k/l -15,15/-27,27/-14,14 -20,19/-11,11/-

24,27 

Reflections collected 29428 22451 

Independent reflections 3269 6388 

Tmax and Tmin 1.00000 and 0.66169 1.00000 and 

0.30177 

Data/restraints/parameters 3269 / 0 / 219 6388 / 0 / 225 

Goodness-of-fit (GOF) 1.147 1.143 

Final R indices [I > 2σ(I)] R1 = 0.0866, wR2 = 0.2251 R1 = 0.0509, 

wR2 = 0.1393 

R indices (all data) R1 = 0.1111, wR2 = 0.2649 R1 = 0.0712, 

wR2 = 0.1779 

Extinction coefficient 0.037(4) 0.054(4) 

Largest peak and hole (eÅ-

3) 

2.507 and -1.315 1.282 and -0.861 

CCDC No. 2097274 1488858 

 

 

 

 

 

 



                                                                         

  
    

 

220 

5 Chapter 

 

Table.5.2. Selected bond lengths (Å) and bond angles (deg) of ZnMBC 11, and 

ZnMBC 12. 

 

Complex 11 Parameters Complex 12 Parameters 

Zn(1)-O(1) 1.940(3) Zn(1)-O(1) 1.9167(15) 

Zn(1)-O(2) 1.962(3) Zn(1)-N(3) 2.0309(18) 

Zn(1)-N(1) 2.149(4) Zn(1)-N(2) 2.1412(19) 

Zn(1)-N(2) 2.219(4) Zn(1)-N(1) 2.2257(17) 

Zn(1)-N(3) 2.228(5) Zn(1)-N(3)#1 2.2924(18) 

O(1)-C(1) 1.332(5) O(1)-C(1) 1.331(2) 

O(2)-Zn(1)#1 1.962(3) N(1)-C(9) 1.478(3) 

N(1)-C(9) 1.467(7) N(1)-C(8) 1.479(3) 

N(1)-C(14) 1.481(8) N(1)-C(7) 1.484(3) 

N(1)-C(13) 1.491(7) N(2)-C(12) 1.486(3) 

N(2)-C(8) 1.483(6) N(2)-C(10) 1.486(3) 

N(2)-C(12) 1.487(6) N(2)-C(11) 1.489(3) 

N(2)-C(7) 1.491(7) N(3)-N(4) 1.201(3) 

N(3)-N(4) 1.149(9) N(3)-Zn(1)#1 2.2925(18) 

N(3)-Zn(1)#1 2.228(5) N(4)-N(5) 1.132(3) 

N(4)-N(5) 1.157(13) O(1)-Zn(1)-N(3) 117.71(8) 

O(1)-Zn(1)-O(2) 123.12(16) O(1)-Zn(1)-N(2) 120.87(7) 

O(1)-Zn(1)-N(1) 113.34(15) N(3)-Zn(1)-N(2) 121.08(9) 

O(2)-Zn(1)-N(1) 123.28(17) O(1)-Zn(1)-N(1) 92.91(7) 

O(1)-Zn(1)-N(2) 92.43(14) N(3)-Zn(1)-N(1) 100.76(7) 

O(2)-Zn(1)-N(2) 99.50(15) N(2)-Zn(1)-N(1) 82.42(8) 

N(1)-Zn(1)-N(2) 82.32(17) O(1)-Zn(1)-N(3)#1 93.55(7) 

O(1)-Zn(1)-N(3) 92.71(17) N(3)-Zn(1)-N(3)#1 77.30(8) 

O(2)-Zn(1)-N(3) 79.70(16) N(2)-Zn(1)-N(3)#1 93.15(8) 

N(1)-Zn(1)-N(3) 93.38(18) N(1)-Zn(1)-N(3)#1 173.41(7) 

N(2)-Zn(1)-N(3) 174.30(18) C(1)-O(1)-Zn(1) 123.06(12) 

C(1)-O(1)-Zn(1) 125.9(3) C(9)-N(1)-Zn(1) 104.18(13) 

Zn(1)#1-O(2)-

Zn(1) 

107.4(2) C(8)-N(1)-Zn(1) 115.38(15) 

C(9)-N(1)-Zn(1) 107.2(3) C(7)-N(1)-Zn(1) 106.44(12) 

C(14)-N(1)-Zn(1) 114.0(3) C(12)-N(2)-Zn(1) 108.69(15) 
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Now, in order to successfully deliver the chemotherapeutic drug, MSNs were 

synthesized as outlined in Scheme 5.1, and characterized by various analytical 

techniques (e.g., HR-TEM, SEM, BET, TGA, UV-Vis, XPS, Raman, etc).  

The drug loading capacity of MSNs and the surface modification by CTS-

Biotin can be seen from the FE-SEM and HR-TEM analysis The diffraction 

patterns explicate the amorphous nature of the drug delivery systems, whereas 

the particle size was found to be in the range of 50 ± 4 nm. The drug loading or 

CTS-Biotin conjugation did not influence the dispersity and size of MSNs 

(Figure 5.11).  

 

 

Figure.5.11: FE-SEM diagrams of (a) free MSNs, (b) ZnMBC loaded MSNs, 

i.e., (11)@MSNs, and (c) functionalization of ZnMBC loaded MSNs with CTS-

Biotin, i.e., (11)@MSNs-CTS-Biotin. (d-g) HRTEM profiles of MSNs, 

(11)@MSNs, (11)@MSNs-CTS-biotin, and (12)@MSNs-CTS-biotin. (h-j) 

a. b. c.

d. e. f. g.

h. i. j.
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Corresponding diffraction patterns of MSNs-based drug candidates using HR-

TEM. 

The BET surface areas of the drug loaded functionalized MSNs, as calculated 

from the nitrogen adsorption-desorption isotherms, diminished significantly 

from 676.6 m²/g (MSNs) to 472.5 m²/g ((11)@MSNs) and 278.9 m²/g 

((11)@MSNs-CTS-Biotin) in case of ZnMBC 11 and to 405.4 m²/g 

((12)@MSNs) and 232.8 m²/g ((12)@MSNs-CTS-Biotin) for ZnMBC 12, 

respectively. Similarly, the pore volumes in BET also reduced from 1.39 cm²/g 

(MSNs) to 1.25 cm²/g ((11)@MSNs) and 0.73 cm²/g ((11)@MSNs-CTS-

Biotin) for ZnMBC 11 and to 1.18 cm²/g ((12)@MSNs) and 0.71 cm²/g 

((12)@MSNs-CTS-Biotin) in case of ZnMBC 12, respectively (Figure 5.12-

5.13, and Table 5.3). This outcome successfully demonstrates the loading of 

ZnMBC into the nanoparticles. 

  

 Figure.5.12: N2 adsorption isotherms of (a) MSNs, (b) (11)@MSNs, (c) 

(12)@MSNs, (d) (11)@MSNs-CTS-Biotin, (e) (12)@MSNs-CTS-Biotin, and (f) 

Combine data of BET isotherms. 
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Figure.5.13: Pore size distribution curve analyzed by BET/DFT method for (a) 

MSNs, (b) (11)@MSNs, (c) (12)@MSNs, (d) (11)@MSNs-CTS-Biotin, and (e) 

(12)@MSNs-CTS-Biotin. 

Table.5.3. BET adsorption results of nanocarrier and drug delivery systems. 

 

 

Entry 

N2 adsorption isotherm 

Multi Point 

BET (m²/g) 

Langmuir Surface 

Area (m²/g) 

Total Pore 

Volume    (cc/g) 

MSNs 676.6 3341.6 1.39 

(11)@MSNs 472.5 1876.5 1.25 

(12)@MSNs 405.4 1789.1 1.18 

(11)@MSNs-CTS-

Biotin 

278.9 1306.1 0.73 

(12)@MSNs-CTS-

Biotin 

232.8 1218.8 0.71 

 

TGA profiles confirm the thermal stability of drug delivery systems up to 150 

°C, as no considerable weight loss occurred except for the removal of surface-

adsorbed water molecules (Figure 5.14). 
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Figure.5.14: TGA curves in the temperature range of 0−800 °C.  

Moreover, the fruitful loading of the core drug agents is further proved by 

corroborating the UV-Vis spectrum of (11)@MSNs-CTS-Biotin and 

(12)@MSNs-CTS-Biotin at 285 nm and  281 nm, respectively with 11 and 12. 

The successful conjugation of CTS-Biotin to MSNs was further authenticated 

by FTIR spectroscopy. The antisymmetric vibration of Si-O-Si of MSNs has 

been assigned in the region of 1065-1092 cm-1, whereas that of carboxylic 

C=O stretching vibration of biotin is in the region of 1631 cm-1. The stretching 

band of C=O group for ZnMBC (11/12)@MSNs-Biotin was assigned to 1718 

cm-1. Similarly, the bands 3360 cm-1 and 1630 cm-1 correspond to the N-H 

stretching and bending of ZnMBC (11/12)@MSNs-CTS. Besides, four new 

bands of (11/12)@MSNs-CTS-Biotin in the region of 2903-2918 cm-1,  2079-

2084 cm-1, 1023-1026 cm-1, and 516-518 cm-1 were ascribed to C-H stretching 

vibration on benzene, azide stretching, C-O stretching due to phenolic group, 

and Zn-O stretching vibration, respectively. Beside the peaks that come from 

ZnMBC, two significant peaks in Resonance Raman spectroscopy have been 

identified at 977 cm-1 and 1059 cm-1 arised out of ʋsymmetric (Si-O-Si bending) 

and ʋsymmetric (SiO4 framework) stretching of MSNs [26, 27,28]. Moreover, the 

bridging azide stretching, and the strong C-Η stretching vibration of benzene 

fall in the range of 2186 and 2938 cm-1, respectively (Figure 5.15).  
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Figure.5.15: (a) UV-Visible spectra of ZnMBC and drug delivery systems in 

PBS buffer medium (b) Relative Raman spectra of nanocarrier and drug 

candidates (c) FTIR spectra of core drug candidates (inset) and drug delivery 

systems. 

These results were further verified by X-ray photoelectron spectroscopy 

(XPS), which provides information about the valence state of metal ions, 

stereochemical configurations, along with the multiplicity of electrons. Figure 

5.16 and Figure 5.17 summarize the XPS data of (11)@MSNs-CTS-Biotin, 

and (12)@MSNs-CTS-Biotin, respectively, which confirms the successful 

loading of ZnMBC inside the supercages of MSNs. The XPS survey spectra 

provide information on all the elements present in the nanodrugs. Briefly, azide 

can be assigned at 400.4 eV in N1s, Zn-O at 529.6 eV in O1s, and C-O at 

287.2 eV in C1s, respectively. Similarly, Zn 2p3/2, and Zn 2p1/2 give the 

HRD-XPS peaks at 1021.3/1021.6 eV, and 1044.3/1044.7 eV for ZnMBC 

11/12, respectively, which signify the presence of Zn-O or Zn(OH) in the 

nanodrugs (Table 5.4). Taken together, these outcomes establish the successful 

assembly of (11/12)@MSNs-CTS-Biotin system. 

a. b.

c.
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Figure.5.16: (a-b) Survey spectrum of drug delivery systems by X-ray 

photoelectron spectroscopic (XPS) analysis. High resolution deconvoluted 

XPS spectra of (c) C1s, (d) N1s, (e) O1s, and (f) Zn 2p1/2, and Zn 2p3/2 in 

case of (11)@MSNs-CTS-Biotin. Representation implies the subtracted data in 

dots and cumulative peak fitting in lines. 

 

Figure.5.17: High resolution deconvoluted XPS spectra of C1s, N1s, O1s, and 

Zn 2p1/2, and Zn 2p3/2 in case of (12)@MSNs-CTS-Biotin. Representation 

indicates the subtracted data in dots and cumulative peak fitting in lines. 
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Table.5.4. Binding energies (in eV) of (11)@MSNs-CTS-Biotin, and 

(12)@MSNs-CTS-Biotin through XPS interpretation. 

 

Drug 

delivery 

systems 

Binding Energy (eV) 

C (1s) N (1s) O (1s) Zn 

(2p3/2) 

Zn 

(2p1/2) 

Δ2p 

(11)@MSNs-

CTS-Biotin 

284.89 400.08 532.81 1021.37 1044.38 23.01 

(12)@MSNs-

CTS-Biotin 

284.81 400.38 531.17 1021.69 1044.77 23.08 

 

5.3.2 Drug loading and pH-based delivery 

Nanomaterials-based drug action demands efficient drug loading capacity and 

release factors. It was found that nanosystems (11)@MSNs-CTS-Biotin and 

(12)@MSNs-CTS-Biotin have drug loading capacity of about 42.6% (21.3 

mg/50 mg), and 44.2% (22.1 mg/50 mg), respectively. On the other, 

(1)@MSNs-CTS, (2)@MSNs-CTS, (11)@MSNs-Biotin, and  (12)@MSNs-

Biotin showed a drug loading capacity of 33.7% (16.8 mg/50 mg), 35.4% (17.7 

mg/50 mg), 26.9% (13.4 mg/50 mg), and 29.8% (14.9 mg/50 mg), 

respectively. In order to explore the pH-based drug release profile, the 

nanodrugs (11/12)@MSNs-CTS-Biotin, (11/12)@MSNs-CTS and 

(11/12)@MSNs-Biotin were suspended in PBS buffer at pH~ 7.4 and 5.5, 

respectively, mimicking the normal and cancer microenvironment in this work.  

As depicted in Figure 5.18, under acidic environments (pH~ 5.5), the release 

ratios up to 4 h are almost same (10.1%) for both nanosystems 

(11/12)@MSNs-CTS-Biotin. Meanwhile, ZnMBC 12 were leaked out in a 

slightly faster rate from (12)@MSNs-CTS-Biotin in comparison to its 

analogous ZnMBC 11 from (11)@MSNs-CTS-Biotin 27.6% and 25.6% 

release are observed in 24 h, respectively. In addition, the drug release (pH~ 

5.5) from (11)@MSNs-CTS, (12)@MSNs-CTS, (11)@MSNs-Biotin, and 

(12)@MSNs-Biotin were 18.7%, 20.2%, 14.9%, and 16.7%, respectively. With 
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time the release amount sharply increases up to 75.4% and 72.5% in the case 

of ZnMBC 12, and ZnMBC 11 whereas that of (11)@MSNs-CTS, 

(12)@MSNs-CTS, (11)@MSNs-Biotin, and  (12)@MSNs-Biotin gives 

moderately lower values of 48.0%, 51.1%, 43.6%, and 45.3% at 96 h, 

respectively. However, under neutral environments (pH~ 7.4), the release 

profile of nanodrugs is very different, e.g., ZnMBC 11, and ZnMBC 12 were 

released from (11)@MSNs-CTS, (12)@MSNs-CTS, (11)@MSNs-Biotin, 

(12)@MSNs-Biotin having a release rate of 37.7%, 39.3%, 28.7%, 31.5%, 

which are greater than (11)@MSNs-CTS-Biotin and (12)@MSNs-CTS-Biotin 

with a release amount of 19.4% and 21.4% in 96 h, respectively. The diverse 

release behaviours of nanosystems under acidic (pH~ 5.5) and neutral (pH~ 

7.4) conditions were triggered by the wrapping of pH responsive CTS outside 

the MSNs. Indeed, in the neutral medium, the stability of CTS was enough to 

encapsulate the drugs in MSNs supercages, while in the acidic condition, the 

amino groups on CTS were protonated, which provided a strong electrostatic 

repulsion and less effective hydrogen bonding between CTS molecules. In this 

case, the conformation of CTS was transformed, subsequently the rapid 

leaking out of ZnMBC occurred. Therefore, the release of ZnMBC from 

(11/12)@MSNs-CTS-Biotin was pH dependent and offered more release 

content in lower pH values (Figure 5.17a). However, it should be pointed out 

that (11/12)@MSNs-CTS and (11/12)@MSNs-Biotin also exhibited a distinct 

ability of controlled release in acidic and neutral conditions. The faster release 

of ZnMBC 11/12 from (11/12)@MSNs-Biotin under the acidic pH condition 

probably was attributed to the hydrogen bonds between ZnMBC and the 

residual amino groups on the surface of MSNs. Under the acidic condition, the 

amino groups were protonated, and the hydrogen bonds were replaced, finally 

resulting in the faster release of ZnMBC [30]. All the outcomes established 

that (11/12)@MSNs-CTS-Biotin could regulate the release of ZnMBC in 

acidic conditions, which demonstrated the feasibility of controlling the release 

of the drug around the tumor tissues, but not in the normal tissues. 

Additionally, due to the more pH-dependent character of CTS, 
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(11/12)@MSNs-CTS give a better drug release profile than that of 

(1/2)@MSNs-Biotin. And it also specified that (11/12)@MSNs-CTS-Biotin 

could attain sustained drug release and result in a longer blood-circulation 

lifetime. Hence, it was speculated that the pH-responsive drug release behavior 

entrusted (11/12)@MSNs-CTS-Biotin with significant anticancer activity. This 

distinguishable release behaviours of the nanodrugs can be explained by the 

pH stability of CTS, as in acidic conditions, protonation of the amino groups 

on CTS was taking place, which weakened hydrogen bonding between CTS 

molecules and led to a strong electrostatic repulsion. As a consequence of the 

conformational changes the MSNs-CTS bonds break, resulting the fast leaking 

out of ZnMBC 11/12. Therefore, after being directional through Biotin, 

nanodrugs enter into the tumour tissues with the interaction of overexpressed 

integrin followed by the pH-mediated degradation of MSNs-CTS bonds and 

controlled release of nanodrugs inside cancer cells are observed an acidic 

environment (Figure 5.18b). All the outcomes established that the nanodrugs 

can be released in a controlled way in the acidic microenvironment (pH~ 5.5) 

of tumor, but not in the normal tissues with higher pH (pH~ 7.4). 
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Figure.5.18: (a) pH-mediated drug release profile of nanodrugs. In vitro 

release profiles of ZnMBC 11 from (11)@MSNs-CTS-Biotin at pH 7.4 (●) and 

pH 5.5 (●), and ZnMBC 12 from (12)@MSNs-CTS-Biotin at pH 7.4 (■) and 

pH 5.5 (■). (b) Representing pH-responsive targeted drug delivery and 

cellular apoptosis.  

5.3.3 Stability studies of nanodrugs in biological media 

The stability of the compounds (ZnMBC) in physiological conditions is an 

important factor for almost all biological applications. Thus, an investigation 

was carried out by dissolving ZnMBC in a 1% DMSO/PBS solution mixture, 

and their stability was monitored in the time frame of 0 h, 24 h, and 96 

h via mass spectrometry. No substantial shifting or change in peaks was 

observed in the mass spectrum of the titled ZnMBC, which obviously indicates 

the complex stability in the biological medium (Figure 5.19). 

a.

b.
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Figure.5.19: Mass spectrometry (ESI-MS, +Ve) of ZnMBC 11 (a), and ZnMBC 

12 (b) in different time intervals (0 h, 24 h, and 96 h). Condition: 1% 

DMSO/PBS solution mixture at 25 °C. 

5.3.4 In Vitro cellular uptake of ZnMBC 11/12, (11/12)@MSNs-CTS and 

(11/12)@MSNs-CTS-Biotin 

Cellular uptake efficacy is vital to nanoparticle-mediated drug actions and 

contributes to anticancer activity. Typically, by active and passive transport, 

nanoparticles enter cancer cells and can play the role of drug carriers in 

chemotherapeutics. Nevertheless, the passive process has some limitations due 

to the random delivery mode. Henceforth, tagging Biotin peptide in the surface 

of (11/12)@MSNs-CTS can identify and bind to the overexpressed integrin 

receptor in the cancer cell membrane to upsurge the cellular uptake of the 

nanomaterials through an active targeting process. Hence, in vitro cellular 

uptakes of ZnMBC 11/12, (11/12)@MSNs-CTS and (11/12)@MSNs-CTS-

Biotin were determined quantitatively in normal (HEK-293) and cancer 

(MCF7) cell lines. Inductively coupled plasma optical emission spectrometry 

(ICP-OES) was utilized to measure intracellular zinc content.  

As indicated in Figure 5.20, the uptakes of core anticancer agents and 

nanoconjugates were determined by ICP-OES in MCF7 breast cancer cells and 

HEK-293 normal cells after 4 h of incubation.  Results obtained reveal that the 

uptakes of ZnMBC 11, ZnMBC 12, (11)@MSNs-CTS, (12)@MSNs-CTS, 

(11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-Biotin in MCF7 are 0.274, 

0.599, 0.166, 0.195, 0.361, and 0.613 µg/106 cells, respectively. On the other 

side, for normal cells viz. HEK-293 comparatively less cellular uptake is 

observed for all synthesized complexes and nanosystems. The values obtained 

a. b.
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are found to be 0.047, 0.063, 0.025, 0.031, 0.028, and 0.034 µg/106 cells 

correspond to ZnMBC 11, ZnMBC 12, (11)@MSNs-CTS, (12)@MSNs-CTS, 

(11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-Biotin system, respectively. 

The intracellular zinc concentration of (12)@MSNs-CTS, and 

(11/12)@MSNs-CTS-Biotin in cancer cells (e.g., MCF7) were found to be 

higher than that of normal cells (e.g., HEK-293). Also the results revealed that 

both nanodrugs (11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-Biotin 

exhibited closely higher uptakes in MCF7, while the core agents viz ZnMBC 

11, and ZnMBC 12 have shown relatively minor accumulation in the same 

cancer cells. Moreover, (11/12)@MSNs-CTS shows the lowest uptake among 

all the titled systems, which may be attributed to the non-targeted behaviour of 

(11/12)@MSNs-CTS. From the above observation it is evident that the 

nanoconjugate-mediated drugs bring about improvement in the selectivity of 

ZnMBC uptake between normal cells and cancer cells. 

 

Figure.5.20: Cellular uptake/ accumulation study of core anticancer agents 

ZnMBC 11/12, (11/12)@MSNs-CTS, and (11/12)@MSNs-CTS-Biotin in MCF7 

cancer and HEK-293 normal cells. 

5.3.5 Anticancer activity of ZnMBC 11/12 and (11/12)@MSNs-CTS-Biotin 

In order to overcome the drawbacks of difficulty on aqueous solubility, poor 

cell membrane penetration efficiency, low selectivity between normal and 

cancer cells, this study intended to utilize CTS-Biotin-conjugated MSNs as a 

nanocarrier of ZnMBC to enhance selective cytotoxicity towards cancer cells. 

Herewith, a series of cancer cells such as MCF7, HeLa, and A431 have been 
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chosen for performing MTT assay to compare anticancer efficacy with respect 

to the normal cell viz. HEK-293. As summarized in Table 5.5, synthesized 

compounds (complexes as well as nanoparticles) unveiled significant 

anticancer activities against cancer cells. Interestingly complexes (ZnMBC 

11/12) and the nanoparticles ((11/12)@MSNs-CTS-Biotin) exhibited 

comparable range of inhibitory concentration (IC50) values with respect to the 

commercially available anticancer drugs (e.g., DOX, 5-FU, cis-platin, etc) 

[31]. In some cases, nanodrugs (11)/(12)@MSNs-CTS-Biotin shows better 

cytotoxicity than that of 5-FU, particularly against MCF7 (10.9  0.3 and 6.5  

0.2 µM for (11)@MSNs-CTS-Biotin and (12)@MSNs-CTS-Biotin, 

respectively), though ZnMBC 12 displayed highest anticancer efficacy among 

all the titled compounds. 

In addition, IC50 values were also evaluated for the complexes or nanosystems 

treated normal cell HEK-293, which revealed very lower cytotoxicity in the 

range of 56.4  0.9 to 72.3  1.7 µM, providing better results (killing rate is 

less for normal cells and strictly selective towards cancers only) in comparison 

to the positive controls, thus can further be considered for practical 

applicability (Figure 5.21).  

Table.5.5. Comparing IC50 values (in µM, 24 h, 37 °C) of the complexes, 

nanoparticles, and commercially available chemotherapeutic drugs (FDA 

approved). 

Compound MCF7 HeLa A431 HEK-293 

ZnMBC 11 12.2  0.2 9.9  0.3 19.7  0.7 58.1  1.1 

ZnMBC 12 6.7  0.3 6.9  0.2 5.8  0.6 56.4  0.9 

(11)@MSNs-CTS-

Biotin 

10.9  0.3 12.5  0.5 28.8  0.9 72.3  1.7 

(12)@MSNs-CTS-

Biotin 

6.5  0.2 11.5  0.5 22.9  1.3 66.6  1.3 

DOX 4.4  0.7 3.0  0.1 3.1  0.3 11.9  0.7 

5-FU 21.7  0.7 5.2  0.2 15.4  0.6 43.9  1.2 
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cis-Platin 6.5  0.2 11.2  0.2 13.0  0.4 45.4  1.1 

 

 

Figure.5.21: Induction of apoptosis by measuring IC50 values (after 24 h 

incubation at 37 °C, 5% CO2) in various cancer cells and normal cell lines 

after the treatment of ZnMBC 11/12 (complexes), (11/12)@MSNs-CTS-Biotin 

(nanoparticles), doxorubicin (DOX), 5-fluorouracil (5-FU), and cis-Platin 

(+ve controls). 

5.3.6 Metastasis inhibition assay 

Compounds that can prohibit cell migration and invasion are in high demand to 

stop cancer metastasis and the growth process. Metastasis in a later phase of 

cancer is very dangerous. Non-malignant cells or tissues can easily get affected 

through long-distance migration of malignant of cancer cells, and therefore 

cause serious damage to the healthy cells [32]. To reduce the chances of 

migration of cancerous cells to other organs, inhibiting metastasis phase is a 

crucial need for the advance chemotherapy. Herein, the untreated cells have 
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shown the highest wound closure ratio of ~63.6%, whereas wound lower 

closure ratios are lower when the cells are treated with the metal complexes. At 

a glance, while treating with IC50 concentration (PBS buffer of pH~ 7.4) of 

each complex and nanoparticles against HeLa cells, 11.0%, 10.9%, 23.5%, and 

18.0% of wound closure have been observed in case of ZnMBC 11, ZnMBC 

12, (11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-Biotin, respectively. 

Compound treated cells shows a negligible increase in metastasis toward the 

scratched wound region, in contrast the PBS treated cells (untreated control) 

migrated to the scratched wound side, which evidently indicates the potential 

applicability of the compounds to restrict cancer spreading (Figure 5.22). 

 

Figure.5.22: (a) Wound healing motility assay of HeLa treated with complexes 

ZnMBC (11/12) and nanodrugs (11)@MSNs-CTS-Biotin, and (12)@MSNs-

CTS-Biotin, and untreated as control (Scale bar: 200 µm). Bright field images 
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were captured at 0 h and 24 h. (b) Histogram describing wound closure ratio 

of heal wound within time lag of 0 h and 24 h. 

5.3.7 In Vivo toxicity measurements in zebrafish embryos 

Owing to the anatomical similarity of the zebrafish embryo heart to the human 

heart, toxicity measurement in zebrafish embryos can be crucial in getting 

information about the practical usability of nanoparticles (NPs) as anticancer 

drugs. Therefore, zebrafish embryos were used and exposed to different 

concentrations (10, 25, 50, 100, 200, 400, 800, 1200 and 1600 µM) of 

(11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-Biotin to observe their 

mortality, hatching rate, morphology and heart beat rate till 72 h of 

postfertilization (hpf) following OECD guidelines [33]. (12)@MSNs-CTS-

Biotin presented higher cumulative mortality rate than (11)@MSNs-CTS-

Biotin at 72 hpf. The NPs (11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-

Biotin showed a lethal dose concentration (LD50) values of 335.5 µM, and 

153.6 µM, respectively (Figure 5.23a). The heartbeat of the larvae and the 

percentage change in a heartbeat upon compound treatment were analysed with 

respect to control at 48 hpf. Both NPs disclosed reduced heartbeat rates when 

compared to the control. (11)@MSNs-CTS-Biotin showed 0%, 13.04%, and 

44.06% decrease in heart beat rate with respect to control, however 

(12)@MSNs-CTS-Biotin owing to higher toxicity at 200, 400, 800 µM showed 

a decrease in heart beat rate of 10.34 %, 23.52 %, and 23.52 %, respectively in 

comparison to control (Figure 5.23b-c). Hatching rate after 24 h showed 100% 

for both NPs at 100 µM, whereas no hatchability noticed at ≥ 400 µM 

concentration of NPs and the embryos get killed. 70% and 30% hatchability 

were observed for (11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-Biotin, 

respectively at 200 µM. There were fatal deformities like blood congestion, 

edema, stunted growth, and tail and head malformation that started to appear in 

the presence of (12)@MSNs-CTS-Biotin at a concentration ≤ 200 µM at 72 

hpf, nevertheless (11)@MSNs-CTS-Biotin exhibited deformities like stunned 

growth [34,35,36]. No notable deformities were observed ≤ 100 µM for both 

NPs (Figure 5.23d). The outcomes on cardiac function indicate that the general 
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toxicity is low and in favour of further studies of (11/12)@MSNs-CTS-Biotin 

for their further evaluation as a chemotherapeutic and chemopreventive agent.  

 

Figure.5.23: (a) Toxicity comparison by determining LD50 of (11)@MSNs-

CTS-Biotin (NP 1), and (12)@MSNs-CTS-Biotin (NP 2) in zebrafish embryos 

at different doses (10, 25, 50, 100, 200, 400, 800, 1200, and 1600 µM). (b) Bar 

chart for percentage heartbeat rate (in bpm) of control, NP 1, and NP 2. Arrows 

denote percentage increase or decrease in heartbeat when compared to control. 

The first bar represents the control. The next three bars represent the NP 1 (200 

µM, 400 µM, and 800 µM) treated zebrafish embryos with the decrease in 

heartbeat rate (0%, 13.04%, and 44.06%, respectively). The last three bars 

attribute the decrease of heartbeat of 10.34 %, 23.52 %, and 23.52 %, 

respectively, when treated with increasing concentration (200 µM, 400 µM, 

and 800 µM) of NP 2. (c) Representing the number of frames for a single 

systole and diastole for control, NP 1, and NP 2. Higher heartbeat rate has less 

frames to complete a single systole and diastole whereas lower heart beat rate 

has higher frames. Each bar signifies the number of frames for single systole 
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and diastole cycle of larvae incubated with or without nanodrugs. (d) 

Malformations observed in zebrafish embryos at 48 hpf after treatment with 

NP 1, and NP 2. Where (A) control zebrafish, (B,C) embryos treated with 200 

µM and 400 µM of NP 1 showing no observable deformities, (D) embryos 

treated with 800 µM of NP 1 displaying stunned growth, (E) embryos treated 

with 200 µM of NP 2 presents blood congestion, edema, stunted growth, tail 

and head malformation, (F) embryos treated with 400 µM of NP 2 producing 

delayed hatching after 48 hpf, and (G) embryos treated with 800 µM of NP 2 

screening the dead larvae after 48 hpf. 

5.3.8 Elucidating binding parameters for compound-biomolecules 

interaction 

In general, nanocarrier based drug delivery requires selective release inside 

cancer cells to facilitate the interaction between core drug agents and the 

proteins and/or DNA of that cancer cells. Thus, investigating the extent of such 

binding interactions via spectroscopic assays can have the potential to explain 

the possible anticancer mechanism or cellular apoptosis. This includes the 

determination of the intrinsic binding constant (Kb) values for CT-DNA, Stern-

Volmer quenching constant (KSV), binding constant (Ka), and bimolecular 

quenching constant (Kq) from the Scatchard equation for BSA, and HSA, 

respectively. Furthermore, KSV, Ka, and Kq parameters were also calculated for 

CT-DNA to determine the specific groove binding ability of the compounds 

through ethidium bromide (EtBr) displacement assay (Figure 5.24-5.26). At a 

glance, prominent bimolecular interactions were found between CT-DNA and 

ZnMBC 11/12, whereas that of ZnMBC 12 showed more interacting affinity 

with proteins (BSA/HSA) than that of ZnMBC 11. Apart from that, the 

outcomes of the EtBr displacement assay indicate the strong groove binding 

ability of the compounds to CT-DNA. It is also well established that the better 

the binding with biomolecules more will be the biological activity. From the 

TCSPC data, the fluorescent lifetime quenching is more in the case of ZnMBC 

12 (e.g., 5.29 ns to 1.5 ns in the case of BSA, and 3.47 ns to 0.95 ns for HSA, 

respectively), while treated with both proteins, furnishing better host-guest 
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interactions (Figure 5.27). Thus, superior binding affinities of ZnMBC 12 

towards proteins as revealed by above experiment could be advantageous for 

higher cytotoxicity of (12)@MSNs-CTS-Biotin over (11)@MSNs-CTS-Biotin 

(Table 5.6). 

 

Figure.5.24: UV-Visible titration diagram of BSA (10 μM) and HSA (10 μM) 

by successive addition of ZnMBC 11 [Graph-(a) and (c)], and ZnMBC 12 

[Graph-(b) and (d)] (0-50 μM in 0.01 M Tris-HCl buffer). (e-f) Electronic 

titration of fixed concentration (10 μM) of complex 11 with raising conc. (0-50 

μM) of CT-DNA in 0.01 M Tris-HCl buffer of pH~ 7.4. Spectral change 

happening at 260 nm, and 262 nm for ZnMBC 11, and ZnMBC 12, 

respectively. Arrows indicates the change in absorbance upon increasing DNA 
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concentration. Inset: Plots of [ct-DNA] vs. [ct-DNA]/ εa–εf for the titration of 

ct-DNA with complexes. 

 

Figure.5.25: (a-b) Fluorescence quenching spectra of BSA (10 μM) at 

different concentrations (0-50 μM) of ZnMBC 11, and ZnMBC 12 at 298 K. (c-

d) Fluorescence quenching spectra of HSA (10 μM) at different concentrations 

(0-50 μM) of ZnMBC 11, and ZnMBC 12 at 298 K. (e-f) Representing EtBr 

displacement assay of ZnMBC 11, and ZnMBC 12. [CT-DNA] = 10 μM with 

ethidium bromide (EB 15 μM) and [complex] = 0-80 μM in Tris-HCl/ NaCl 
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buffer (5 mM/ 50 mM, pH~ 7.4). The arrow shows the fluorescence changes 

upon increasing the CT-DNA concentration. 

 

Figure.5.26: Fluorescence quenching profile and statistical analysis of 

ZnMBC 11, and ZnMBC 12: (a, c, and e) Scatchard plots, and (b, d, and f) 

Stern-Volmer (SV) plots for BSA, HSA, and CT-DNA, respectively.  
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Figure.5.27: Measurement of lifetime decay parameters of BSA (left), and HSA 

(right) before and after the compound treatment (where, 11 = ZnMBC 11, and 

12 = ZnMBC 12). 

Table.5.6. Determination of various spectral parameters to check the 

interaction between the titled compounds with CT-DNA, BSA, and HSA, 

respectively. 

Systems KSV (M-1)a Kq (M
-1S-1)a Ka (M

-1)a Kb (M
-1)b na 

(1)-DNA  2.3  104 3.7  1012 4.7  106 1.8  105 1.5 

(2)-DNA 2.7  104 4.3  1012 4.7  106 1.7  105 1.5 

(1)-BSA 5.4  104 8.7  1012 1.0  102 - 0.4 

(2)-BSA 2.6  105 4.2  1013 2.5  105 - 1.1 

(1)-HSA 3.7  104 5.9  1012 2.2  101 - 0.4 

(2)-HSA 6.5  104 1.0  1013 2.5  102 - 0.6 

Where, a = determined by emission, and b = calculated via absorbance 

spectroscopy. 

5.3.9 Nucleus tracking via two photons confocal microscopy 

Cellular apoptosis can happen may be because of various causes, and among 

them, nucleus damage remains a significant reason. The superior DNA-

targeting ability of the compounds may lead to damage inside the nucleus as 

DNA is the significant component composing this specific organelle. In order 

to track the anticancer efficacy of the titled nanodrugs, DAPI, a nucleus-

staining dye, was chosen to visualize any morphological disruption using two-

photon confocal microscopy. As represented in Figure 5.28a, no substantial 
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cellular stress was observed for HEK-293 normal cells; nevertheless, arrows in 

Figure 5.28b show considerable cellular apoptosis in HeLa cancer cells when 

treated with (12)@MSNs-CTS-Biotin. A control experiment was performed in 

the absence of (12)@MSNs-CTS-Biotin to compare the results, as shown in 

Figure 5.28c. Similar outcomes were also perceived with (11)@MSNs-CTS-

Biotin and summarized in Figure 5.29. Hereafter, this can be concluded that 

these nanodrugs selectively target cancer cells without affecting normal cells. 

 

Figure.5.28: Two photon confocal laser scanning microscopy (CLSM) profiles 

after the treatment of (a) (12)@MSNs-CTS-Biotin in HEK-293 normal cells, 

(b) (12)@MSNs-CTS-Biotin in HeLa cancer cells while arrows denote the 

significant damage in nucleus, and (c) untreated HeLa cancer cells under 

physiological condition at 24 h. IC50 concentration of the nanoparticle 

(12)@MSNs-CTS-Biotin has been used in this experiment. 
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Figure.5.29: Two photon confocal laser scanning microscopy (CLSM) profiles 

after the treatment of (a) (11)@MSNs-CTS-Biotin in HEK-293 normal cells, 

and (b) (11)@MSNs-CTS-Biotin in HeLa cancer cells while arrows denote the 

significant damage in nucleus under physiological condition at 24 h. 

5.3.10 Dual staining assay exploiting various dyes 

These nuclear morphological changes during apoptosis were further 

investigated by exploring double staining assay with DNA binding dyes, e.g., 

Hoechst and PI. Hoechst dye possesses cell permeable aptitude, which stains 

both live and dead cells. However, PI is a membrane-impermeable dye that is 

normally barred from staining live cells [37]. Substantial morphological 

disruptions were seen with the aid of confocal microscopy when cancer cells 

were incubated in the presence of synthesized compounds at their IC50 

concentrations. As depicted in Figure 5.30, Hoechst stains both viable and 

apoptotic nuclei with bright blue fluorescence, whereas intense red 

fluorescence with condensed and fragmented nuclei was observed by staining 

with PI. In addition, untreated cells show uniformly light blue fluorescence and 

no red emission, which describes no nuclear disruption. These consequences 

revealed that nanodrugs have the potential to trigger apoptosis in cancer cells. 

Besides in vitro investigation, in vivo approach was also taken to confirm the 

practical usability of the synthesized nanodrugs. Acridine orange (AO), a dye 
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having similar properties to Hoechst, was used for dual in vivo imaging 

alongside PI. Minor cellular apoptosis was observed over necrosis using dual 

stain AO/PI, which stains live and apoptotic cells. The AO/PI apoptosis 

staining upon treatment with nanoconjugates (11)@MSNs-CTS-Biotin, and 

(12)@MSNs-CTS-Biotin showed deformations (at 72 hpf) in the yolk sack, 

heart, and brain region at higher doses (200-400 µM) only (Figure 5.31), thus 

extending the support for practical applicability of the compounds in the lower 

concentration ranges. 

 

Figure.5.30: Hoechst and propidium iodide (PI) dual staining assay profile of 

HeLa cells after treating with and without core anticancer agents and 
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e.
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nanoparticles after 24 h (a) control (b) ZnMBC 11 (c) ZnMBC 12 (d) 

(11)@MSNs-CTS-Biotin and, (e) (12)@MSNs-CTS-Biotin. 

 

Figure.5.31: Nanoparticles (11)@MSNs-CTS-Biotin, and (12)@MSNs-CTS-

Biotin induced apoptotic and/or necrotic fluorescence signal. Image of AO/PI 

double staining in zebrafish after treatment with nanoparticles (72 hpf). (A) 

Zebrafish control larvae (B) zebrafish control larvae stained with AO emitting 

green fluorescence. (C) Absence of red fluorescence in control fishes when 

stained with PI. (D) Merged Image of dual stained zebrafish showing live cells 

at 72 hpf. (E) 400 µM of (11)@MSNs-CTS-Biotin treated zebrafish showing 

deformities. (F, G) zebrafish treated with 400 µM of (11)@MSNs-CTS-Biotin 

and stained with AO ,and PI, respectively. (H) merged image of (F) and (G) 

showing live and dead cells. (I) 200 µM of (12)@MSNs-CTS-Biotin treated 

zebrafish screening deformities. (J, K) zebrafish treated with 200 µM of 

(12)@MSNs-CTS-Biotin and stained with AO, and PI, respectively. (L) AO and 

PI fluorescent-stained merged image displaying live and dead cells. No such 

deformations were observed at LD50 concentrations. 

5.3.11 Monitoring the production of reactive oxygen species (ROS) 

ROS plays an important role in regulating cell proliferation, cellular apoptosis, 

and the mechanistic action of cell death. Excessive and uncontrolled 

production of ROS cannot be tolerated by cells as they possess inadequate 

scavenging capacity, which leads to oxidative stress and can accelerate damage 

inside cellular components. Owing to the abnormal cellular function, cancer 
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cells are indeed under amplified oxidative stress compared to normal cells. 

Thus, nanocarrier-based targeted chemotherapy can be the suitable route to 

enhance anticancer efficacy. Complexes and nanoparticles (at 10 µM 

concentration) treated HeLa cancer cells were incubated and investigated via 

DCF-DA assay, which shows extensive ROS overproduction for each 

compound after 24 h (Figure 5.32a). A significant enhancement in ROS 

generation was monitored with the gradual increment in time (Figure 5.32b). 

At a glance, the generated ROS break the two acetate linkages of non-

fluorescent DCF-DA to give green fluorescence-based DCF. An intensity 

profile for all the compounds mediated ROS overproduction has been derived 

in Figure 5.32c, which suggests the role of the core and nanodrugs in ROS 

generation, which is followed by cellular apoptosis. 

 

Figure.5.32: (a) ROS generation induced by core anticancer agents ZnMBC 

1/2, and the corresponding nanodrugs (11/12)@MSNs-CTS-Biotin (at 10 µM 

concentration) after 24 h confirming the influence of ROS to the cellular 

apoptosis (in HeLa cell lines). Untreated cells give no green fluorescence. (b) 

Time dependent ROS production in presence of (12)@MSNs-CTS-Biotin at 



                                                                         

  
    

 

248 

5 Chapter 

IC50 concentration. (c) Normalize intensity percentage (including standard 

deviation) of ROS overproduction calculated using ImageJ programme. DIC 

denotes differential interference contrast confocal technique. 

5.4 Conclusions 

In a nutshell, MSNs nanocarrier-coated drug delivery systems are successfully 

fabricated and utilized for targeted anticancer activity. Nevertheless, the core 

zinc complexes showed better cytotoxicity against various cancer cells, but 

they were found to be less selective towards normal cells than when attached to 

the nanoconjugates. The pH-triggered release of zinc complexes has been 

achieved using the CTS tag, whereas modified bioconjugation with Biotin 

helps in higher accumulation through receptor-mediated endocytosis in cancer 

cells. The intracellular ZnMBC triggers ROS overproduction that could attack 

DNA in the nucleus and induce DNA damage-mediated cellular apoptosis. 

Notably, all the outcomes directed that the nanoparticle-assisted drugs 

endorsed the enhanced selectivity of ZnMBC between cancer and normal cells, 

and consequently, it showed an improved anticancer property. The reliability 

of this approach will offer opportunities to explore more functional and cost-

effective drug delivery systems, which could achieve better cellular uptake for 

enhancing chemotherapy in the future. 
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Chapter 6 

General conclusions and future scopes 

The thesis presents ruthenium and zinc metal-based complexes with different 

organic and inorganic ligands of known therapeutic properties and an 

assessment of their antiproliferative activities. The efficient delivery of the 

metallodrugs is the other area which is investigated in this work. The 

mechanistic pathway of the anticancer properties of the complexes is explored 

through their interactions with various biomolecules, staining techniques and 

microscopic studies. The Western Blot technique investigates the upregulation 

and downregulation of the associated proteins in this study.  

In Chapter 2, the synthesis and characterization of four ruthenium(II)-arene 

complexes (1-4) are reported. Different analytical techniques have been 

utilized to characterize, and a DFT study was used to optimize the geometries 

and calculate the energies of the frontier molecular orbitals. An MTT assay 

revealed the potency of complexes against MCF-7 (breast cancer) and Hela 

(cervical cancer) cell lines. The complexes are found to be specifically 

cytotoxic against cancerous cell lines, as they were inactive against the normal 

HEK 293 cell line. An absorption and fluorescence titration study of 

complexes showed significant interactions with DNA and proteins. 

Interestingly, all the complexes show potent catalytic activity for the hydrogen 

transfer of NADH and converted NADH to NAD+, which helps to induce the 

accumulation of intracellular reactive oxygen species (ROS) in MCF-7 cells. 

The Hoechst staining method was applied to analyze the morphological 

changes to capture images of apoptotic cells through confocal microscopy. 

Four new organometallic Ru(II)-arene complexes (5-8) have been synthesized, 

characterized, and reported in Chapter 3 with anticancer, antimetastatic and 

two-photon cell imaging abilities. All the complexes are well characterized by 

spectroscopic techniques (NMR, mass, FTIR, UV-Vis and fluorescence). The 

stability study of the complexes was performed through UV-visible 

spectroscopy. The cytotoxicities of all the complexes were screened through an 
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MTT assay, and the results revealed that the complexes have potential 

anticancer activity against various cancerous cells (HeLa, MCF7 and A431). 

Studies with spectroscopic techniques revealed that complexes 5-8 exhibit 

strong interactions with biological molecules, i.e. proteins (HSA and BSA) and 

CT-DNA. A plausible mechanism for NADH oxidation has also been 

explored, and the DFT calculations are found to be in accord with the 

experimental observation. Furthermore, the complexes are found to be capable 

of intracellular reactive oxygen species (ROS) generation in the MCF7 breast 

cancer cell line. The Hoechst/PI dual staining method confirmed the apoptosis 

mode of cell death. Meanwhile, complexes show capabilities to prevent the 

metastasis phase of cancer cells by inhibiting cell migration. 

Chapter 4 presents a novel drug delivery system (nanogels) that can target 

cancer cells and release drugs in response to changes in pH levels, minimizing 

side effects and maximizing effectiveness. These nanogels can be loaded with 

synthesized glucose ring conjugated ruthenium (II) arene complexes (9-10) as 

anticancer agents. All the spectroscopic and analytical results like NMR, ESI-

MS, FTIR, UV-visible, SEM, TEM, XPS, rheology, BET, supports the 

formation of the proposed compounds and fabricated nanogels. Nanogels 

(NGs) can display exceptional increased efficacy toward cancerous cells with 

IC50 values ranging from 7.50 to 18.86 μM via induced apoptosis in a group of 

three human cancer cell lines. Apart from its potency, NGs found to be highly 

selective towards cancer cells. Moreover, based on the results of immunoblot 

analysis, it can be concluded that the synthesized compounds exhibit a 

significant increase in the expression of cleaved caspase-3 and a decrease in 

the expression of the anti-apoptotic protein BCL-XL. Additionally, it was 

discovered that NG-induced apoptosis is dependent on ROS production and 

DNA targeting. Furthermore, a narrower range of LD50 values (1185.93 and 

823.03 μM) was seen after administering NGs to zebrafish embryos in vivo.  

Chapter 5 opens up a key route toward enhanced chemotherapy with the help 

of two Zn (II) Mannich base complexes: ZnMBC (11-12) synthesized 

alongside Mannich base ligands to investigate their biological potency. 
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Further, well-established mesoporous silica nanoparticles (MSNs) have been 

chosen as carriers of the titled metallodrugs in order to achieve anticancer drug 

delivery. A pH-sensitive additive, namely, chitosan (CTS) conjugated with 

biotin, is tagged to MSNs for the targeted release of core agents inside tumours 

selectively. The CTS blocked ZnMBC inside the mesopores of MSNs, and 

biotin acted as a targeting ligand to improve tumour-specific cellular uptake. It 

was found that the CTS-biotin surface decoration can significantly enhance the 

cellular uptake of ZnMBC through endocytosis. A panel of four human cancer 

cell lines has revealed that ZnMBC (11/12)@ MSNs-CTS-biotin 

nanoparticles (NPs) can exhibit unprecedented enhanced cytotoxicity toward 

cancer cells with IC50 values ranging from 6.5 to 28.8 μM through induction of 

apoptosis. NPs also possessed excellent selectivity between normal and cancer 

cells, along with their enhanced efficacy. Two-photon-excited in vitro imaging 

of normal (HEK) and cancer (HeLa) cells has confirmed the drug delivery. 

Also, NP-induced apoptosis was found to be dependent on targeting DNA and 

ROS generation. Moreover, a lower range of LD50 values (153.6-335.5 μM) 

was observed upon treatment of zebrafish embryos with NPs in vivo.  

In the future, in vivo research on mice can be conducted to evaluate the effect 

of these complexes on the living organism, as this would provide much more 

in-depth insight into the activities of complexes. Such investigations offer an 

invaluable opportunity to gain comprehensive insights into the activities and 

potential therapeutic benefits of these complexes. Additionally, in vivo studies 

on mice can provide valuable preclinical data that can guide the design and 

optimization of future clinical trials, enabling a more informed and targeted 

approach towards developing anticancer therapies. 

 

 

 

 


