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Abstract 

Design and synthesis of cationic polymers and evaluation of their in vitro anticancer activity  

Nishant Kumar  

Matsumura Laboratory, JAIST 

 
Cancer is one of the leading causes of death worldwide. As the cancer burden continues to increase globally, it exerts 

tremendous physical, emotional, and financial strain on individuals, families, communities, and health care systems. 

Cancer can affect any part of the body and is characterized by its uncontrollable growth. Numerous treatments, such 

as radiation therapy and chemotherapy which utilize various drugs, are currently in use; however, their harmful side 

effects and the development of drug resistance have resulted in major roadblocks when treating cancer. With 

advancements in synthetic and polymer chemistry, the use of nanoparticle-based drug delivery systems and 

chemotherapeutic macromolecules have garnered increasing attention in the previous decade. Unfortunately, nanoparticle 

drug delivery systems are based on the activity of the drug itself and hence suffer from inherent limitations of the drug 

along with cellular barriers, burst release, significant off-target toxicity and resistance development. So, better therapeutic 

strategies are sought in clinics, which will help improve overall survival, reduce treatment side effects, increase patient 

compliance, and improve disease management and outcome. With the known limitations of small-molecule drugs and 

conventional drug delivery systems, the potential use of polymeric molecules as anticancer agents could be a game-

changer in the field of polymer-based biopharmaceuticals. In this research I was focusing on these cationic polymers and 

evaluation of their biological activity against various cancer cell lines.  

To resolve the issue related to the limitations of the small molecule drugs and the nanotechnology-based drug-delivery 

systems, the primary aim of this thesis is to develop anticancer cationic polymers. To this end I synthesized the cationic 

polymers containing the hydrophobic groups in them. We describe the design and synthesis of novel anticancer polymers 

containing hydrophobic groups. I established the fact that the cationic homopolymer of (3-

acrylamidopropyl)trimethylammonium chloride does not show any anticancer activity on its own; however, the insertion 

of hydrophobic moieties (n-butyl methacrylate, n-hexyl methacrylate, n-octyl methacrylate) in copolymers enhances their 

anticancer activity with very low IC50 value. Also, I carried out the mechanistic investigation of the interaction between 

the cationic homopolymers and the copolymers with the cancer cell membrane and proved that the hydrophobicity 

enhanced the interaction along with enhanced cytotoxicity.   

Further, I designed and developed systems comprising both a cationic charge and hydrophobic moieties with a focus on 

selectivity toward normal cells. A series of poly-L-lysine and nicotinic acid-based polymers with varying amount of 

dodecylsuccinic anhydride was synthesized. To obtain the selectivity, the cationic charge of polymers was concealed by 

coordination with the Zn2+ ions.  The Zn-bound polymers were found to be highly selective and effective against the 

cancer cell lines use. Also, they exhibited potent anticancer activity against the drug resistance cell line (COR-L23/R). 

The obtained polymers were found to be effective when compared with the small molecule drug like doxorubicin and 

prevents the further tumour metastasis. Considering the easy synthetic route, availability and biodegradability of these 

polymers could proves to be a promising approach towards cancer treatment. 

Next, I convert the bioactive anticancer compound methyl jasmonate a small molecule into the cationic polymer or to 

copolymerize it with the cationic monomers. For this purpose modified methyl jasmonate to the monomer and then further 

copolymerised it with (3-acrylamidopropyl)trimethylammonium chloride. The obtained copolymers showed the enhanced 

cytotoxicity towards the cancer cell lines when compared to the MJ alone. In order to obtained the selectivity the PEG-

based copolymers of methyl jasmonate and the (3-acrylamidopropyl)trimethylammonium chloride were synthesised. The 

PEG-based copolymers showed enhanced selectivity and the better anticancer activity.  

Lastly, I summarised the findings of each chapter. Also, I gave and outlook for each chapter for the further utilization of 

the research worked performed during this PhD.  

 

Keywords: Anticancer agents, Cationic polymers, Membrane-polymer interaction, Hydrophobicity, Metal-coordinated 

polymers  
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Chapter 1 

INTRODUCTION 

Cancer is defined as a large group of heterogeneous diseases characterized by uncontrollable 

cellular growth. It can originate in any body part, like organs or tissues, and has the potential 

to invade and spread throughout the body. Genetic alterations, such as mutations in DNA repair 

genes, oncogenes, tumor suppressor genes, as well as other genes involved in cellular growth 

and differentiation, transform normal cells into malignant cancer cells. Cancer is one of the 

major causes of mortality and morbidity worldwide, ranking second after cardiovascular 

disease. According to WHO, in 2020 it accounted for one in six deaths resulting in an estimated 

9.9 million deaths with 1.9 million new cases being recorded (Figure 1.1). The most common 

cancer types are breast, lung, cervical, colorectal, and thyroid cancers; additionally, cancers of 

the mouth, liver, lung, stomach, prostate, and colon are more common in men. [1] 

 

Figure 1.1: Global cancer burden in 2020. (A) Estimated new cases of cancer in 2020. (B) 

Estimated deaths due to cancer in 2020.[2]  

1.1. Difference between cancer cells and normal cells 

Cancer cells differ from normal cells in various aspects such as membrane composition, energy 

consumption, and rate of proliferation. Biomarkers are biological molecules present in cells, 

body tissues, or body fluids that indicate normal and abnormal processes.[3] They can be 
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detected in excretions (stool, urine), circulation (whole blood, plasma, or serum), or secretions 

(sputum or nipple discharge), and are thus a non-invasive, serial method that can be used to 

easily assess and evaluate health and diseases either through special imaging or biopsy. Hence, 

cancer biomarkers are vital for the screening, prognosis, detection, diagnosis, and monitoring 

of cancer.[3] In normal eukaryotic cells, phosphatidylethanolamine and phosphatidylserine are 

present in the inner leaflet of the cell membrane, whereas choline-containing phospholipids, 

sphingomyelin, and phosphatidylcholine are mainly present in the outer leaflet of the cell 

membrane. This array can be altered in response to a variety of internal and external stimuli 

that result in certain biological responses. Therefore, phosphatidylserine can be used as a 

biomarker that allows for the specific targeting of cancer cells without affecting normal cells. 

Many cancer cell types, such as glioblastoma (Gli36), breast cancer (MDA-MB-231-Luc-

D3H2LN), and astrocytoma (U373) show overexpression of phosphatidylserine, whereas 

untransformed human Schwann cells possess the lowest surface expression of 

phosphatidylserine.[4] In addition to phosphatidylserine, O-glycosylated mucins,[5, 6] sialylated 

gangliosides,[7] and heparan sulfates[8] are also overexpressed in cancer cell membranes, 

whereas normal cell membranes are mainly composed of neutral zwitterionic phospholipids 

and sterols (Figure 1.2A).[9] In tumor cells, a relatively higher number of microvilli are present 

in comparison to normal cells, thus increasing the surface area of the cancerous cells and 

allowing them to interact with more cationic anticancer peptides and polymers.[10] Otto 

Warburg proposed that the consumption of energy in cancer cells is different from that in 

normal cells.[11] Cancer cells do not preform the tricarboxylic acid (TCA) cycle for their energy 

production; they prefer the glycolytic pathway, even in the absence of oxygen, and thus have a 

higher lactate production, leading to acidification of the cell (Figure 1.2B).[12] 
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Figure 1.2: Difference in cancer and normal cell membrane. (A) The calculated net surface 

charges on the various cells lines. (B) Diagram showing the production of lactate ions, which 

result in a more acidic environment and the negative charge on cancer cells.[13]  

1.2. Cancer treatment 

1.2.1. A history of cancer treatment 

The term cancer was derived from the Greek word “karkinos,” which was first used to describe 

malignant tumors by the physician Hippocrates. Some of the earliest evidence of human bone 

cancer can be found in ancient Egyptian mummies and manuscripts (around 1600 BC). In 

medicine, the earliest written evidence of cancer, in the form of breast cancer, was found in an 

ancient Egyptian medical text (Edwin Smith Papyrus), which described it as a grave disease 

with no treatment.[14] Examples of treatments used by the Egyptians include cautery, surgery 

with knives, salts, and an arsenic paste that remained in use as “Egyptian ointment” until the 
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19th century.[15] In contrast, herbal remedies such as tea, figs, fruit juices, and boiled cabbage 

were used by the Sumerians, Indians, Chinese, and Persians, but in severe cases, they would 

use pastes of copper, iron, sulfur, and mercury. Some of these mixtures have been used on 

internal and external cancers for approximately 3000 years. Claudius Galen, a Greek medicine 

practitioner, wrote more than 100 notes on tumors and cancer, which were translated from 

Greek to Latin and other languages and were widely distributed in all known countries of his 

time.[16]  

1.2.2. Surgical treatment of cancer 

Aelius Galenus or Claudius Galenus, often anglicized as Galen, was a 2nd century doctor who 

was thought to be the highest medical authority in his time and his books were preserved for 

centuries. He studied cancer as much as Hippocrates did. Surgery has long since been the first-

line treatment for malignant and solid tumors. After the discovery of anesthesia in 1846, 

surgeons such as Bilroth, Handley, and Halsted performed tumor removal operations by 

removing the entire tumor along with the lymph nodes. In the 1970s, less invasive techniques 

such as ultrasound (sonography), computed tomography (CT scans), magnetic resonance 

imaging (MRIs), and positron emission tomography (PET scans) were developed. Nowadays, 

surgeons can use miniature video cameras and endoscopy to remove esophageal, colon, and 

bladder tumors. 

Different types of surgery are used for the treatment of cancer at different stages such as radical 

or curative surgery for removing the entire diagnosed tumor, surgery for symptomatic relief, 

conserving surgery, surgery for metastases, recurrent surgery, reconstructive surgery, etc. With 

advancements in technology, different ways of performing surgeries have been developed, 

eliminating the need to cut with a scalpel. These include cryosurgery, in which extremely cold 

liquid nitrogen or argon is used to destroy the abnormal cells or tissues; lasers, in which a 
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powerful beam of light is used to damage and cut the affected tissue; hyperthermia, a treatment 

in which the affected areas of the body are exposed to high temperatures; and photodynamic 

therapy, in which drugs are used that can react with certain types of light so that when the tumor 

is exposed to the light, the drugs are activated and kill the nearby cells.[17] 

Since surgical methods involve pain and the possibility of infection and are very costly 

procedures that can lead to fatality, researchers have tried to develop alternative strategies to 

combat cancer that are less invasive, painful, and harmful to the patient.  

1.2.3.  Radiation therapy  

Radiation therapy is a technique in which cancer cells are treated with a high dose of radiation. 

The radiation does not directly kill the cancer cells but damages the DNA beyond repair; as a 

result, the cells stop dividing, and die within weeks or months, and are finally removed from 

the body. Radiation treatment depends on the type of cancer, size of tumors, implications on 

the lymph nodes, and the type of radiation technique used.[18] Radiation therapy also affects 

nearby normal cells; therefore, tumor-specific targeting is required. Advancements in imaging 

techniques, powerful computers, software, and delivery methods have helped achieve this. 

Currently, the most advanced techniques developed are intensity-modulated radiotherapy 

(IMRT), image-guided radiotherapy (IGRT),[19] 3D conformal radiotherapy (3DCRT), and 

stereotactic body radiation therapy (SBRT).[20] 

Radiation therapy has proven to be an important treatment method for cancer, and ongoing 

efforts towards new radiation treatments will improve the quality of life and survival of patients 

with cancer. Although improved imaging techniques and delivery methods have somewhat 

lowered the toxicity to nearby cells, further research is warranted to minimize the toxicity and 

side effects. Moreover, an understanding of the biological mechanisms is still required.  

 



INTRODUCTION 

6 

 

1.2.4. Chemotherapy  

Chemotherapy involves the use of drugs to destroy cancer cells. This involves either stopping 

or slowing cancer cell growth, and its effects are systemic. Based on the mode of action, the 

following classes of anticancer drugs are available: a) DNA damaging alkylating agents; b) 

RNA and DNA building blocks replacing anti-metabolites; c) DNA replication interfering 

antibiotics; d) topoisomerase I or II inhibitors, enzymes involved in unwinding DNA 

replication and transcription; e) mitosis and cell division inhibitors; and f) corticosteroids.[21] 

Some well-known chemotherapeutic cytostatic drugs include capecitabine, irinotecan, 

docetaxel, ixabepilone, gemcitabine, and pemetrexed.  

Although chemotherapy shows good results for cancer treatment, it alone fails to eradicate the 

disease in most patients. Moreover, chemotherapy is associated with severe side effects, 

including acute as well as chronic toxicity.[22] Immediate harmful effects on the hair, skin, 

blood, kidneys, and gastrointestinal tract can be observed. Neurotoxicity disorders can also 

induce paresthesia, somnolence, paralysis, spasms, ataxia, and coma. Additionally, the 

prolonged consequences of chemotherapy include drug resistance, carcinogenicity, and 

infertility.[23] 

1.3. Material-based treatment 

While the methods discussed in the preceding section have yielded impressive results, they 

also suffer from many drawbacks. As the prevalence of cancer is increasing each year, it is 

imperative that we develop new therapeutic materials to manage and treat it. Accordingly, over 

the years, many material-based cancer therapeutics have been developed. Material-based 

methods offer greater flexibility and potency when compared to conventional methods, and 

hence have gained widespread popularity in previous decades.  
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1.3.1. Nanoparticles as cancer therapy 

Although surgical resection, radiation therapy, and chemotherapy have achieved success in the 

treatment of cancer, better therapeutic strategies that improve overall survival, reduce treatment 

side effects, increase patient compliance, and improve disease management and outcomes are 

sought-after in clinics. To achieve this, it is imperative that we develop a rational treatment 

strategy that combines and maximizes both efficacy and safety to not only treat the disease 

effectively but also maintain patient welfare. Nanotechnology-based treatment options, which 

allow for the combination of different treatment modalities, drugs, and materials in one single 

platform, have thus become extremely attractive. For instance, the loading of drugs into 

nanoparticles alters the pharmacokinetic properties of the drugs[24] (e.g., improved 

biodistribution, greater bioavailability, and lower clearance), prevents their degradation inside 

the body, and reduces drug toxicity and side effects[25]; the nanoparticles carrying the drugs 

interact primarily with the surrounding biological environment through their surface functional 

groups[26], which ultimately dictates the fate of the drug. In fact, the high surface-area-to-

volume ratio of the nanoparticles is an advantage because of the subtle changes in surface 

functionality which can enable drastic changes in their properties inside the body. Additionally, 

the small size of nanoparticles (10–500 nm) provides unique advantages over the free drug 

molecules. This is because the enhanced permeability and retention (EPR) effects that are 

found in many tumors enable nanoparticle accumulation/retention at the tumor site, which is 

difficult to achieve when using small sized free drugs[27]. Moreover, the nanoparticle surface 

area can be appropriately modified to incorporate ligands targeting tumor sites without 

compromising the functional ability of the loaded drug. Importantly, the biggest advantage of 

nanoparticles in drug delivery is their ability to incorporate materials with different 

functionalities. “Multi-functional” nanoparticle systems can be designed via the loading of 

multiple drugs to increase the overall therapeutic efficacy; additionally, stimuli-responsive 
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materials for remote-controlled on-demand drug release, together with diagnostic and 

therapeutic components for image-guided drug delivery can also be incorporated.  

1.3.1.1. Different nano-drug delivery systems  

Broadly, nanoparticles for drug delivery applications can be classified based on the material 

used to synthesize them: polymer-based nanoparticles, lipid-based nanoparticles, non-

polymeric nanoparticles, and nanoparticles derived from biological materials (Figure 1.3).  

 

Figure 1.3: Classification of nanoparticles for drug delivery based on materials used for their 

synthesis.[2] 

Nanoparticles made from polymeric materials are usually considered suitable for drug delivery 

applications because their physicochemical properties can be easily controlled (the chemical 

functionality of the polymer building blocks can be altered, as can be the reaction chemistry 

used for the synthesis of polymeric nanoparticles). Of note, for drug delivery applications, it is 

essential that nanoparticles can facilitate controlled drug release at the target site, without toxic 

effects. A few different types of artificial and natural polymers have been utilized for this 

purpose a little detail is explained below (Table 1.1). 
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Table 1.1. Different types of polymer- and lipid-based nanoparticles. 

 
 

Loaded cargo Cancer type Remarks Reference 

Polymer NPs siRNA Prostate (in vitro – 

LnCaP, PC3, 

DU145) 

The PRINT method 

enables a high 

encapsulation 

efficiency for cargo 

[28] 

Paclitaxel Brain (in vivo -C6 

glioma; dose: 

5 mg/Kg) 

 
[29] 

Paclitaxel and IR780 

dye 

Ovarian (in vivo – 

ST30; dose: 

7 mg/Kg) 

Near-infrared (NIR) 

light-induced drug 

release 

[30] 

KRAS-siRNA Pancreas (in vivo – 

KPPC-1) 

Successful KRAS 

knockdown was 

observed 

[31] 

Doxorubicin Brain (in vivo - 

glioblastoma 

101/8; dose: 

2.5 mg/Kg) 

 
[32] 

Dendrimers mi-RNA and 

doxorubicin 

Breast (in vitro- 

MDA-MB-231) 

 
[33] 

AZD4320 (Bcl-2/Bcl-

xL inhibitor) 

Blood (in vivo – 

RS4 lymphoblastic 

leukemia) 

 
[34] 

Doxorubicin Breast (in vivo – 

Walker 256; dose: 

2 mg/Kg) 

Reduces non-specific 

uptake in major 

organs 

[35] 

siRNA targeting 

Hsp27 

Prostate (in vivo – 

PC-3; dose: 

0.25 mg/Kg) 

Targets amphiphilic 

dendrimers showing 

efficient gene 

silencing 

[36] 

Micelles Doxorubicin Breast (in vivo – 

4 T1; dose: 

10 mg/Kg) 

Improves drug 

pharmacokinetics 

[37] 
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Loaded cargo Cancer type Remarks Reference 

and tumor-specific 

accumulation 

Curcumin Cervical (in vivo 

– HeLa; dose: 

10 mg/Kg) 

Cross-linked 

micelles show 

enhanced tumor 

accumulation 

[38] 

Doxorubicin Breast (in vivo – 

4 T1; dose: 

20 mg/Kg) 

Reversible cross-

linked micelles used 

[39] 

Docetaxel Breast (in vivo – 

4 T1; dose: 

10 mg/Kg) 

Therapeutic efficacy 

against breast cancer 

metastasis 

[40] 

Polymerosome Docetaxel Breast (in 

vivo −4T1, dose: 

10 mg/Kg) 

Folic acid conjugated 

NPs for tumor 

targeting 

[41] 

Indocyanine green 

and doxorubicin 

Breast (in 

vivo −4T1, dose: 

10 mg/Kg) 

Combined 

photothermal and 

drug delivery 

[42] 

Iron oxide NPs and 

doxorubicin 

Cervical (in vitro -

HeLa) 

Higher MR contrast 

obtained relative to 

IO NPs alone 

[43] 

Doxorubicin Cervical (in vitro -

HeLa) 

pH responsive drug 

release 

[44] 

Nanogels Doxorubicin Cervical (in vitro -

HeLa) 

Polymersome 

membrane cross-

linked to form 

hollow-nanogels 

[45] 

HSP-90 inhibitor (17-

AAG), doxorubicin 

Breast (in vivo - 

BT-474, dose: 

6 mg/Kg) 

Synergistic 

chemotherapy 

[46] 

Nile red, Paclitaxel, 

Doxorubicin 

Breast (in vitro -

MCF-7) 

Hydrophobic and 

hydrophilic drugs 

loaded 

[47] 
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Loaded cargo Cancer type Remarks Reference 

Doxorubicin Bone (in vitro -

CAL-72) 

Simple synthesis 

process using 

alginate biopolymer 

[48] 

Liposomes Doxorubicin Colon (in vivo -

C26; dose: 

10 mg/Kg) 

Anti-angiogenesis 

therapy achieved by 

targeting with Arg-

Gly-Asp (RGD) 

peptides 

[49] 

5-Fluorouracil and 

doxorubicin 

Breast (in vivo – 

4 T1; dose: 

3 mg/Kg 

doxorubicin and 

0.62 mg/Kg 5-

Fluorouracil) 

Synergistic delivery 

of drugs achieves 

effective tumor 

therapy at low 

toxicity 

[50] 

Solid lipid 

NPs 

Didoceylmethotrexat

e (ddMTX), a 

lipophilic prodrug 

form of methotrexate 

Brain (in vivo – 

F98 glioma; dose: 

1.6 mg/Kg) 

 
[51] 

 
Paclitaxel Lung (in vivo – 

M109; dose: 

1 mg/Kg) 

Effective tumor 

therapy achieved 

through the 

pulmonary route, 

reducing systemic 

toxicity 

[52] 

 
Paclitaxel Lung and breast 

(in vivo – H1975, 

H1650, H520, 

PC9, SK-BR-3; 

dose: 22 mg/Kg) 

 
[53] 

NPs, nanoparticles; PRINT, particle replication in non-wetting templates.  

1.3.1.2. Summary of different nanomaterial systems.  

Among the different nanomaterials used for drug delivery applications that have been discussed 

here, each has multiple advantages and disadvantages (Figure 1.4). The use of a specific type 

of material for cancer therapy ultimately depends upon the net intended application which 
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could include drug delivery, active targeting, imaging, immunotherapy, and controlled long-

term drug release. In the present research landscape, it is important to note that almost all 

nanomaterials investigated for drug delivery are engineered to possess multi-functionality, 

either though the addition of multiple functional chemical/biological groups (e.g., pH 

responsive polymers, enzyme cleavable linkers, antibody ligands, etc.)[54-56] or through the 

combination of different nanomaterials to form a hybrid/composite nanostructure. Two 

primary reasons could be considered for this shift in outlook: (a) the benefits of adding multiple 

functionalities (e.g., combined therapy and imaging, remote-controlled stimuli-responsive drug 

delivery) seem to show a multi-fold increase in therapeutic outcomes when compared to single-

functional nanosystems; and (b) the improvement and increase in knowledge relating to the 

synthesis chemistries when combining multiple materials in one single platform. Even though 

these advantages have been highlighted in multiple studies for multi-functional/stimuli-

responsive nano-materials, a corresponding increase in the clinical translation of such systems 

is suffering from multiple bottlenecks. One of the biggest disadvantages of utilizing multiple 

components to synthesize a specialized nanomedical system is the difficulty in determining the 

safety profile of every component encompassing the system. The other major disadvantage is 

the complexity related to the scale up of the synthetic chemistries of systems that tend to 

become more difficult with the addition of multiple components. Nevertheless, it is important 

to realize that these nanomedical systems show great promise in treating cancers which are 

difficult to treat using conventional treatment modalities but the transition from the bench to 

the bed-side requires more research and a clearer understanding of their cost-to-benefit ratios. 
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Figure 1.4: Summary of the advantages and disadvantages of the 

different nanomaterial systems used for cancer therapy.[2] 

1.3.2. Material-based cancer immunotherapy 

Cancer immunotherapy relies on the ability of the body’s immune system to fight against 

cancer accurately and safely. In the previous two decades enormous progress has been made in 

relation to cancer immunotherapy and this has resulted in advances and positive outcomes.[57-

59] Drugs are designed to incite healthy primary and secondary antitumor immune responses 

via the revamping/improvement of natural mechanisms that are altered in cancer foci, thus 

constraining tumor growth and metastasis.[60] Therefore, the development of cancer 

immunotherapy approaches depends on our understanding of the relationship between the 
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immune system and cancer, famously known as the cancer-immunity cycle.[61] The first cancer 

immunotherapeutic drug, the cytokine interferon-a (IFN-a) was approved by the FDA for the 

treatment of hairy cell leukemia.[62] However, there are several problems associated with 

immunotherapeutic drugs, such as the large dose requirement due to their short half-life which 

causes autoimmune side effects, their limited effectiveness (in few patients), and the restricted 

use of the treatments for hematological tumors, due to the complex tumor microenvironment 

(TME) of solid tumors.[63] 

To overcome such side effects and improve the efficacy/accuracy of immunotherapy 

approaches, novel drug delivery systems (DDS) are required. In recent years, DDSs were 

designed for the prolonged release of immunotherapeutic drugs in vivo[64]; a variety of 

biomaterials-based systems have been developed including liposomes, hydrogels, polymers, 

and silica nanorods (Table 6) that have improved capacities for the specific and targeted 

delivery of drugs, low toxicity, high efficacy, and immune-stimulating effects.[64, 65] Recently, 

it was found that combined photothermal immunotherapy could enhance the antitumor immune 

response and overcome the problems associated with photothermal therapy (PTT).[66-71] 

Although cancer immunotherapy is attracting increasing amounts of attention, there remains a 

huge gap between human patient treatments in vivo and in vitro laboratory models, as very few 

formulations are undergoing clinical trials. Indeed, resources for the development of 

biomaterials for DDSs are available; however, the economical large-scale production of such 

materials is still challenging. Therefore, there is an urgent need for new cost-effective materials 

and humanized models for the appropriate development of efficient and potent 

immunotherapy-based cancer treatment options. 

1.3.3. Cationic polymeric molecules 

Polymers which bear positive charges either intrinsically present in the polymer backbone or 

in the side chains or synthesized in the presence of novel cationic entities are known as cationic 



INTRODUCTION 

15 

 

polymers. Easy further modification and their unique physico-chemical properties made them 

appealing for biological application. Maximumly, these polymers possess any of the primary, 

secondary or tertiary amine functional groups which may further be protonated. Like the 

normal polymers, these polymers were also divided on the basis of their polymeric structure 

(linear, branched, hyperbranched and dendrimer-like) and can be further differentiated by the 

placement of the positive charges (backbone or side chains).  

1.3.3.1. Types of cationic polymers 

Also, they can further be divided on the source of their origin: natural, semi-synthetic and 

synthetic (Figure 1.5). [72, 73] 

 

Figure 1.5: Classification of cationic polymers on the source of origin.[72] 

1.3.3.1.1.  Natural polymers  

Natural cationic polymers possess intrinsic positive charge and are obtained from renewable 

sources. These are mainly biodegradable, biocompatible, often possess low immunogenicity 

and low toxicity. Most of the natural cationic polymers have reactive sites that can be further 

modified to improve their properties for the therapeutic effect. The most common natural 
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cationic polymers used in biomedical applications are cationic gelatin,[74] cationic chitosan,[75] 

cationic cellulose,[76] and cationic dextran.[77]  

1.3.3.1.2. Semi-synthetic polymers 

These polymers were obtained from nature, but they need further modification to acquire 

positive charge. These polymers could retain the properties of the natural polymers like 

biodegradability, though the introduced positive charge could lead to increased cytotoxicity 

and decrease in biocompatibility. One can control the charge and thus can improve their 

properties with further modifications.  The most commonly known semi-synthetic cationic 

polymers are chitosan,[78] cationic cyclodextrin,[79] and cationic dextran.[80]  

1.3.3.1.3. Synthetic polymers  

In recent decades, synthetic polymers have received great attention in biomedical applications, 

drug delivery systems and as well as in tissue engineering as they can overcome the problem 

associated with batch-to-batch variation of natural polymers. They can be easily modified with 

some specific functional and bioactive moieties; molecular weight could be controlled, and 

their degradation behavior can also be improved. The most commonly used synthetic cationic 

polymers in biomedical applications includes polyethyleneimine (PEI),[81] poly-L-lysine,[82] 

polyamidoamine,[83] poly[2-(N,N-dimethylamino)ethyl methacrylate (PDMAEMA). [84] 

1.3.3.2. Anticancer cationic peptides 

Peptides consist of short chains of 5–50 amino acids linked via peptide bonds and are mainly 

arranged as α-helices or β-sheets—the major secondary structures. In addition, peptides possess 

some distinctive features, such as hydrophobicity and high cationic charges, which facilitate 

the formation of amphiphilic structures and interactions with cancer cells.[85, 86] Materials based 

on these peptides have been found to be promising for use as cancer therapeutics with a number 

of activities such as drug delivery, sensing, fate control, tumor tissue perforation, and 

generation of immunological responses for anticancer therapeutics.[87-90] Tumor cells differ 
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from normal cells in their morphological appearance, have different chemical compositions 

and cellular membranes, and lose their original function. Anionic molecules such as 

phospholipid phosphatidylserine, O-glycosylated mucins, heparin sulfate, and sialylated 

gangliosides are overexpressed by the cancer cell membranes, resulting in a net negative charge 

as compared to normal cells. Because of these key differences between normal and cancer cells, 

it has been predicted that cancer cells are more vulnerable to anticancer cationic peptides 

(ACPs), resulting in the likelihood of selectivity. Peptides with membrane-disrupting lytic 

modes of action serve as defense molecules in plants, invertebrates, vertebrates, bacteria, 

insects, and humans. These membrane lytic peptides have gained recognition as antimicrobial 

peptides and can affect both eukaryotic and prokaryotic cells. Subsequently, the sensitivity of 

tumor cells to ACPs was discovered. As discussed above, the negatively charged membranes 

of cancer cells bind to ACPs through electrostatic interactions, ultimately leading to cell 

membrane lysis. ACPs can interact with cancer cells through different mechanisms, such as 

the barrel-stave model, carpet-like mechanism, toroidal pore model, in-plane diffusion model, 

and detergent-like effect model (Table 1.2, Figure 1.6) .[91]  
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Table 1.2. Membranolytic modes of anticancer peptides 

Model Membrane lytic 

mechanism  

Peptide  Reference 

Barrel-stave model  α-Helices of 

amphipathic lytic 

peptides are inserted 

into the hydrophobic 

core of the bilayer 

membrane and form 

transmembrane pores 

Alamethicin, 

melittin, and 

hemolysin 

[92, 93] 

Toroidal or two-state 

model 

Peptides associate with 

lipid headgroups, 

which line the inside of 

the pore with the 

helical axis parallel to 

the interface 

Magainin [94] 

In-plane diffusion 

model 

Short peptides are 

inserted in-plane, 

which disrupt the 

bilayer packing, reduce 

the membrane 

thickness, and 

eventually form 

transient pores  

Mastoparan and 

cecropin-melittin 

hybrids 

[93, 95, 96] 

Carpet model  Perpendicular binding 

of peptides to the 

membrane in a carpet-

like manner via 

interactions with the 

lipid head groups of the 

membrane without 

insertion into the 

hydrophobic core 

Dermaseptin and 

magainin 

[97, 98] 

Detergent-like effect 

model 

Disruption of the 

bilayer by the release 

of micellar structures 

from membrane  

Melittin, 

apolipoproteins, 

myelin basic protein, 

and glucagon   

[99-102]  
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Figure 1.6: Proposed mechanisms with which ACPs can interact with cancer cells. (A) Barrel-

stave model, (B) toroidal pore model, (C) carpet-like mechanism, and (D) detergent-like effect 

model.[103] 

Overall, serial analysis and research on anticancer peptides is a constructive work for the 

research and development of new anticancer drugs; however, every method has its own 

limitations. ACPs are as expensive as cancer treatments, and thus researchers are exploring 

cationic polymers.  

1.3.3.3.  Cationic polymers for cancer treatment 

Several studies have reported that cancer cells have an additional negative charge compared to 

normal cells due to the overexpression of phosphatidyl serine and sialic acid on their cell 

surface,[104-107] similar to bacterial cell membranes, and antimicrobial peptides have been 

attributed to their elevated selectivity and potency against cancer cells due to their anionic 

nature. This negatively charged cell surface in cancer cells opens a way to potential drug targets.  
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Gakhar et al.[108] reported polymers from three families of cationic, natural, and synthetic 

polymers. Chitosan and dextran from the polysaccharide family, Lys and Arg-based poly(ester 

amides) from amino acid-based poly(ester amides) (AA-PEA) family and PolyAETA(2-

(acryloxy)ethyl-trimethylammonium chloride) vinyl-based monomer (from the vinyl family to 

inhibit the growth of prostate cancer cells in comparison to normal prostate epithelial cells 

(RWPE-1).  

In another study, Park et al.[109] designed a macromolecular chemotherapeutic with three 

principal components: a hydrophilic polyethylene glycol (PEG) block, a linking group, and a 

cationic block that interacts with the negatively charged lipid membranes. Polycarbonate with 

pendant benzyl chloride was selected as the cationic block, offering an excellent platform to 

introduce cationic charge and the essential functional groups that enable the polymeric 

molecules to self-assemble into micellar structures critical for the proposed mechanism. With 

an improved EPR effect, the nanoparticles formed will flow through the blood stream and 

selectively attack the tumor tissue.  

In another study, Zhong et al.[110] synthesized guanidinium-functionalized macromolecular 

anticancer polymers. A series of triblock copolymers of PEG, guanidinium-functionalized 

polycarbonate, and polylactide (PEG-PGCm-PLAn) were prepared using organocatalytic ring-

opening polymerization (OROP) The cytotoxicity of these polymers was tested on different 

cancer cell lines, BCap37, HepG2, A549, HL-7702, and A431, along with MDR cells. Their 

selectivity was estimated using normal human cell lines (a human hepatic HL-7702 cell line 

and primary human dermal fibroblasts) for comparison.  

Based on this membrane-targeting mechanism, Takahashi et al.[111] published a report on the 

design of a new class of anticancer polymers. The authors designed and synthesized a series of 

new anticancer cationic polymers, which were effective in killing dormant prostate cancer 

(PCa) cells instigated by membrane-active host defense peptides [112-114]  
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These findings expand the use of cationic polymers and provide new opportunities for the use 

of cancer chemotherapeutics and antibiotics in combination with cationic polymers for 

selective and effective treatment of cancer.  

1.4. Objective of the thesis 

In my doctoral research thesis, the polymers were checked for their anti-cancerous properties. 

In this thesis the polymers were used as anticancer agents in itself without the usage of any 

additional drugs like doxorubicin, paclitaxel, etc.  To achieve this purpose, the polymers 

carrying the cationic charge were synthesized by the RAFT polymerization. These synthesized 

polymers were checked for their anticancer properties along with their mechanism of action.  

1.4.1. Chapter 2  

Background: The development of the molecules effective for killing cancer cells is still a 

persistent issue in drug discovery. With all the known limitations of the small molecules and 

the nanotechnology-based drug delivery systems which hinders the development of 

chemotherapeutic drug, the potential of polymeric molecules as anticancer drug was 

investigated. The use of cationic polymers as antimicrobials has been extensively studied due 

to the selective binding of cationic group with the anionic membranes of the bacterial cells. On 

the basis of these findings recently, cationic polymers have proven to be very promising and 

found to be effective against various cancer cell lines, even in the killing of multi-drug resistant 

cancer cells. Although, these literatures reported the use of cationic polymers, the effect of 

hydrophobicity and its interaction with the cancer cell membrane was not extensively studied.  

Outline: The design and synthesis of novel anticancer polymers containing hydrophobic 

groups were described. The fact that the cationic homopolymer poly(3-

acrylamidopropyl)trimethylammonium chloride (PAMPTMA) does not show any anticancer 

activity on its own; however, the insertion of hydrophobic moieties in copolymers 
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(PAMPTMA-r-BuMA, PAMPTMA-r-HexMA, and PAMPTMA-r-OctMA) [BuMa: butyl 

methacrylate, HexMA: hexyl methacrylate, OctMA: octyl methacrylate] enhances their 

anticancer activity with very low IC50 value was established. Mechanistic investigations were 

carried out using LDH leakage assay, cellular uptake, and DOSY NMR to study the interaction 

between the polymer and the cell membrane as well as the role of hydrophobicity in enhancing 

this interaction. The results demonstrated that polymers are attracted by the anionic cancer cell 

membrane, which then leads to the insertion of hydrophobic groups inside the cell membrane, 

causing its disruption and ultimate lysis of the cell. This study demonstrates a novel and better 

approach for the rational design and discovery of new polymeric anticancer agents with 

improved efficacy. 

 1.4.2. Chapter 3 

Background: In chapter 2, the efficacy of the cationic polymers with some hydrophobicity 

towards the cancer cell line was proved. The designed polymeric models work well, also gave 

us insights regarding the mechanism involved during the interaction towards the cancer cell 

membrane. However, the selectivity towards the normal cell was not explained, which is very 

important for the anticancer systems to work with.  Selectivity is the one of the major issues 

when it comes to cancer treatment along with drug resistance development and the tumor 

metastasis. In the present scenario, the invention of an anticancer agent with negligible 

cytotoxicity towards the normal cells and mitigating the multidrug resistance (MDR) issue 

along with the metastasis is a great challenge. 

Outline:  To surmount these challenges a series of poly-L-lysine (PLL) and nicotinic acid (NA) 

based polymers with varying amount of dodecylsuccinic anhydride (DDSA) was synthesized. 

In order to obtain the selectivity, the cationic charge of polymers was concealed/masked by 

coordination with the Zn2+ ions. These Zn-bound polymers were found to be highly effective 
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against liver cancer (HepG2) and colon cancer (colon 26) and also prevented cancer cell 

migration. These anticancer polymers are designed to target the anionic membranes of the 

cancer cells owing to the overexpression of the various lipids on their surface and therefore act 

by disrupting the cancer cell membranes. As a consequence of this mechanism, they exhibited 

potent anticancer activity against the drug resistance cell lines (COR-L23/R). The experiments 

with the small molecule drug like doxorubicin (DOX) showed lack of selectivity and its 

efficacy towards the drug resistance cell lines and failure in preventing the tumor metastasis. 

Overall, the designed polymers show great promise in cancer treatment along with mitigating 

the issue of drug resistance and tumor metastasis, and therefore could be a new and novel 

approach in designing the cancer therapeutics using the macromolecules.  

1.4.3. Chapter 4 

Background: In chapter 2 and 3, the use of cationic polymers in cancer treatment was 

investigated. I also focused on the surface morphological properties of the cancer cell and how 

they behaved when they come in contact of the cationic polymers.  The previous chapter made 

us understand the importance of selectivity and how it can be achieved by masking the cationic 

charge in them. On the basis of the knowledge, information obtained, and the potential benefits 

known for cationic polymers from the previous chapters we decided to convert one of the 

bioactive anticancer compound methyl jasmonate (MJ) to the cationic polymer or to 

copolymerize it with known cationic polymers. Hence in this chapter, the synthesis of MJ based 

monomer and then further copolymerized it with cationic monomers was carried out.  

Outline: In order to achieve that, the MJ based monomer were synthesized by developing 

various synthetic routes and finally selecting with lesser number of steps, essay preparation 

methods. The obtained MJ based monomer was further copolymerized with varying amounts 

of the (3-acrylamidopropyl)trimethylammonium chloride as a cationic monomer. The synthesis 
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of the obtained monomer and the copolymers were confirmed by the proton NMR. The 

obtained polymers were tested against the cancer cell line to determine their anticancer efficacy. 

The results demonstrated the enhancement of the anticancer activity with polymerized MJ as 

compared to the MJ as a small molecular drug.  
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Chapter 2 

Mechanistic insights and importance of hydrophobicity in cationic polymers 

for cancer therapy 

2.1. Introduction 

With the gradual recovery of the world from the global pandemic of Covid-19, there is a 

compelling need to develop pioneering ways to anticipate and prevent the emergence of new 

disorders and to treat existing ones such as cancer. Although cancer has become a leading cause 

of mortality after cardiovascular diseases, its treatment remains a problem for the health care 

system worldwide.[1, 2] Treatments such as surgical resection, radiation therapy, and chemotherapy 

have afforded impressive results and improved the overall survival rate of patients, but only to a 

limited extent.[3, 4] This is because of various issues associated with these traditional treatment 

regimes, such as pain during surgery, drug resistance, off-target cytotoxicity, insufficient drug 

accumulation, and rapid clearance from the body.[5-7] To overcome these issues, nanotechnology-

based treatments that enable the use of drugs and materials in single platform have been attracting 

enormous attention, as they can prevent the degradation of the drug inside the body and reduce 

drug cytotoxicity and its side effects.[8-10] However, these treatment regimens still suffer from the 

inherited limitation of the drug and rely on the action of the drug itself. In addition, loading of 

drugs on nanoparticles and material-related limitations are other drawbacks of these systems.[2] 

Because of all these known limitations of small molecules and nanoparticle-based drug-delivery 

systems, there is a compelling need to develop new chemotherapeutics for tumour treatment and 

mitigating drug resistance and tumour metastasis. Recently, the potential of using polymers as an 

anticancer drug was investigated. Because cationic polymers selectively bind to the anionic 
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membrane of the bacterial cells, their usage as antimicrobials has been extensively studied; 

however, their application as anticancer agents is relatively new.[11-13] Similar to the bacterial cell 

membrane, the cancer cell membranes are more negatively charged because of the overexpression 

of anionic lipids, including phosphatidylserine (PS), sialylated gangliosides, and heparan 

sulfates.[14-17] Consequently, certain antimicrobial peptides (AMPs) and anticancer peptides 

(ACPs) have shown potent selectivity and apoptotic and anti-proliferative activity against cancer 

cells.[18-21] Nevertheless, their low bioavailability, short half-life, poor pharmacokinetics, and high 

production cost when manufactured on a large scale are some notable disadvantages.[22, 23] 

Recently, a few studies have reported the use of cationic polymers as anticancer agents while 

investigating the drug-resistance issue,[23, 24] tumour metastasis,[25] killing of dormant cancer cells, 

[26] and certain applications in prostate cancer as well.[27] Several factors contribute to the adhesion 

and subsequent adsorption of anticancer agents into the cell membrane.[28, 29] Although the 

literature has reported the use of cationic polymers, their adsorption behavior and the role of 

hydrophobicity on the cancer cell membrane have not been reported yet. From the previous studies 

on AMPs and ACPs, it is evident that they first selectively bind to the PS lipid-rich membrane of 

the cancer cell by electrostatic interactions, and then insert the hydrophobic domain of their helix 

into the cell membrane, resulting in the disruption of the cell membrane and subsequent lysis of 

the cell.[30] Herein, I investigate whether cationic polymers show enhanced anticancer efficacy 

because of their hydrophobic groups and form a stronger association with the cell membrane, 

resulting in cell lysis. Although it has been widely reported that cationic polymers exhibit 

remarkable anticancer efficacy, it has not yet been established whether synthetic cationic polymers 

alone show any noticeable anticancer property and whether the presence of a hydrophobic 

counterpart is a prerequisite. To the best of our knowledge, no extensive study has yet been 
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conducted to confirm whether the hydrophobicity of cationic polymers plays a role in their anti-

cancerous property. In addition, we demonstrated the use of molecular dynamics as a tool to 

investigate the adsorption behavior, polymer interactions with the cell membrane. A clear 

understanding of the mechanism will facilitate the rational design of polymeric anticancer agents 

with improved efficiency. 

In this study, the design of new macromolecular anticancer polymers containing a cationic chain 

and a hydrophobic chain was carried out. A series of cationic homopolymers of (3-

acrylamidopropyl)trimethylammonium chloride (AMPTMA) and its copolymers with the 

hydrophobic co-monomer n-butyl methacrylate (BuMA) are synthesized through reversible 

addition-fragmentation chain transfer (RAFT) polymerization. The composition of the polymers 

is modulated by varying the amount of BuMA to study the effect of hydrophobicity on anticancer 

activity. The copolymers containing the n-hexyl methacrylate (HexMA) and n-octyl methacrylate 

(OcMA) as co-monomers are also synthesized to study the effect of the size of the hydrophobic 

group on cytotoxicity. The anti-cancerous activity of the synthesized polymers is studied against 

various cancer cell lines by the cell-viability assay. The effect of hydrophobicity is systematically 

investigated by conducting the lactate dehydrogenase (LDH) leakage assay, confocal microscopy, 

and dye-leakage experiments. Finally, the interaction of the hydrophobic-group-containing 

polymers with the cell membrane was established by 1H-NMR diffusion ordered spectroscopy 

(DOSY). In addition to that, modelling and the molecular dynamics simulations were performed 

to further prove our hypothesis.   
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2.2. Experimental Section 

2.2.1. Materials  

4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (RAFT agent) and 4,4′-

azobis(4-cyanovaleric acid) (ACVA; initiator) were purchased from Sigma-Aldrich (St. Louis, 

MO) and used as received. A 75% aqueous solution of the monomer (3-

acrylamidopropyl)trimethylammonium chloride (AMPTMA), n-butyl methacrylate (BuMA), n-

hexyl methacrylate (HexMA), and N-(2-hydroxyethyl) acrylamide (HEAA) was purchased from 

TCI Japan. BuMA was purified prior to use by passing it through a packed column for removing 

the inhibitor (Sigma-Aldrich). n-Octyl methacrylate (OctMA) was purchased from NOF 

Corporation (Tokyo, Japan). Egg phosphatidylcholine/L-α-phosphatidylcholine (EPC) and 5(6)-

carboxyfluorescein (CF) were purchased from Sigma-Aldrich. Dipalmitoylphosphatidylcholine 

(DOPC) was obtained from NOF Corporation (Tokyo, Japan). 

2.2.2. Synthesis of polymers  

2.2.2.1. Synthesis of Poly(AMPTMA). I synthesized PAMPTMA homopolymers (Scheme 2.1a), 

AMPTMA monomers, a RAFT agent, and an initiator were combined to prepare homopolymers 

of different molecular weight. As an example, PAMPTMA100 was synthesized at a mole feed ratio 

[AMPTMA]:[RAFT agent]:[ACVA] = 100:1:0.2. In a 100-mL round-bottomed flask, AMPTMA 

(1.5 g, 7.25 mmol), RAFT agent (29.26 mg, 0.0725 mmol), and initiator ACVA (4.06 mg, 0.0145 

mmol) were dissolved in 25 mL of methanol-acetate buffer (7:3 v/v; pH 5.3). The solution was 

then purged with nitrogen gas for 30 min, sealed with a rubber septum, and stirred at 70 °C for 24 

h. The obtained polymer was purified by dialysis using distilled water (4 days) with a 3500 MWCO 

dialysis membrane (Spectra/Por Dialysis membrane), followed by lyophilisation. The obtained 

homopolymers were successfully characterized by 1H-NMR and 13C-NMR. 
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2.2.2.2. Synthesis of Poly(AMPTMA-r-BuMA). I synthesized various copolymers (Scheme 

2.1b) by varying the proportion of BuMA as a co-monomer. As an example, 10% BuMA 

copolymer comprising 90 mol% AMPTMA and 10 mol% BuMA was synthesized by adding 

AMPTMA (1 g, 4.837 mmol), BuMA (76.42 mg, 0.537 mmol), a RAFT agent (19.53 mg, 0.048 

mmol), and ACVA (2.71mg, 0.0096 mmol) to the round-bottomed flask, followed by adding 25 

mL of methanol-acetate buffer (7:3 v/v). The resulting solution was then purged with nitrogen gas 

for 30 min and stirred at 70 °C for 24 h. To change the hydrophobicity, the amount of BuMA was 

varied from 5% to 30% of the total monomer amount. The obtained random copolymer was 

purified by dialysis using distilled water (4 days) with a 3500 MWCO dialysis membrane 

(Spectra/Por Dialysis membrane), followed by lyophilization. 

Similar procedures were followed for the synthesis of the AMPTMA-r-HexMA and AMPTMA-

r-OctMA copolymers (Scheme 2.1c and 2.1d). The obtained copolymers were successfully 

characterized by 1H-NMR and 13C-NMR. 

2.2.2.3. Synthesis of Poly(HEAA-r-BuMA) Polymer. Neutral homopolymer (PHEAA) and its 

copolymers (HEAA-r-BuMA) were synthesized following the scheme shown in Scheme 2.2. For 

example, for the synthesis of 10% BuMA copolymer containing 90 mol% HEAA and 10 mol% of 

BuMA, I added HEAA (1 g, 8.686 mmol), BuMA (137.23 mg, 0.965 mmol), a RAFT agent (35.03 

mg, 0.086 mmol), and ACVA (4.87 mg, 0.0173 mmol) to the 100-mL round-bottomed flask 

equipped with a magnetic stirrer. I then added 25 mL of methanol-acetate buffer (7:3 v/v). The 

resulting solution was then purged with nitrogen gas for 30 min and stirred at 70 °C for 24 h. To 

change the hydrophobicity, the amount of BuMA was varied from 0 % to 20 % of the total 

monomer amount. The obtained random copolymer was purified by dialysis using distilled water 
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(4 days) with a 3500 MWCO dialysis membrane (Spectra/Por Dialysis membrane), followed by 

lyophilization. The obtained polymers were successfully characterized by 1H-NMR and 13C-NMR. 

2.2.3. Polymer Characterization  

1H-NMR and 13C-NMR spectra were of the obtained polymers were recorded on a Bruker Avance 

NEO 400 spectrometer (400 MHz). The chemical shifts were referenced based on the solvent peak 

(δ = 4.79 ppm for D2O). The molecular weight and distribution (polydispersity index, PDI) of the 

polymers were determined by gel-permeation chromatography (GPC, Waters e2695) using the 

Ultrahydrogel 250 column and 2414 refractive index detector at 50 °C. A 10% methanol–PBS 

solution (pH 7.4) was used as the mobile phase (flow rate: 1 mL min-1) and a Shodex standard was 

used as the standard. Dynamic light scattering (DLS) and zeta-potential measurements were 

carried out on a Zetasizer Nano-ZS instrument (Malvern, UK) by using disposable folded capillary 

cells (DTS1070) with a scattering angle of 173°. 

2.2.4. Determination of Cytotoxicity  

2.2.4.1. Cell Culture. HepG2, Colon 26, and B16F10 cells were purchased from American Type 

Culture Collection (ATCC). Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) 

supplemented with 10% fetal bovine serum (FBS, Invitrogen, Singapore) was used for the cell 

culture at 37 °C in a CO2 incubator under a humidified atmosphere. After the confluency, the cells 

were washed with phosphate-buffered saline (PBS) and then further treated with trypsin solution 

(0.25 % [w/v] trypsin containing 0.02% [w/v] ethylenediaminetetraacetic acid in PBS) to detach 

the cells. The cells were then collected by centrifugation and further re-suspended in fresh DMEM 

and subsequently transferred to a new culture plate for subculture. 
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2.2.4.2. MTT Assay. The cytotoxicity of polymers against various cancer cell lines was studied 

via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells were 

seeded at a density of 3×103 cells per well in 0.1 mL of culture media in a 96-well plate for 24 h 

at 37 °C in a 5 % CO2 incubator under a humidified atmosphere. The culture medium was then 

replaced with a fresh medium containing the polymer at various concentrations and incubated for 

48 h at 37 °C; subsequently, 0.1 mL (300 μg/mL in DMEM) of the MTT solution was added. After 

3 h of incubation, the medium containing MTT was discarded and replaced with 0.1 mL of DMSO 

to dissolve purple formazan crystals, followed by determination of absorbance at 540 nm using a 

microplate reader (Infinite 200Pro, Infinite M Nano, Tecan). The experiment was independently 

repeated three times. 

2.2.5. LDH leakage assay  

The HepG2 cells were seeded at 3 × 103 cells per well in a 96-well flat-bottom polystyrene cell 

culture plate for 24 h. Then, the medium was replaced by a serial concentration of the polymer 

(P3-P11, Table 1) and incubated for 48 h. After 48 h of treatment, 10 µL of the lysis buffer from 

the Cytotoxicity LDH assay Kit-WST (Dojindo) was added to four wells (positive control 

indicating 100% lysis) and incubated for 30 min at 37 °C as per manufacturer instructions. Then, 

100 µL of the working solution was added to all wells and incubated for 30 min at room 

temperature. To stop the reaction, 50 µL of the stop solution was added, and absorbance at 490 nm 

was measured using a microplate reader (Infinite 200Pro, Infinite M Nano, Tecan). The percentage 

of LDH leakage was determined relative to that of 100 % lysed cells. Each assay was 

independently repeated three times. 
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2.2.6. Cellular Uptake Analysis  

HepG2 cells were seeded onto a four-well glass-bottom dish (Matsunami), at a density of 30000 

cells per well and allowed to attach and grow for 24 h. The medium was then replaced with an 

equal volume of another medium containing AlexaFluor 488 tagged P3 and P8 (at IC50 

concentration). After 2 and 24 h of incubation, the cells were washed thrice with PBS for removing 

any free dye. Next, 4% formaldehyde was used to fix the cells for 15 min at 37 °C. The cells were 

then washed thrice in PBS. The cells were subsequently stained with Image-IT™ Live Plasma 

Membrane and Nuclear Labeling Kit (Invitrogen, Singapore), according to the manufacturer's 

instructions, followed by washing with PBS thrice. The cells were then observed under confocal 

laser scanning microscopy (Olympus FV1000D, oil immersed 60 × objective lens). 

2.2.6.1. Tagging with AlexaFluor 488. A stock solution of the AlexaFluor 488 (melamide for 

thiol group) is prepared by dissolving it in high quality of the DMSO. This stock solution was 

added dropwise to the polymer solution (end terminal raft agent was converted to thiol group by 

using NaBH4 beforehand) approximately 10 mmol of the polymer solution and the rection is kept 

for stirring for 4 h at 25 ºC with protection from the light. The unreacted dye was removed from 

the Sephadex G-25 gel filtration column. The solution was dried under vacuum and obtained 

powder was the AlexaFluor tagged polymer.   

2.2.7.  Liposome Preparation  

In a glass vial, EPC or DOPC (12 mg) was dissolved in chloroform. The organic solvent was then 

evaporated under a gentle flow of nitrogen gas to produce a thin lipid film. The film was 

subsequently dried overnight under a vacuum. The resulting lipid film was hydrated in 1 mL of 

aqueous solution and then sonicated for 30 min at 45 °C. The single unilamellar vesicles were 
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obtained using a mini-extruder set (Avanti Polar Lipids), which was preheated to 55 °C and 

extruded 15 times through a membrane (Nuclepore Track-etch Membrane, Whatman) with a 0.1-

μm pore size. Liposomes are closed vesicles composed of phospholipid bilayers and enclose an 

aqueous solution. Hence, they are commonly used as a cell-membrane mimic. 

2.2.8. Leakage Experiment  

Lipid films of liposomes were prepared as described above. The resulting lipid film was hydrated 

in 1 mL of 0.05 M of CF/PBS solution (the pH was maintained by adding NaOH for dissolving 

the CF dye). Uniform liposomes were obtained using a mini-extruder set (Avanti Polar Lipids) and 

membranes (Nuclepore Track-etch Membrane, Whatman) with a 0.1-μm pore size, as described 

above. Excess CF dye was removed by passing the liposome though a Sephadex G-25 column 

(NAP-10, Cytiva). The obtained liposomes were then treated with polymer solutions and the CF 

fluorescence was measured with a JASCO FP-8600 spectrofluorometer using an excitation 

wavelength of 450 nm and a detection wavelength of 520 nm at different time intervals. An 

increase in fluorescence intensity with time represents the membrane damage caused by the release 

of CF into the surrounding buffer. 

2.2.9. 1H Diffusion-Ordered NMR Spectroscopy (DOSY) 

To understand the interaction between polymers and the cell membrane, 1H diffusion-ordered 

NMR spectroscopy (DOSY) measurements were performed using a JEOL JNM-ECZ 400 

spectrometer by employing DOPC liposomes as a model membrane. The DOSY spectrum was 

acquired at 25 °C. One-dimensional (1D) data were analysed with the Delta 5.3.1 software. In 

DOSY, the gradient strength (G) was varied from 0.1 to 0.9 Tm-1 at 25 °C. The diffusion time (Δ) 

and magnetic field gradient pulse width (δ) were determined for each polymer solution. Equation 
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1 shows the relationship between the diffusion coefficient (D) as a function of gradient strength, 

where I0 and I are intensities at G = 0 and arbitrary G, respectively. 

𝐼(𝐺, 𝛿, 𝛥) =  𝐼0  × exp (−𝐷𝛾2𝐺2𝛿2(𝛥 − 𝛿 3⁄ ))                                                                                    (1) 

Additional species can be accounted by expanding Eqn. 1 as a sum of exponentials, as shown in 

Eqn. (2). 

ln(𝐼 𝐼0⁄ ) =  −𝐷𝛾2𝐺2𝛿2(𝛥 − 𝛿 3⁄ )                                                                                                (2) 

Therefore, when plotting γ2G2δ2(Δ − δ/3) on the horizontal axis and ln(I/I0) on the vertical axis, the 

slope of the straight line can be obtained as the D value. The hydrodynamic radius (Rh) of each 

component was determined by using the Stokes–Einstein (Eqn. 3), where k is the Boltzmann 

constant, T is the temperature and ɳ is dynamic viscosity. 

Rh = kT/6πɳD                                                                                                                                (3) 

2.2.10. Modeling and Molecular Dynamics Simulations  

The AMPTMA homopolymer was modeled as 15-mer, whereas the PAMPTMA-r-BuMA 

copolymer was constructed randomly from 10 AMPTMA and 5 BuMA monomers. The membrane 

was modeled as a lipid bilayer consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) molecules. Our polymer-membrane systems were fully solvated with aqueous KCl 

solutions at 0.15 M, where the PAMPTMA-and PAMPTMA-r-BuMA-POPC systems contains 

25,027 and 25,038 water molecules with K+ and Cl- ions, respectively, in simulation cells of 9.5 

nm×9.5 nm×12.5 nm dimensions. A general AMBER force field (GAFF) was applied to the 

polymers and K+/Cl- ions; the Lipid17 and TIP3P force fields were applied to the POPC and water, 

respectively; point charges were assigned by the restrained electrostatic potential (RESP) approach. 
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All the MD simulations in the present study were performed using the GROMACS (version 

2021.4) package. For equilibration, the MD simulations were first carried out for the NVT 

ensemble with Nose-Hoover36 thermostat at 310 K for 0.5 ns (2 fs time step). Next, the MD 

simulations in the NPT ensemble with Nose-Hoover thermostat at 310 K and Parrinello-Rahman 

barostat at 1 bar were done for 10 ns (2 fs time step), thereby analyzing the MD trajectories. To 

calibrate the strength of interaction between the polymer and membrane, we evaluated the number 

of "contact" atoms within an interatomic distance ≦ 4 Å (Ncount) at each simulation step using 

"gmx mindist" tool in the GROMACS package. Here the contact atoms are defined as two atoms, 

one belonging to the polymer and the other to the membrane.  

2.2.10.1. Modeling of polymers 

PAMPTMA and PAMPTMA-r-BuMA polymers were modeled using Polymer Builder tool in 

Materials Studio 2022.[31] The PAMPTA homopolymer consists of 15 AMPTMA monomer units, 

whereas the PAMPTMA-r-BuMA random copolymer are constructed from 10 AMPTA and 5 

BuMA monomer units. To perform their MD simulations, force fields and point charges should be 

assigned to the resulting polymer structures.  

To assign point charges to the polymer, we first divided the polymer into the constituent monomer 

fragments and then allocated point charges into the fragments. The point charges of the fragment 

were calculated by the restrained electrostatic potential (RESP) approach[32]: The monomers were 

first optimized with DFT calculations at the B3LYP[33, 34]/6-31G(d,p)[34, 35] level of theory using 

Gaussian 2016[36]; their single point energy calculations for the electrostatic potentials were done 

using the same level of theory; the computed ESPs were converted to RESP charges using the 
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antechmaber program in Ambertools21; the resultant monomer RESP charges were assigned into 

the polymer.  

A general AMBER force field (GAFF)[37] was applied to the PAMPTMA and PAMPTMA-r-

BuMA polymers with the RESP charges by using the antechamber[38, 39] and parmchk2[39]programs 

in Ambertools20.[39] Note that the Cl- ions were excluded from the polymers when applying GAFF 

to the polymers. The Cl anion was constrained to bind with the N cation in a harmonic potential 

with the equilibrium distance between the ions of 3.57 Å and the coupling constant of 10 kcal/mol 

A-2, which was obtained from the DFT simulation of the monomer fragment.  

The PAMPTMA and PAMPTA-r-BuMA polymers were placed in a 10 nm × 10 nm × 10 nm 

simulation cell. The polymers were solvated with aqueous KCl solution at 0.15 M, where 32,441 

and 32,449 water molecules were included in the PAMPTMA and PAMPTMA-r-BuMA cases, 

respectively. A TIP3P force field and GAFF were applied to water molecules and K+/Cl- ions, 

respectively.  

To obtained equilibrium structures of PAMPTMA and PAMPTMA-r-BuMA, we performed the 

NVT MD simulations with the Nose-Hoover thermostat at 310 K for 0.5 ns, followed by the NPT 

MD simulations with the Nose-Hoover thermostat at 310K and the Parrinello-Rahman barostat at 

1 bar for 50 ns. These equilibrated structures were used for constructing the polymer-membrane 

systems. 

2.2.10.2. Modeling of membrane 

The membrane was treated as a lipid bilayer sheet composed of 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC). Using Membrane Builder[40-43] in CHARMM-GUI,[37] the bilayer was 

modeled and packed into a MD simulation cell of 9.4 nm × 9.4 nm × 14.0 nm. Here two monolayers 
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are located at the center of the simulation cell in z-direction, where the monolayer consists of 128 

POPC monomer units. The membrane was fully solvated with aqueous KCl solutions at 0.15 M, 

where 26,702 water molecules were included in the MD simulation cell. The Lipid17 force field 

was applied to the membrane. We performed the MD simulation in the NVT ensemble with the 

Berendsen thermostat at 310 K for 0.25 ns (2 fs time step), followed by the NPT ensemble with 

the Berendsen thermostat and barostat at 1 bar for 2.5 ns (2 fs time step). Furthermore, the 

equilibration of the membrane structure was performed using the MD simulations in the NPT 

ensemble with Nose-Hoover thermostat at 310 K and Parrinello-Rahman barostat at 1 bar for 2.5 

ns (2 fs time step). Input files including NVT/NPT MD parameters were prepared by CHARMM-

GUI Input Generator.[43, 44] The equilibrated membrane structure is used to perform the MD 

simulations of the polymer-membrane systems. 

2.2.11. Statistical Analysis  

All data are expressed as the mean±standard deviation (SD). All experiments were conducted in 

triplicate. To compare the data, an ordinary two-way analysis of variance with Tukey’s multiple 

comparison test was used. Differences were considered statistically significant at P < .05. 

2.3. Results and Discussion  

2.3.1. Polymer Characterization  

A series of PAMPTMA homopolymers of different molecular weights were synthesized by RAFT 

polymerization (Scheme 2.1a). The repeating units of the monomer were controlled by varying 

the RAFT/monomer ratio (Table 2.1). The formation of the homopolymers was confirmed by the 

loss of vinyl protons (δ = 5.0–5.5 ppm). The degree of polymerization was determined by 

comparing the integral value of the methyl protons (δ = 1.2–1.3 ppm) of the raft agent with the 

methylene peak (δ = 1.9–2.3 ppm) of AMPTMA using 1H-NMR (Figure 2.1). The random 
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copolymers (PAMPTMA-r-BuMA) were synthesized by varying the amount of BuMA from 5% 

to 30% (Scheme 2.1b). Their formation was confirmed by the appearance of a characteristic peak 

(δ = 4.0–4.2 ppm) related to the methylene proton of BuMA. The amount of BuMA added and 

inserted in each copolymer was calculated by comparing the integral value of the above peak and 

methylene peak of AMPTMA (δ = 3.0–3.5 ppm) in 1H-NMR (Figures 2.2–2.5, Table 2.1). Figure 

2.6 shows the comparison of the homopolymer and the copolymer containing different amounts of 

BuMA; when the amount of BuMA was increased, the intensity of the BuMA peak also increased 

(δ = 4.0–4.2 ppm). The incorporation of BuMA was easily controlled by changing the initial feed 

amount. In addition, we synthesized random copolymers by varying the size of their hydrophobic 

group. PAMPTMA-r-HexMA and PAMPTMA-r-OctMA (Scheme 2.1c and 2.1d) and their 

formation were confirmed by 1H-NMR (Figures 2.7 and 2.8). In addition, we prepared a 

homopolymer of HEAA and its subsequent copolymers (HEAA-r-BuMA) by varying the amount 

of BuMA (Scheme 2.2). Their formation was confirmed by 1H-NMR and 13C NMR (Figure 2.9-

2.11).  Based on the GPC results, we calculated the number-average molecular weight (Mn) and 

weight-average molecular weight (Mw) values, which range from 10.0×103 to 13.0×103 g/mol. The 

polydispersity index (PDI) values were found to be in good range (1.1–1.3; Table 2.1). The 

obtained polymers were well soluble in both water and the cell-culture media. 
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Figure 2.1: 1H-NMR and 13C-NMR of homopolymer of AMPTMA. 
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Figure 2.2: 1H-NMR and 13C-NMR of copolymer PAMPTMA-r-BuMA with 5 mol% of BuMA.  
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Figure 2.3: 1H-NMR and 13C-NMR of copolymer PAMPTMA-r-BuMA with 10 mol% of BuMA.  

A few small peaks at 2.9 ppm and 3.6 ppm in 1H-NMR was appeared from the monomers 

AMPTMA and BuMA respectively.  
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Figure 2.4: 1H-NMR and 13C-NMR of copolymer PAMPTMA-r-BuMA with 20 mol% of BuMA. 
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Figure 2.5: 1H-NMR and 13C-NMR of copolymer PAMPTMA-r-BuMA with 30 mol% of BuMA. 
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Figure 2.6: Confirmation of the increase in hydrophobicity with the addition of the BuMA.  
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Figure 2.7: 1H-NMR and 13C-NMR of the copolymer of PAMPTMA-r-HexMA.  
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Figure 2.8: 1H-NMR and 13C-NMR of the copolymer of PAMPTMA-r-OctMA. 
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Scheme 2.2: Reaction scheme for the synthesis (a) homopolymers of N-(2-

hydroxyethyl)acrylamide (HEAA), and (b) copolymers of N-(2-Hydroxyethyl)acrylamide-r-

BuMA. 
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Figure 2.9: 1H-NMR and 13C-NMR of homopolymer of HEAA. 
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Figure 2.10: 1H-NMR and 13C-NMR of copolymer of HEAA with 10 mol% BuMA. 
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Figure 2.11: 1H-NMR and 13C-NMR of copolymer of HEAA with 20 mol% BuMA. 
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Table 2.1. Characteristics of the polymers prepared. 

Entry Polymer  

Composition 

Molar 

ratiob 

Zeta 

Potential 

(mV) 

M 

×103, 

c
 

Mw/

Mn
 c 

AMPTMA BuMA HexMA OctMA 

1. P1 
In feed 

In polymera 
100 

0 

0 

0 

0 

0 

0 
100:4:0.8 60.3±3.7 8.0 1.04 

2. P2 
In feed 

In polymera 
100 

0 

0 

0 

0 

0 

0 
100:2:0.4 67.6±6.4 8.7 1.06 

3. P3 
In feed 

In polymera 
100 

0 

0 

0 

0 

0 

0 
100:1:0.2 71.5±4.2 9.5 1.15 

4. P4 
In feed 

In polymera 
100 

0 

0 

0 

0 

0 

0 

100:0.5:0.

1 
68.3±5.4 14.3 1.20 

5. P5 
In feed 

In polymera 
100 

0 

0 

0 

0 

0 

0 

100:0.3:0.

6 
75.8±3.0 22.1 1.34 

6. P6 
In feed 

In polymera 

95 

98.2 

5 

1.8 

0 

0 

0 

0 
100:1:0.2 69.3±7.0 10.1 1.13 

7. P7 
In feed 

In polymera 

90 

90.9 

10 

9.1 

0 

0 

0 

0 
100:1:0.2 52.6±7.9 10.7 1.14 

8. P8 
In feed 

In polymera 

80 

83.8 

20 

16.2 

0 

0 

0 

0 
100:1:0.2 62.6±3.7 11.8 1.20 

9. P9 
In feed 

In polymera 

70 

79.1 

30 

20.9 

0 

0 

0 

0 
100:1:0.2 55.5±1.8 13.0 1.24 

10. P10 
In feed 

In polymera 

90 

91.1 

0 

0 

10 

8.9 

0 

0 
100:1:0.2 58.0±0.8 16.1 1.27 

11. P11 
In feed 

In polymera 

90 

91.2 

0 

0 

0 

0 

10 

8.8 
100:1:0.2 53.8±1.1 13.3 1.23 

Entry Polymer  HEAA BuMA HexMA OctMA 
Molar 

ratiob 

Zeta 

Potential 

(mV) 

Mn×

103, c 

Mw/

Mn
 c 

12. P12 
In feed 

In polymera 
100 0 

0 

0 

0 

0 
100:1:0.2 -9.9±0.8 13.0 1.16 

13. P13 
In feed 

In polymera 

90 

92.2 

10 

7.8 

0 

0 

0 

0 
100:1:0.2 -12.6±0.8 11.1 1.15 

14. P14 
In feed 

In polymera 

80 

81.5 

20 

18.5 

0 

0 

0 

0 
100:1:0.2 -16.6±0.4 10.6 1.15 

a Determined by 1H NMR; b [Monomer]:[RAFT agent]:[Initiator]; c Determined by GPC. 
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2.3.2. In vitro cytotoxicity determination 

MTT Assay. The anticancer activity of the polymers was evaluated against three cancer cell lines-

HepG2, colon 26, and B16F10 using the MTT assay. Cancer cells have more negative charges 

than those of normal cells because of the overexpression of phospholipids on the surface of cancer 

cells. Initially, the cytotoxicity of cationic homopolymers with different molecular weights on the 

cancer cells was determined.[45] Homopolymers PAMPTMA (P1–P5) showed very less 

cytotoxicity against all cancer cells, including the HepG2 cancer cell line even when up to 2000 

µg/mL of polymer concentration was used (Figure 2.12a). When the molecular weights of P1–P5 

was increased, the cytotoxicity did increase but to a lesser extent. However, IC50 values could not 

be determined for these polymers in case of HepG2 cells (Table 2.2). These homopolymers were 

further evaluated for their cytotoxicity against the B16F10 and Colon 26 cancer cells (Figure 

2.12b & 2.12c). P1–P3 showed very high or no IC50 values at all for both cell lines, whereas P4 

and P5 showed slightly lower IC50, probably owing to the increase in the cationic chain length 

(Table 2.2). The cationic charge present in the homopolymers can attract/bind toward the PS lipid-

rich membrane of the cancer cell by electrostatic interactions; when the chain length is increased, 

the cationic charge also increases (Table 2.1), resulting in greater interaction and higher 

cytotoxicity. However, the lower IC50 values in these results suggested that cationic polymers or 

cationic charge in itself may not be sufficient for killing cancer cells.  
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Table 2.2. In vitro anticancer activity (IC50) values of the polymers synthesized against the cancer 

cell lines. 

Entry Polymer 
IC50 (µg/mL) 

HepG2 Colon 26 B16F10 

1. P1 N.D.a N.D. 1815 

2. P2 N.D. 1179 N.D. 

3. P3 N.D. 402 N.D. 

4. P4 N.D. 37 44 

5. P5 N.D. 22 25 

6. P6 N.D. 315 N.D. 

7. P7 N.D. 118 359 

8. P8 582 41 89 

9. P9 210 24 43 

10. P10 167 22 16 

11. P11 60 7 16 

12. P12 865 418 631 

13. P13 N.D. 638 816 

14. P14 N.D. 688 1554 

aN.D.: not determined upto the concentration of polymer used 2000 µg/mL. 
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Figure 2.12: MTT cytotoxicity assay of Homopolymers PAMPTMA with different molecular 

weights on; a) HepG2 cells, b.) Colon 26 cancer cell line, c.) and B16F10 cancer cell line.  

Therefore, next I synthesized the copolymers by varying the amount of the hydrophobic co-

monomer (BuMA) of similar molecular weight (Table 2.1) by fixing the repeating units of 

PAMPTMA to 100. The MTT cytotoxicity assay was performed on various cancer cell lines using 

these copolymers. The obtained copolymers demonstrated significantly higher anticancer activity 

than that exhibited by homopolymers. The IC50 value of the homopolymer was >2000 µg/mL. The 

IC50 of some copolymers was <100 µg/mL. Hence, it is clear that the anticancer activity of the 

obtained copolymers is almost 20 times that of the homopolymers (Table 2.2). As the amount of 

BuMA was increased from P6 to P9, the cytotoxicity also increased against the HepG2 cancer cells 

(Figure 2.13a). Homopolymer P3 with a similar chain length (DP-100) exhibited the highest cell 
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viability with a high IC50 value (not determined), whereas P9 showed the lowest cell viability with 

a lower IC50 value (210 µg/mL) (Table 2.2). When the amount of BuMA was increased from 5 to 

30 mol% (in feed mol% of BuMA), the anticancer efficacy also enhanced with reduced IC50 values 

across all the cancer cell lines tested (Figure 2.13b & 2.13c, Table 2.2). This is likely because 

after the electrostatic interactions involving the cationic charge, the hydrophobic domain of the 

polymers inserts into the membranes, which cause membrane disruption and leakage of cellular 

components, ultimately leading to cell death.  

 

Figure 2.13: MTT cell viability assay of copolymers PAMPTMA-r-BuMA, a.) on HepG2 cancer 

cell line, b.) on Colon 26 cancer cell line, c.) on B16F10 cancer cell line.  

To further extend my study and to understand the effect size of hydrophobic groups, we 

synthesized the copolymers of AMPTMA using HexMA and OctMA of similar hydrophobic 

content as those of P7 (in 10 mol% feed, Table 2.1). The results of the cell viability assay were 
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compared with those three different types of copolymers—P7, P10, and P11—containing BuMA, 

HexMA, and OctMA (10 mol % feed) as co-monomers, respectively. As the size of the 

hydrophobic group increased, the cytotoxicity of the copolymers also increased against the HepG2 

cell line (Figure 2.14a). Polymer P11 showed the highest cytotoxicity with the lowest IC50 (60 

µg/mL); in contrast, the IC50 of P7 could not be determined (Table 2.2, Figure 2.14a). The colon 

26 and B16F10 cell lines showed a similar pattern for cell viability and IC50 values (Figure 2.14b 

& 2.14c, Table 2.2), probably because of the increased hydrophobic content, which increased the 

membrane disruption and caused further lysis of the cell. These results confirmed that 

hydrophobicity is an important factor that determines whether a polymer will exhibit toxicity 

against cancer cells and that an increase in the hydrophobic chain length further enhances the 

anticancer activity of the polymer.  
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Figure 2.14: MTT cell viability assay of copolymers PAMPTMA-r-BuMA, PAMPTMA-r-

HexMA, PAMPTMA-r-OctMA, a.) on HepG2 cancer cell line, b.) on Colon 26 cancer cell line, 

c.) on B16F10 cancer cell line.  

 

To prove that hydrophobicity alone is not a sufficient condition for the polymers to exhibit 

anticancer property and that the presence of cationic charge is also required, we prepared a few 

additional polymers: homopolymer of HEAA (which does not contain any cationic charge) and its 

copolymer by varying the amount of BuMA used as the hydrophobic group. The obtained 

polymers showed less cytotoxicity against the HepG2 cell line (Figure 2.15a) as well as against 

other cancer cell lines (Figure 2.15b & 2.15c). Interestingly, when the cell viability of these 

polymers was tested against the HepG2 cell line, polymer P12 (homopolymer) showed more 

cytotoxicity than its hydrophobic counterparts P13 and P14. This phenomenon is also evident from 

the higher IC50 values of P13 (N.D.) and P14 (N.D.) than that of P12 (865 µg/mL) (Figure 2.15a, 

Table 2.2). Therefore, based on the above results, we can conclude that hydrophobicity alone is 

not a sufficient requisite to impart anti-cancerous property to a polymer, although its presence can 

substantially increase the efficacy of cationic polymers against cancer cells, probably because of 

the increased interaction with the cell membrane. Similarly, although cationic polymers do possess 

anticancer activity, their efficacy is low and the presence of hydrophobicity significantly augments 

its property. Therefore, it can be unambiguously established that the presence of both cationic 

charge and a hydrophobic moiety is paramount for designing an efficient anticancer polymer. For 

better understanding, we compared the cytotoxicity of PAMPTMA (P3 homopolymer) and 

copolymer PAMPTMA-r-BuMA (P8 copolymer) at a particular concentration on all three cancer 

cell lines (Figure 2.16). Polymer P8 showed a higher cytotoxicity than that exhibited by P3 on all 

the three cell lines tested.  
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Figure 2.15: MTT cell viability assay of homo- and copolymers of HEAA, a.) on HepG2 cancer 

cell line and b) on Colon 26 cancer cell line, c) on B16F10 cancer cell line. 

 

Figure 2.16: Comparison of the cytotoxicity of the homopolymer of PAMPTMA (P3) and one of 

its copolymers (P8) at 500 µg/mL. Errors bars indicate standard deviation of the mean. ****P < 

0.0001, ns: not statistically different. 
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Overall, the effect of the hydrophobic group was clearly established in cancer-cell treatment. To 

design an anticancer cationic polymer, both the cationic group and the hydrophobic moiety must 

be present in the polymer. The cationic charge interacts with the cell membrane, whereas the 

hydrophobic moiety inserts itself into the cell membranes and kills the cancer cell. To understand 

the mechanism and to prove our hypothesis, we carried out further investigations in the subsequent 

sections. 

2.3.3. Mechanistic Investigations  

2.3.3.1. LDH Leakage Assay. To study the effect of hydrophobicity on the cancer cell membrane 

and to examine the anticancer mechanism of the polymers, we performed lactate dehydrogenase 

(LDH) leakage assay. To quantify the damage to the cell membrane by the polymer, the 

extracellular leakage of the cytoplasmic enzyme LDH from HepG2 cells was examined. I selected 

P3 as a homopolymer and other cationic copolymers containing the hydrophobic co-monomer with 

same feed ratio. Homopolymer P3 showed no or significantly low LDH leakage, even at a higher 

polymer concentration of 2000 µg/mL (Figure 2.17a). The increase in the LDH release was 

observed even with the increased hydrophobicity. Unexpectedly, P8 showed higher LDH leakage 

than that exhibited by P9 at a higher polymer concentration. The P9 copolymer containing the 

highest amount of BuMA showed significant LDH leakage at higher concentration as well as at a 

lower polymer concentration (up to 100 µg/mL) (Figure 2.17a). This higher anticancer activity is 

possibly caused by the insertion of the hydrophobic group inside the cancer cell membrane by 

membrane disruption. In contrast, when we compared the effect of the size of the hydrophobic 

group, we noted that as the size of the hydrophobic co-monomer increased from BuMA to HexMA 

and further to OctMA, the LDH leakage also increased (Figure 2.17b). The P11 copolymer 

containing OctMA as co-monomer showed the highest LDH release, even when the polymer was 
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used at the minimum concentration (20 µg/mL); in contrast, P7 containing BuMA as a co-

monomer showed very low LDH leakage, even at higher polymer concentrations (2000 µg/mL). 

The extracellular leakage of the cytoplasmic enzyme LDH indicates that the cell membranes of 

the HepG2 cell were permeabilised. In addition. the IC50 values of all the polymers were 

determined and it was found that their cell viability corresponds well with the LDH-leakage results. 

These results suggest that the polymer-induced cell death was caused by cell-membrane disruption. 

Overall, the results obtained clearly established a relationship between the hydrophobicity and the 

cancer cell membrane. 

 

Figure 2.17: LDH leakage on HepG2 cells a) of the homopolymer (P3) and its copolymer 

containing different amounts of hydrophobic comonomer BuMA, b) for copolymers containing 

hydrophobic groups of different sizes. Errors bars indicate standard deviation of the mean. ****P 

< 0.0001, ns: not statistically different. 

2.3.3.2. Cellular Uptake. The anticancer mechanism and the effect of hydrophobicity on the cell 

membrane were further investigated by cellular uptake analysis.[24] To this end, a homopolymer 

(P3) and a copolymer (P8) were chosen. Both P3 and P8 were labelled with AlexaFluor488. 

Cellular uptake by HepG2 human liver cancer cells was observed under a confocal microscope. 
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After 2 h of treatment, no green coloration (AlexaFlour tagged P3/P8) was observed in all three 

images (Figure 2.18a). This result suggested internalization did not occur in either polymer inside 

the cell membrane. After the 24 h of treatment, P8 was taken up by the cells and can be seen in the 

cytosol region of the cells; in contrast, no such internalization was observed in P3 and the blank 

(Figure 2.18b). The results indicate the membrane translocation activity of the hydrophobic 

copolymer due to the initial electrostatic interaction with the cell membrane, damaging the cell 

membrane and thus resulting into further internalization. Overall, the copolymer was endocytosed 

by the HepG2 cancer cell, suggesting that the anticancer mechanism shown by the polymers 

involved membrane lysis, followed by necrosis. 

 

Figure 2.18: Confocal microscopy images of HepG2 cells after treatment with P3/P8 at respective 

IC50. Hoechst (blue): nucleus; Red: cell membrane; Green: AlexaFluor488-labelled P3/P8. a) at 2-
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h treatment with the medium and the tagged polymer b) after 24-h treatment with medium and 

tagged polymer. 

2.3.4. Dye Leakage. 

 Next, I carried out a dye leakage experiment to confirm the effect of hydrophobicity on membrane 

interaction and its subsequent damage. Previously, our group has reported the use of soluble 

fluorescent dye (CF) and its leakage from the liposomes to investigate the membrane 

damage/lysis.[46, 47] In this experiment, when no polymers were added to the liposomes (PBS), 

minimum leakage was observed, as very less or no soluble marker (CF) was released from the 

liposome to the surrounding buffer. In case of homopolymer P3, minimum fluorescence intensity 

was observed, which kept on increasing with the hydrophobic content of the polymer (Figure 

2.19a). The highest leakage was observed for P9, which contains the highest amount of the BuMA 

co-monomer (Figure 2.19a). This result is in good agreement with the cytotoxicity and LDH 

leakage results. Analogously, when similar experiments were performed with the polymer 

containing hydrophobic groups of different sizes, P11 containing the longest hydrophobic group 

(OctMA) shows the maximum dye leakage, while P7 containing BuMA as the hydrophobic group 

shows the minimum leakage (Figure 2.19b). The trend observed in the dye leakage experiment is 

similar to that observed in the MTT and LDH-leakage assays. The increase in dye leakage was 

observed at different time intervals using polymer P8 (Figure 2.19c). The result showed that 

membrane disruption also depends on time. These results showed a clear effect of the hydrophobic 

group and its size on membrane disruption; more damage to the membrane was observed with 

increased hydrophobic content, which supported our hypothesis. 
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Figure 2.19: Dye-leakage experiments at 150 µg/mL of the polymer concentration. a) Polymers 

containing homopolymer P3 and copolymers containing BuMA as the hydrophobic group at 8-h 

time interval. b) Plots showing dye leakage with change in the size of the hydrophobic group at 8-

h time interval. c) Leakage of dye was measured at different time intervals for polymer P8.  

2.3.5. Diffusion Ordered Spectroscopy (DOSY) Measurements  

To determine the interaction between the polymer and the cell membrane, we carried out DOSY 

experiments using mixtures of DOPC liposomes and copolymers.[48, 49] PAMPTMA (P3), 

PAMPTMA-r-BuMA (P8), and liposome DOPC were each dissolved in heavy water to a 

concentration of 1 g/L. In Figure 2.20, γ on the horizontal axis is the gyromagnetic ratio (2.68 × 

108 rad s−1T−1), and I0 and I on the vertical axis are intensities at G = 0 and arbitrary G, respectively. 

The Rh value was calculated by using the D values from Figure 2.20. The Rh obtained from the 

DOSY of PAMPTMA-r-BuMA (P8) was 4.87 nm (Figure 2.20a), while that determined from the 

peak derived from PAMPTMA-r-BuMA in the DOPC/PAMPTMA-r-BuMA solution was 5.47 
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nm (Figure 2.20b). The Rh value of the solution was higher than that obtained using the copolymer 

alone. I believe that the Rh value increased because of the interaction of P8 with the DOPC 

liposomes, which indicates their insertion into the liposomal membrane. 

Similarly, Rh was calculated from the D values of the PAMPTMA homopolymer (P3) and was 

found to be 5.55 nm. The Rh value obtained from peak D derived from PAMPTMA alone and the 

PAMPTMA in the DOPC/PAMPTMA solution was almost the same. A possible explanation for 

this observation is that in the case of DOPC/PAMPTMA, some association was observed within 

the homopolymer and the DOPC (Figure 2.21). Consequently, some free PAMPTMA may remain 

in the solution. Therefore, the Rh value could not be correctly measured. Overall, an increase in 

the size of P8 with DOPC was due to the interaction of the hydrophobic group of the P8 with the 

DOPC membrane, which further confirms our hypothesis. 

 

Figure 2.20: Diffusion peak intensity plots for pendant trimethylamine groups in the 

PAMPTMA unit for, a) PAMPTMA-r-BuMA (P8), and b) DOPC/PAMPTMA-r-BuMA 

(P8) in D2O at 25 °C; the concentrations were 1 g/L. 
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Figure 2.21: Photographs of (a) PAMPTMA (P3), (b) PAMPTMA-r-BuMA (P8), (c) DOPC, (d) 

mixture of DOPC/PAMPTMA, and (e) DOPC/PAMPTMA-r-BuMA in D2O. Concentrations were 

fixed at 1 g/L. 

2.3.6. DLS Measurement  

PAMPTMA (P3) and PAMPTMA-r-BuMA (P8) were dissolved in heavy water at a concentration 

of 1 g/L and dynamic light scattering (DLS) was measured (Figure 2.22). Both showed a bimodal 

particle size distribution with large Rh values (66–300 nm) (Figure 2.22a & 2.22b). However, the 

light scattering intensity (LSI) is as low as 0.335–0.580 Mcps for both P3 and P8 (Figures 2.22a 

& 2.22b), forming low-density aggregates. This is considered to be caused by the formation of 

hydrogen bonds between the polymers owing to the presence of amide bonds in polymer side 

chains and association through hydrophobic interaction of dodecyl groups derived from the chain-

transfer agent at the ends of polymer chains. 

The DLS of DOPC/PAMPTMA (P3) and DOPC/PAMPTMAC-r-BuMA (P8) of a solution of 

DOPC and each polymer was measured. A unimodal peak at Rh = 76.5 nm was observed from the 

DOPC solution. Because the mixed solution of DOPC/PAMPTMA produced insoluble matter 

(Figure 2.21), many aggregates had Rh > 1000 nm and hence could not be measured. In contrast, 

DOPC/PAMPTMA-r-BuMA showed a unimodal peak at Rh = 90.3 nm and its LSI also increased 

after the mixing (Figure 2.22e). These results suggested an interaction between the BuMA of 
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PAMPTMA-r-BuMA (P8) and DOPC, thereby confirming our hypothesis that the hydrophobic 

group increases the interaction with the cell membrane. 

 

Figure 2.22: Rh distributions for (a) PAMPTMA (P3), (b) PAMPTMA-r-BuMA (P8), (c) DOPC, 

(d) mixture of DOPC/PAMPTMA, and (e) DOPC/PAMPTMA-r-BuMA in D2O at 25 °C. 

Concentrations were fixed at 1 g/L. 

2.3.7. Modelling and Molecular Dynamics Simulation 

After confirming the effect of hydrophobic group on the cancer cell membrane. Finally, I elucidate 

how the PAMPTMA and PAMPTMA-r-BuMA polymers interact with the lipid cell membrane. 

To investigate their difference at the atomistic/molecular level, molecular dynamics (MD) 

simulations of the two polymer-membrane systems was performed. The outline of our approach 

to modelling and MD simulations can be found in the materials and method section.   Figure 2.23a 

shows the time series of Ncount values obtained from the NPT MD simulations for the two polymer-

membrane systems, PAMPTMA-POPC and PAMPTMA-r-BuMA-POPC. Overall, PAMPTMA-

r-BuMA-POPC is found to have larger Ncount values than PAMPTMA-POPC: the total amount of 
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Ncount values over 10 ns for PAMPTMA-r-BuMA-POPC is twice as large than that for 

PAMPTMA-POPC as shown (Figure 2.23b). In other words, PAMPTMA-r-BuMA has more 

contact atoms with POPC than PAMPTMA. The more contact atoms imply the stronger interaction 

between the polymer and the membrane. 

 

Figure 2.23: (a) Time series of Ncount values from the NPT MD simulations for the two polymer-

membrane systems, AMPTMA-POPC (blue) and PAPTMA-r-BuMA-POPC (red), where Ncount is 

the number of contact atoms (one belonging to the polymer and the other to the membrane) within 

4 Å.  (b) The total amount of Ncount over 10 ns for PAMPTMA-POPC (blue) and PAMPTMA-r-

BuMA-POPC (red). 

Next, the structural difference between PAMPTMA- and PAMPTMA-r-BuMA-POPC in order to 

see why PAMPTMA-r-BuMA has a stronger interaction with POPC than PAMPTMA was 

investigated. Here I focus on several structures with higher Ncount values shown (Figure 2.24a): 

shows snapshots of AMPTMA sampled at 0.05 ns (A(1)), understanding of why the AMPTMA-

r-BuMA copolymer interacts with the POPC membrane more strongly than the PAMPTMA 

homopolymer. It can be seen from figure 2.24a that the main chain of the PAMPTMA polymer 

does not exhibit any specific molecular orientation to the membrane. On the other hand, the main 

chain of the PAMPTMA-r-BuMA polymer orients parallel to that of the 1.47 ns (A(2)), and 9.60 
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ns (A(3)), whereas figure 2.24b shows those of PAMPTMA-r-BuMA at 0.68 ns (AB(1)), 5.21 ns 

(AB(2)), and 7.05 ns (AB(3)). Note that the penetration of the polymer into the membrane was not 

observed in the present MD simulations for both the 15-mers. Their structural differences, however, 

shed light on the membrane, or equivalently the main chain is vertical to the membrane surface, as 

shown (Figure 2.24b). The finding that the orientation of PAMPTMA-r-BuMA is vertical to the 

POPC surface implies that the PAMPTMA-r-BuMA polymer is more likely to rupture the POPC 

membrane and then penetrate into it than the APTAC polymer. The obtained results are in 

agreement with the previously reported literatures where the increase in hydrophobic alkyl chain 

has resulted in the increment of the anticancer properties of the AMPs and the ACPs.[50-52] 
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Figure 2.24: (a) PAMPTMA-POPC structures at 0.05 ns (A(1)), 1.47 ns (A(2)), and 9.60 ns (A(3)). 

(b) PAMPTMA-r-BuMA-POPC structures at 0.68 ns (AB(1)), 5.21 ns (AB(2)), and 7.05 ns 

(AB(3)). 
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2.4. Conclusion  

Cationic copolymers containing hydrophobic groups such as BuMA (PAMPTMA-r-BuMA) 

exhibit superior anticancer activity with low IC50 (167 µg/mL for HepG2 cells) than that exhibited 

by the cationic homopolymer (PAMPTMA) itself, which is contrary to previous reports. 

Additionally, the effect of the size of the hydrophobic group was established. The copolymer 

(PAMPTMA-r-OctMA) demonstrated a higher anticancer efficacy (IC50 = 60 µg/mL) than that 

shown by copolymers with smaller hydrophobic groups (such as PAMPTMA-r-BuMA and 

PAMPTMA-r-HexMA). Therefore, I successfully demonstrated that the cationic charge or the 

cationic polymer alone is not sufficient for the anticancer activity and that hydrophobicity plays 

an important role in determining the anticancer activity. The cationic copolymer concentrates the 

cationic charge and attaches to the anionic cancer cell membrane, resulting in a high local 

concentration and the hydrophobic group cause a significant permeabilisation, leading to cell death. 

Hence, this study successfully demonstrates the anticancer activity of hydrophobic copolymers 

and their potential application in anticancer research. I am currently designing and developing 

similar systems comprising both a cationic charge and hydrophobic moieties with a focus on 

selectivity toward normal cells. I believe that the design principle for cationic anticancer polymers 

explained in this study will widen the cancer treatment research field, which may help in 

discovering new anticancer pharmaceuticals with a facile synthesis route and lower production 

cost, which may be useful in clinical medical trials for tumour treatment. 
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Chapter 3 

Design of highly selective Zn-coordinated polyampholyte towards cancer 

treatment and inhibition of tumor metastasis 

3.1. Introduction  

With the advancement in technology and the treatment, mortality due to cancer has reduced 

over the few years but still, many cancer patients have ultimately lost their battle against it.[1, 2] 

It exerts tremendous financial, physical, and emotional strain on individual, family, as well as 

society.  Chemotherapy has proved to be one of the most effective treatments, but the drugs 

used like doxorubicin (DOX) or paclitaxel (PTX) have their certain limitations. For the desired 

therapeutic application, a high dose is required thereby causing severe cytotoxicity, drug 

resistance development, and metastasis along with severe cardiotoxicity and congestive heart 

failure.[3, 4] Nevertheless, some of the nanomaterials-based drug delivery systems showed great 

promise than the conventional treatments with increased clinical trials and FDA approval[5] but 

suffers from the various bottlenecks like they rely on activity of drug, burst release, and off-

target toxicity.[6, 7] Usage of anticancer peptides (ACPs) often leads to short circulation half-

life, proteolytic cleavage and also the transition from the bench to the bed-side require more 

research and a understanding of cost to benefit ratio.[8, 9]  

The noted limitations of these traditional treatments and materials have compelled the 

researchers to look for potentially effective systems that use cationic polymers as 

chemotherapeutic agents.[10] Cationic polymers have already proved to be promising in 

selective binding and lysis of bacterial cell membrane.[11] Similar to bacterial cell membrane,   

cancer cell membrane carries a net negative charge on its surface, resulting from 

overexpression of the phospholipids, phosphatidylserine sialylated gangliosides, and heparan 

sulfates then the normal cells which may results in potent selectivity.[12, 13] Currently, very few 

studies have been reported on the use of cationic polymers as anticancer therapeutics and in 
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treatment of drug resistant and the dormant cancer cells.[10, 14-16] The reported polymers showed 

good anticancer activity but showed limited selectivity. Also, the synthetic route to obtain these 

polymers consisted of many steps and complexities which may not be feasible to produce in 

large quantities. To this end, we aimed to design an appropriate biocompatible cationic polymer 

that can be easily prepared in scalable quantities with facile synthetic route, having potent 

anticancer activity with high selectivity. It is believed that the synthesised polymers would also 

show anticancer activity towards the MDR cells also due to their distinctive anticancer 

mechanism. The designed system is expected overcome the existing limitations of the 

previously reported ACPs, nanoparticle-based drug delivery systems (DDS) and standard 

chemotherapeutic agents. 

To circumvent these obstacles and to enhance the selectivity and therapeutic performance of 

these cationic polymers coordinated self-assemblies of these polymers could be adopted. It has 

been reported these coordinated self-assembled structures results in a high surface-to-volume 

ratio resulting an impact on the biological surfaces.[17, 18] Also, this kind of formation will 

preserve most of the interacting functional groups away from nontargeted cell surfaces (normal 

cell membrane surface) by keeping them in the core of the structure during its administration. 

Therefore, the cationic moiety will not be exposed to the normal cell membrane and hence will 

not be toxic for the normal cells. Contemporaneously, collapsing of these bound polymers at 

the cancer cell membrane will allow it to selectively kill the cancer cell. For this purpose, the 

usage of metal ions especially the Zn metal ion has been successfully established for combating 

bacterial infection.[19, 20]   

Hence, as a proof-of-concept, I designed new macromolecular anticancer chemotherapeutics 

with PLL as a cationic polymeric back bone.[21] This works as a highly tunable platform which 

offers an excellent handle (-NH2) to introduce the necessary functional group to drive the 

nanoformulations as per the proposed mechanism.  The -NH2 groups were then modulated with 
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the NA (PLL-NAm) which act as a ligand, followed by the subsequent modification with 

varying amount of the DDSA acting as the hydrophobic moiety. To minimize the cytotoxicity 

towards the normal cell the NA, was coordinated with the Zn2+ as the metal ion source. The 

anticancer activity of the Zn-bound and non-bound polymers were evaluated against the cancer 

cell lines along with the MDR cells and their selectivity was studied against the normal cell 

line The anticancer mechanism of the polymers was investigated by the lactate dehydrogenase 

(LDH) leakage assay, confocal microscopy, and the flow cytometry. Capability of the polymers 

to overcome the tumour metastasis was finally evaluated by the migration inhibition analysis.  

3.2. Materials and methods 

3.2.1. Materials 

A 25% (w/w) aqueous ε-poly-L-lysine (PLL, MW 4000) solution was purchased from JNC 

Corp. (Tokyo, Japan). Nicotinic acid (NA) and dodecylsuccinic anhydride (DDSA) were 

purchased from the TCI Japan. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

Hydrochloride (EDC-HCl) and n-hydroxysuccinimide were purchased from the Wako 

chemicals Japan. Zinc nitrate hexahydrate (ZnNO3.6H2O) was purchased from the nacalai 

tesque. All materials were of reagent grade and were used without further purification. 

3.2.2. Synthesis of PLL-NA polymer 

For the synthesis of PLL-NA, initially NA (, 75mmol), EDC.HCl (, 75 mmol) and NHS (, 75 

mmol) were dissolved in water and kept for stirring at room temperature (rt) for 6 h. To this, 

25 % aqueous solution of PLL (48 mL, 12 g, 3 mmol) was added and kept for stirring at 25oC 

rt for next 12 h. The obtained product was dialyzed against the distilled water for 4 days with 

3500 MWCO dialysis membrane (Spectra/Por Dialysis membrane) followed by lyophilization. 

A similar synthetic procedure was carried out with increasing the amount of NA (14.77 g, 120 

mmol) to obtain PLL with different amount of NA.  
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3.2.3. Insertion DDSA in PLL-NA 

I synthesized the PLL-NA-DDSA polymer by varying the amount of DDSA from the 

previously obtained PLL-NA.  For example, PLL-NA (2 g, 0.377 mmol) and DDSA (202.13 

mg, 0.754 mmol) were dissolved in water and kept for stirring at 50 °C for 2 h. The obtained 

solution after 2 h was purified by dialysis against distilled water (4 days) with 3500 MWCO 

dialysis membrane (Spectra/Por Dialysis membrane) followed by lyophilization.  

3.2.4. Coordination of Zn metal ion 

The Zn coordinated polymers were obtained, the PLL-NA-DDSA (100 mg) and the 

Zn.NO3.6H2O (50 mmol in water, 3ml) were dissolved in water and kept for stirring at 25ºC 

for 12 h. The resultant solution was purified by dialysis against distilled water (4 days) with 

3500 MWCO dialysis membrane (Spectra/Por Dialysis membrane) followed by lyophilization.  

3.2.5. Characterization of polymers  

1H-NMR of the obtained polymers were recorded on a Bruker Avance NEO 400 spectrometer 

(400 MHz). The chemical shifts were referenced based on the solvent peak (δ = 4.79 ppm for 

D2O). Dynamic light scattering (DLS) and zeta-potential measurements were carried out on a 

Zetasizer Nano-ZS instrument (Malvern, UK) by using disposable folded capillary cells 

(DTS1070) with a scattering angle of 173°. The elemental analysis of the coordinated polymer 

was performed by X-ray photoelectron spectroscopy (XPS) spectroscopy using the AXIS 

ULTRA-DLD.  

3.2.6. Cell culture  

The cancer cells (HepG2, and Colon 26) were acquired from American Type Culture 

Collection (ATCC). Primary human dermal fibroblast (HDF) which is a normal cell line was 

purchased from the (CELL, applications, San diego). All these cell lines were cultured in 
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Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10 % fetal 

bovine serum (FBS, Invitrogen, Singapore) at 37 °C in a CO2 incubator in a humidified 

atmosphere. The multidrug- resistance (MDR) cell line (COR-L23/R) was purchased from the 

(ECACC) and was maintained in Roswell Park Memorial Institute-1640 (RPMI-1640) medium 

with 10 % FBS along with 0.2 µg/mL of the doxorubicin (DOX) in culture media to maintain 

the resistance phenotype but the medium was changed to DOX-free RPMI-1640 one week 

before the experiments. Cells were sub-cultured after the confluency using trypsin solution 

(0.25 % [w/v] trypsin containing 0.0 2% [w/v] ethylenediaminetetraacetic acid in PBS) to 

detach the cells.  

3.2.7. In vitro cytotoxicity assay  

The cytotoxicity of polymers against cancer cell lines and normal cell line was examined by 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells were 

seeded in a 96-well plate at a density of 3×103 cells per well in 100 µL of respective culture 

media for 24 h at 37 °C in a 5 % CO2 incubator in a humidified atmosphere. After 24 h the 

culture medium was then replaced with fresh medium containing various concentrations of 

polymers ranging from 2 µg/mL to 1000 µg/mL or with DOX concentration from 0.5 µg/mL 

to 100 µg/mL and incubated for 48 h at 37 °C. MTT solution 100 µL (300 μg/mL in DMEM) 

was then added. Cells were incubated for 3 h and the medium containing MTT was replaced 

and replaced with 100 µL of DMSO. The absorbance was determined at 540 nm using a 

microplate reader (Infinite 200Pro, Infinite M Nano, Tecan). The experiment was 

independently repeated three times. 

3.2.8. LDH leakage assay 

The HepG2 cells were seeded at 3 × 103 cells per well in 96-well flat-bottom polystyrene cell 

culture plate for 24 h. Then the medium was replaced by a serial concentration of the polymer 
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(P3-P11, Table 1) for 48 h. After 48 h of treatment, 10 µL of the Lysis Buffer of Cytotoxicity 

LDH assay Kit-WST (Dojindo) was added to four wells (positive control indicating 100% 

lysis) and incubated for 30 min at 37 °C as per manufacturers instruction. Then, 100 µL of the 

Working Solution to all wells and incubated for 30 min at room temperature. To stop the 

reaction, 50 µL of the Stop Solution was added and absorbance at 490 nm was measured by 

Infinite 200Pro, Infinite M Nano, Tecan microplate reader). The percentage of LDH leakage 

was determined relative 100 % lysed cells. Each assay was independently repeated three times. 

3.2.9. Cellular uptake analysis 

HepG2 cells were seeded onto a four-well glass bottom dish (Matsunami), at the density of 3 

× 104  cells per well and allowed to attach and grow for 24 h. The medium was then replaced 

with an equal volume of medium containing AlexaFluor 488 tagged polymer (at IC50 

concentration). After 2 h and 24 h of incubation, the cells were rinsed 3 times with PBS for any 

free dye removal. The cells were fixed by 4 % formaldehyde for 15 min at 37 °C followed by 

washing in PBS for 3 times. The cells were subsequently stained with Image-IT™ Live Plasma 

Membrane and Nuclear Labeling Kit (Invitrogen, Singapore) according to the manufacturer's 

instructions and washed 3 times with PBS, cells were then observed under confocal laser 

scanning microscopy (Olympus FV1000D, oil immersed 60 × objective lens).  

3.2.9.1. Tagging with AlexaFluor 488. A stock solution of the AlexaFluor 488 (NHS ester for 

amino group) is prepared by dissolving it in high quality of the DMSO. This stock solution was 

added dropwise to the polymer solution approximately 10 mmol of the polymer solution and 

the rection is kept for stirring for 4 h at 25 ºC with protection from the light. The unreacted dye 

was removed from the Sephadex G-25 gel filtration column. The solution was dried under 

vacuum and obtained powder was the AlexaFluor tagged polymer.   
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3.2.10. In vitro cancer cell migration 

HepG2 cells were seeded in 24-well plates at a density of 1 x105 cells per well. After 24 h, the 

plate surface was scratched with a 1000 μL pipette tip to generate a gap with uniform width. 

The medium was replaced by fresh medium containing polymers or DOX at their respective 

IC50. The cells were then incubated at 37 °C in the presence of 5 % CO2. Images of the gaps 

were taken using a bright field microscope (Olympus, Japan) at 0 h and 24 h after scratching. 

3.3. Result and Discussion  

3.3.1. Polymer characterization 

Poly-L-lysine (PLL) and nicotinic acid (NA) based polymers with varying amount of DDSA 

were synthesized according to Scheme 3.1. ε-PLL is an L-lysine homopolymer biosynthesized 

by Streptomyces species.[21, 22] It has cationic charge density due the presence of α-amino 

groups  in its side chain and thus possesses antimicrobial activities.[23] NA which is also called 

niacin (vitamin B3) was introduced in the PLL as it is well-known that cancer patients are 

deficient in niacin and chemotherapy may further stress niacin status in patients .[24] 

Additionally, it contains tertiary nitrogen which can work as the Lewis base for binding with a 

metal ion. The substitution of NH2 group by NA in PLL was confirmed by the appearance of 

the aromatic protons in the 1H-NMR (δ = 6.5-8.0 ppm) (Figure 3.1). Further, the degree of 

substitution of NH2 group by the NA was calculated by comparing the integral peak of γ-proton 

(δ = 1.38-1.55 ppm) to aromatic proton (δ = 7.39-7.54 ppm). 
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Scheme 3.1: Schematic representation of the reaction of PLL with NA and DDSA followed by 

its coordination with Zn metal ion. 

 

Figure 3.1: 1H-NMR of the PLL-NA synthesized. 

The dried PLL-NA obtained in first step was further used for incorporating the DDSA group 

in them. DDSA was introduced to control the cationic charge as well as to introduce some 

hydrophobicity in the polymer. The insertion of the DDSA was confirmed by the 1H-NMR 

(Figure 3.2) and compared with the PLL-NA (Figure 3.3a). The amount of DDSA 

incorporated in the PLL-NA was calculated by 1H-NMR by comparing the integral peak of 
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methyl protons of the DDSA (δ = 0.74 ppm) to the β-methylene peak of poly-L-lysine (δ = 1.5 

to 1.8 ppm) found according to the addition (Figure 3.3b).[25]   

 

Figure 3.2: 1H-NMR of the PLL-NA-DDSA synthesized. 

The obtained polymer was further coordinated with Zn2+ ions by using the ZnNO3.6H2O (zinc 

nitrate hexahydrate). The elemental analysis of the coordinated polymer was performed by X-

ray photoelectron spectroscopy (XPS) spectroscopy. The pyridinium group in the NA functions 

as a Lewis base whereas Zn2+ ions act as the Lewis acid and thus can be coordinated with each 

other. The N 1s peak showed a significant shift from 399.2 eV (N-C) to 401.8 eV (Zn-N-C) 

(Figure 3.3c). Also, Zn 2p showed peaks at 1020.5 and 1043.6 eV ascribed to Zn 2P3/2 and Zn 

2P1/2 respectively (Figure 3.3d). 
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Figure 3.3: a.) 1H-NMR spectra of the obtained PLL-NA polymers showing the increase in the 

amount of DDSA in the obtained polymers, b.) the graph shows amount of the DDSA 

introduced in the final polymers as per the amount added during the reaction, c.) XPS spectra 

of N1s of the Zn-bound and non-bound polymer, d.) Zn 2P spectra of the Zn-bound polymer.  

3.3.2. In vitro cytotoxicity assay 

The in vitro anticancer activity of the polymers (N1-N16) and their Zn coordinated complexes 

was evaluated against the cancer cell lines: HepG2 and Colon 26 and against the normal cell 

line HDF for the selectivity. All polymers showed potent anticancer activity with low IC50 

values (Table 3.1). The polymer PLL (N1) and PLL-NA11 (N2) did not show any anticancer 

activity against all cell lines tested up to 1000 µg/mL (Figure 3.4a & 3.4b). DDSA was 

introduced in the pure PLL (N3: 2 NH2 group replaced, N4: 4 NH2 groups replaced) and their 

anticancer activity was evaluated. With the introduction of the DDSA in pure PLL the 

anticancer activity was enhanced with lower IC50 value (IC50 = 60 µg/mL) for the polymer N3 

(Table 3.1). Also, with further increase in DDSA in N4, the anticancer activity was further 
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enhanced with IC50 = 47 µg/mL (Figure 3.4c, Table 3.1).  Although, the insertion of DDSA 

in N3 and N4 increased the cytotoxicity towards the cancer cells, however the cytotoxicity 

towards the normal cell line was also increased (IC50 = 88 and 68 µg/mL) and hence no 

selectivity (Figure 3.4c, Table 3.1). This may be due to the enhancement of the hydrophobicity 

in these polymers which results in the undesired cytotoxicity towards all the cell lines tested. 

As in case of ACPs and AMPs it has been reported that they first selectively bind to the PS 

lipid-rich membrane of the cancer cell by electrostatic interactions, and then insert the 

hydrophobic domain of their helix into the cell membrane, resulting in the disruption of the 

cell membrane and subsequent lysis of the cell.[26]    However, the insertion of DDSA in the 

polymer PLL-NA polymer enhanced the cytotoxicity with lower IC50 values (Table 3.1) as 

well as retains its selectivity towards the normal cell line. I believed that this enhancement in 

cytotoxicity towards the cancer cells was due to the hydrophobicity and the selectivity was due 

the of the cationic charge of the NA, means a synergistic effect of both is required.[27] So, I 

believe that a combination of both is required for better anticancer activity and the enhanced 

selectivity. It was observed that the cytotoxicity of the PLL-NA11-DDSA (N5, N7) (IC50 = 365 

and 223 µg/mL) was higher than the PLL-NA11 (N2) (IC50 = N.D.) which was in accordance 

with my hypothesis (Table 3.1).  
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Table 3.1. In vitro anticancer activity (IC50 values) of all the polymers synthesized.  

 

Although the introduction of the DDSA in PLL enhanced the cytotoxicity but it was much 

lower than the therapeutic values reported in the previous literatures.[14] In order to achieve that, 

Zn was introduced in the polymers where the pyridinium ring of NA will work as Lewis base 

and the metal ion as counter -Lewis acid (Scheme 3.1). Although the metal ions like Zn2+, Cu2+ 

and the Fe3+ have the ability to coordinate with formed polymer, but zinc was selected due to 

its lower cytotoxicity and reported potent antimicrobial activity as well as its anticancer activity. 

[28] 

S.No. Polymer  Composition  Zeta potential 

(mV)a 

 IC50 HepG2 

(µg/ml) 

 IC50 Colon 

26 (µg/ml) 

 IC50 HDF 

(µg/ml)  

1. N1 PLL 2.11 ± 1.72 N.D. N.D. N.D. 

2. N2 PLL-NA11 15.4 ± 2.02 N.D. N.D. N.D. 

3. N3 PLL-DDSA2 4.17 ± 0.40 60 70 88 

4. N4 PLL-DDSA4 9.86 ± 0.42 47 148 68 

5. N5 PLL-NA11-DDSA2 8.63 ± 0.59 365        413         N.D.      

6. N6 PLL-NA11-DDSA2-Znb 9.58 ± 0.21 179 196 N.D. 

7. N7 PLL-NA11-DDSA4 5.57 ± 3.91 223       370       N.D.     

8. N8 PLL-NA11-DDSA4-Zn 5.98 ± 2.46 110 208 N.D. 

2, 4-are the number of NH2 groups replaced in PLL by DDSA, N.D.-not determined upto 1000µg/mL, 

a: determined in PBS, b: 50 mM Zn(NO3)2 
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Figure 3.4: Cytotoxicity towards the cancer cell and the normal cell lines: a.) for the pure PLL, 

b.) for the PLL-NA11 c.) for the PLL-DDSA4. 

With the introduction of Zn2+ ions in polymer N5 (called N6) the cytotoxicity towards the 

cancer cell was increased. The IC50 values for the HepG2 was decreased from the 365 µg/mL 

to 179 µg/mL in N7 (Figure 3.5a, Table 3.1). Similar results were observed for Colon 26 

cancer cell line (Figure 3.5b, Table 3.1).  The coordination of the Zn2+ ions in N7 enhanced 

the cytotoxicity with lowering in IC50 values from 223µg/mL to 110 µg/mL for the HepG2 

cancer cell line (Figure 3.5d, Table 3.1). For the colon 26 cancer cells, a similar trend was 

observed in enhancement of cytotoxicity with the insertion of the Zn2+ ions (Figure 3.5e, Table 

3.1). Although the cytotoxicity towards the cancer cell lines were enhanced, interestingly both 

the polymers N6 and N8 showed significantly very high selectivity towards the normal cell line 

HDF with no IC50 up to 1000 µg/mL of the polymer concentration (Figure 3.5f, Table 3.1). I 

believed that the insertion of the Zn2+ ions make the coordinated self-assemblies with our 
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polymers by taking the cationic charge of the NA into its core structure. These structures 

selectively disrupt on the cancer cell membranes owing to its more negative charge in its 

surface and thus enables the free cationic PLL based polymers to interact with and 

spontaneously kill the cancer cells. Since there was no toxicity against HDF cell line, we 

believe that they remain intact against the normal cells. It is worth mentioning that Zn2+ ions 

have its own antimicrobial, anticancer activity. The electrostatic interaction between the Zn2+ 

ions and the cancer cell membrane along with the production of the reactive oxygen spices 

would be the two-underlying mechanism of killing the cancer cells thereby producing a 

synergistic effect with my synthesized polymers.[29]  

 

Figure 3.5: MTT cell viability assay of the polymers: a.) for N5 and N6 against the HepG2 

cell ne,  b.) N5 and N6 against the colon 26 cancer cell line, c) N5 and N6 against the normal 

HDF cell line, d) for N7 and N8 against the HepG2 cell line, e) N7 and N8 against the colon 

26 cell line , f) N7 and N8 against the HDF cell line.  . 

Thereafter, the coordinated polymers were prepared by varying the amount of the Zn2+ ions 

and keeping the number of coordinating sites as constant. Hence, I prepared a series of three 

different coordinated polymers by using N7 as the basic polymer, as it showed better anticancer 

property.  N9 to N11 were prepared by constantly lowering the amount of zinc with respect to 
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the number of the coordinating sites in N7. In N9 the Zn2+ ions were added ½ of the total 

coordinating sites present in the N7, similarly in N10 and N11 the Zn 2+ ions were added ¼ and 

1/8 of the coordinating sites respectively. Polymer N9 showed almost similar anticancer 

activity with lower IC50 (108 µg/mL) as compared to the N8 (IC50 = 110 µg/mL) on HepG2 

cancer cell line (Figure 3.6a, Table 3.2). However, as the Zn2+ was reduced in N10 the 

anticancer activity was enhanced with low IC50 = 89 µg/mL which was further enhanced in 

N11 (IC50 = 78 µg/mL) with reduced amount of Zn2+ then the N10 (Figure 3.6a, Table 3.2). 

Similar results were obtained with the colon 26 cancer cell line (Figure 3.6b, Table 3.2). 

However, a similar enhanced cytotoxic effect was observed with lowered amount of Zn2+ in 

case of the HDF as normal cell line (Figure 3.6c, Table 3.2). I believed that with the lowered 

amount of the Zn 2+ ions there were structural changes at the nanoscale level which results in 

the size dependent anticancer activities at the nanoscale level.  

Table 3.2. The in vitro anticancer activity (IC50 values) of all the polymers with varying amount 

of Zn2+ ions.  

S.No. Polymer Composition  Zeta 

potential 

(mV)a 

IC50 HepG2 

(µg/mL)b 

IC50 Colon 

26 (µg/mL)b 

IC50 HDF 

(µg/mL)b 

9. N9 PLL-NA11-DDSA4-Zn1 2.25±0.47 108 68 910 

10. N10 PLL-NA11-DDSA4-Zn2 -1.82±0.38 89 94 N.D. 

11. N11 PLL-NA11-DDSA4-Zn3 0.66±0.34 78 42 738 

a: determined in PBS, b: determined by MTT assay, N.D.: not determined  
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Figure 3.6: MTT cell viability assay of the polymers with different amount of Zn2+ ions: a.) 

against the HepG2 cell, b.) against the colon 26 cancer cell line, c) against the normal HDF cell 

line. 

Further, to understand the effect of the NA in our polymers, next I synthesized the new PLL-

NA with the more NA replaced with the NH2 groups present in the pure PLL. The modification 

of the PLL with NA and its degree of substitution was confirmed by 1H-NMR. The DDSA 

group was incorporated in the obtained PLL-NA16 and further coordinated with the Zn2+ ions 

as in previous sections. The in vitro anticancer activity of the polymers (N12-N16) and their 

Zn coordinated complexes was evaluated against the cancer cell lines: HepG2 and Colon 26 

and against the normal cell line HDF for the selectivity (Table 3.3). The polymer N12 (PLL-

NA16) did not show any anticancer activity against the all the cancer cell lines tested (Figure 

3.7). The introduction of the DDSA group in the PLL enhanced the cytotoxicity towards the 

cancer cells as well as the normal cell lines may be due enhanced hydrophobicity of the DDSA. 
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The insertion of the DDSA in N12 (IC50 = N.D.) by replacing the NH2 groups as in N13 (2-

NH2 groups replaced) and N14 (4-NH2 groups replaced) enhanced the cytotoxicity towards the 

cancer cell lines with lower IC50 of 201 µg/mL and 180 µg/mL respectively (Table 3.3). The 

insertion of the Zn2+ ions as in N15 and N16 (from N12 and N13 respectively) further enhanced 

the cytotoxicity towards both cancer cell lines (Table 3.3). However, the enhancement of the 

NA group in the PLL enhanced the anticancer activity towards the cancer lines but the 

selectivity towards the normal cell was simultaneously reduced with lowering in IC50 values 

for N14 (197 µg/mL) and N15 (172 µg/mL) respectively (Table 3.3).  

 

Figure 3.7: Cytotoxicity towards the cancer cell and the normal cell lines for the PLL-NA16. 
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Table 3.3. The in vitro anticancer activity of the polymers obtained from the PLL-NA16 as a 

precursor polymer.  

S.No. Polymers  Composition Zeta Potential 

(mV)a 

 IC50 HepG2 

(µg/ml)b 

 IC50 Colon 

26 (µg/ml)b  

 IC50 HDF 

(µg/ml)b  

12. N12 PLL-NA16 3.17 ± 2.32 N.D. N.D. N.D. 

13. N13 PLL-NA16-DDSA2 8.63 ± 2.64 201     326        292   

14. N14 PLL-NA16-DDSA4 10.5 ± 1.04 180       172       195       

15. N15 PLL-NA16-DDSA2-Zn 3.87 ± 0.74 130 54 197 

16. N16 PLL-NA16-DDSA4-Zn 6.89 ± 1.04 42 143 172 

a: determined in PBS, b: determined by MTT assay, N.D.: not determined  

3.3.3. Mechanistic Investigations 

3.3.3.1. LDH leakage: To investigate the mechanism of action of polymers, I examined the 

effect of polymer on the cancer cell membrane. To understand the membrane disruptive 

mechanism of the polymers, firstly we carried out lactate dehydrogenase (LDH) leakage assay 

with all the model polymers selected (N7, N8, and N10) because of their potent anticancer 

activity and the selectivity. To quantify the damage to the cell membrane by polymer, an 

extracellular leakage of the cytoplasmic enzyme LDH form HepG2 cells treated with polymers 

(N7, N8 and N10) for 48 hours was examined. All the polymers caused significantly higher 

LDH leakage at the higher polymer concentrations suggesting that the cell membrane was 

permeabilized (Figure 3.8a). The introduction of the Zn in polymer N8 and N10 resulted in 

higher LDH leakage as compared to the non-bound polymer N7. N10 polymer containing the 

lower amount of Zn showed significant LDH leakage at higher concentration as well as at the 

lower concentration up to 250 µg/mL of the polymer concentration (Figure 3.8a). The 

percentage of the LDH released was in agreement with the cell viability of the cells treated 



CHAPTER 3 

 

100 

 

with these polymers. The results suggest that the polymer induced cell death was due the cell 

membrane disruption. 

 

Figure 3.8: Mechanistic study on the selected polymers a.) LDH leakage assay on the HepG2 

cell line, b.) HepG2 uptake of the polymers tagged with the AlexaFluor488 after the 24 hour 

of incubation time at their respective IC50 values. Hoechst (blue): nucleus; Red: cell membrane; 

Green: AlexaFluor488-labelled N7/N8. 

3.3.3.2. Cellular uptake analysis: The anticancer mechanism was further explored by 

studying the cellular uptake of polymer N7 and N8 tagged with AlexaFluor 488 by HepG2 

human liver cancer cells under a confocal microscope (Figure 3.8b). Cells when incubated 

with medium only (untreated) no green coloration was observed, however on treatment with 

tagged polymers green color was observed. Interestingly, both N7 (without Zn) and N8 (Zn-

bound) were taken up by the cells and can be seen in the cytosol region of the cells after the 24 

h of treatment indicating the translocation activity of the polymer. However, the density of N8 

tagged polymer in cancer cell was found to be much higher as compared to the N7 polymer. 

This suggests that the Zn-bound polymers were more strongly attracted and internalized by the 

cancer cell membrane as compared to the non-bound one and thus results in maximum cell 

damage.   
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3.3.4. Comparison with Doxorubicin 

I further compared our best Zn-bound polymer (N10) and its non-bound counterpart with the 

commercially available well-known drug DOX. I carried out the MTT cytotoxicity assay with 

the HepG2 cancer cell line, and for selectivity the HDF as normal cell line was used (Figure 

3.9). N7 showed lowest cytotoxicity as no IC50 value was determined at a low polymer 

concentration below 100 µg/mL. However, N10 showed significantly better cytotoxicity than 

N7 with IC50 value of 89 µg/mL (Figure 3.9a). Dox showed very high cytotoxicity with very 

low IC50 (1 µg/mL) when compared to both polymers. Although DOX showed the highest 

cytotoxicity in cancer cell lines but when I tested on normal cell lines the results were 

completely different. Cell viability of only 20-30 % was observed on normal cell line even at 

very low concentration of the drug used showing very high cytotoxicity and no selectivity 

(Figure 3.9b). In contrast, both polymers N7 and N10 showed almost no cytotoxicity, with 85-

90% cell viability even at the highest concentration tested (125 µg/mL). These results showed 

that, the synthesized polymers were highly selectivity towards the normal cell line. Overall, the 

synthesized polymers were found to be effective and selective when compared to the 

commercially available drug DOX.  

 

Figure 3.9: Comparison of the selected polymers along with the DOX a.) against the HepG2 

cancer cell, b.) for selectivity comparison against the HDF normal cell line.  
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3.3.5. Evaluation against Drug-resistant cells 

Based on my mechanistic investigations, the mode of action of synthesized polymers is to 

disrupt the cell membrane and then further lysis, ultimately leading to cell death.  Due to this 

distinctive mode of action, we believed that the Zn-bound polymers would be able to treat the 

drug-resistance cancer cell line as well. To demonstrate this the N7 and N10 were further 

evaluated against the DOX resistance human caucasian lung large cell carcinoma (COR-

L23/R) cancer cell line. The small molecule drug DOX was less effective against the COR-

L23/R with increased IC50 value 66 µg/mL which was almost 65 to 66 times higher than the 

IC50 against the HepG2 cell line (1µg/mL) (Figure 3.10). The N7 could not show any 

anticancer efficacy against the MDR cell line up to the 100 µg/mL of the polymer concentration. 

In contrast, N10 effectively inhibited the growth of drug resistance cell line with IC50 value (84 

µg/mL) of almost the same order of magnitude (Figure 3.10).  

 

Figure 3.10: MTT cell viability assay of the selected polymers and the DOX against the MDR 

(COR-L23/R) dox-resistance cell line.  
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3.3.6. Migration Inhibition Analysis 

To further investigate the anticancer properties of these polymers, migration inhibition analysis 

was carried out to examine their ability to prevent cancer cell migration. HepG2 cells were 

cultured in a 24 -well plate and a rift was scratched into the cell wells with 1000 µL tip. The 

cells were then treated with polymers or DOX at their respective IC50 concentrations (Figure 

3.11). For the PLL-NA, cells were treated with 500 µg/mL of the concentration as it does not 

show any IC50 value (Table 3.1). Cell migration was observed over a period of 24 h after the 

treatment with the polymers. The untreated cells migrated across the rift after 24 h of the culture 

period. Cell migration was also observed in the polymer not bound to the Zn (N7). Also, cell 

migration was observed for DOX treated samples at their IC50 concertation. However, both the 

Zn-bound polymers (N8 and N10) effectively prevented the cell migration across the rift 

created. To further analysis we carried the same experiment for the 7 days of time. We found 

that the cell migration was prevented even up to the 7 days by the Zn-bound polymers. So, 

these results not only suggest the effective killing of the cancer cells but also prevention of 

their further metastasis and relapse.   
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Figure 3.11: Effect Dox and the polymers on the cancer cell migration of HepG2 cell line. 

3.4. Conclusion 

In conclusion, I have successfully synthesized the biodegradable PLL-NA based polymers with 

varying amount of the DDSA in them. The synthesized polymers successfully coordinated with 

the Zn2+ ions which were reflected from the N1s peak shift from 399.2 eV (N-C) to 401.8 eV 

(Zn-N-C). The coordinated polymers showed potent anticancer activity which was revealed 
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from their lower IC50 Values (50-200 µg/mL) then the non-coordinated one. The polymers 

showed very high selectivity towards the normal cell line with no or significantly very low IC50 

values. The polymers were effective in killing of the cancer cells with high selectivity when 

compared with DOX, as well as the drug-resistance cancer cells were also significantly killed 

by these polymers. Also, these polymers not only showed their potency in killing, but also in 

prevention of further migration of the cancer cells which making them effective for prevention 

of the tumor metastasis.  Overall, all the NA-based zinc bound polymers showed excellent in 

vitro antitumor properties against both the cancer cell lines selectively. Considering the easy 

synthetic reaction scheme, availability and biodegradability of these polymers they could prove 

to be a promising approach towards cancer treatment. The Metal coordinated cationic polymers 

approach can open a new window in macromolecular chemotherapeutics and could be an 

attractive option in overcoming the limitations of cancer treatment.  
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Chapter 4  

Enhancement of anticancer activity of methyl jasmonate using cationic 

polymer 

 

4.1. Introduction  

Cancer is a severe threat to the humankind and is one of the major causes of death worldwide 

according to WHO.[1] The design and discovery of the molecules effective in cancer treatment 

always remains a challenge. Numerous treatments, such as radiation therapy, chemotherapy, 

and various drugs are currently in use, but their harmful side effects, aggressive drug resistance, 

low aqueous solubility, rapid clearance from body and off-target toxicity have caused major 

roadblocks in cancer treatment regimens.[2-6] There it is urgent need to develop effective cancer 

treatments and drugs having fewer side effects with low cost. The design of the drug must meet 

the condition that the molecular target must be distinctive from normal cells for selectivity.  

Otto Warburg proved that cancer cells differ in their energy consumption as compared to 

normal cells. [7, 8] In terms of energy production, they followed high rate of glycolytic pathway 

rather than tricarboxylic acid (TCA) cycle even in abundant oxygen which results higher lactate 

production and thus local acidification in cancerous cell.[9] Phosphorylation of glucose to 

glucose-6-phosphate is the first step in glycolysis which is catalyzed by the hexokinase-II 

enzyme (HK-II), which is overexpressed in cancer cells then the normal cells.[10, 11] Therefore, 

the energy consumption of the cancer cell can be prevented by inhibiting the HK-II enzyme in 

glycolysis cycle and could be effective and attractive target for anticancer drug development.[12] 

Methyl jasmonate (MJ) is a well-known HK-II inhibitor and also the therapeutic potential of 

the MJ and its derivatives against cancer have been investigated both in vivo and in vitro.[13, 14] 

Also, in normal eukaryotic cells, phosphatidylethanolamine and phosphatidylserine are present 

in the inner leaflet of the cell membrane, whereas choline-containing phospholipids, 

sphingomyelin, and phosphatidylcholine are mainly present in the outer leaflet of the cell 
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membrane. In addition to phosphatidylserine, O-glycosylated mucins,[3,4] sialylated 

gangliosides,[5] and heparan sulfates[6] are also overexpressed in cancer cell membranes. The 

knowledge of the anionic nature of cancer cell may attribute to the high selectivity and potency 

to the chemotherapeutics.  

Based on the above knowledge my proposed plan was the combination of these 

pharmacophoric moieties of bioactive substance like MJ with cationic macromolecule or to 

polymerise themselves to produce a new hybrid compound with improved affinity and efficacy 

when compared to the parent drug and it can be considered as a new trend in drug designing. 

Research on anticancer polymers is comparatively new and promising in cancer treatment. A 

very few literatures have been reported where polymer itself is used as anticancer drug. In this 

research work I used the polymer itself as drug not as drug carrier. Also, the polymerization of 

the MJ a bioactive compound is not reported anywhere and completely new in trend of drug 

designing.  

In the light of these findings, I have designed and synthesized the novel modified MJ based 

monomers. The synthesized monomers were further copolymerized with the varying amount 

of the cationic monomer (3-acrylamidopropyl)trimethylammonium chloride (AMPTMA). The 

modification of the MJ based monomer and its copolymers were confirmed by the proton 

nuclear magnetic resonance (NMR) spectroscopy. The anticancer activity was further 

evaluated against the cancer cell lines (HepG2, Colon 26 and B16F10). For the selectivity, the 

obtained polymers were further tested on the normal cell line primary human dermal fibroblast 

(HDF).  

4.2. Materials and methods   

4.2.1. Materials  

Methyl jasmonate, lithium hydroxide monohydrate (LiOH.H2O), 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid (RAFT agent) and 



CHAPTER 4 

 

110 

 

azobisisobutyronitrile (AIBN; initiator) were purchased from Sigma-Aldrich (St. Louis, MO) 

and used as received. A 75% aqueous solution of the monomer (3-

acrylamidopropyl)trimethylammonium chloride (AMPTMA), 2-hydroxethyl methacrylate 

(HEMA), and 4-dimethylaminopyridine (DMAP) were purchased from the TCI Japan. 

Coupling agent used, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC.HCl) were purchased from Wako chemicals. All the solvents used were 

of reagent grade and used without further purification.  

4.2.2.  Monomer synthesis 

4.2.2.1. Synthesis of jasmonic acid (JA)  

For the conversion of the methyl jasmonate to jasmonic acid, methyl jasmonate (1 mmol) was 

dissolved in the mixture of THF and water (1:1), to this mixture LiOH.H2O (2 mmol) was then 

added and the reaction was kept for stirring for 1 h at 25oC. After 1 h the reaction was diluted 

with 30 ml of water. To this further hexane was added (30 ml) and then acidified by 1N HCl 

and subjected to extraction with ethyl acetate. The EtOAc was dried over Na2SO4 and the 

solvent was evaporated to give light yellow oil as final product.  

4.2.2.2. Synthesis of 1,2,4-oxadiazole MJ based monomer   

For compound 1 (step b): To a mixture of JA (1 mmol) in acetone (10 ml), DCC (1.1 mmol) 

was added. The reaction mixture was stirred at 25oC for the 30 min time interval and then the 

3-pyridine carboxamide oxime (1 mmol) was added. The reaction mixture was kept for stirring 

for the next 12 h. After that, the acetone evaporated under the reduced pressure and the reaction 

mixture was further diluted with the 50 ml of water. The obtained solution was extracted with 

the ethyl acetate and dried over Na2SO4 and the solvent was evaporated. For compound 2 (step 

c): To the obtained compound 1 (1 mmol) in step b DMSO (10 ml) was added. To this reaction 

mixture KOH (1 mmol) was added and stirred at 25oC for the next 20 min. It was then further 
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diluted with 30-40 ml of water and then extracted by using ethyl acetate. The obtained 

compound was purified by using column chromatography with 2:3 (EtOAc:Hxn) mixture.  

4.2.2.3. Synthesis of ethylene diamine MJ based monomer   

For compound 7 (step b). JA (1 mmol), EDC.HCl (1.1 mmol) and the NHS (1 mmol) were 

dissolved in DCM and were kept for stirring at 25oC for 5 h.  After that Boc-amine was added 

to it and kept for stirring for the next 12 h at 25oC. After 12 h the compound was extracted by 

the ethyl acetate and finally dried under vacuum. For compound 8 (step c) to compound 7 the 

CF3COOH was added, and the reaction was kept for stirring for 4 h and the product was 

obtained by work up procedure with ethyl acetate and then washing with the NaHCO3. For 

compound 9 (step d), in 8 the methacrylic anhydride (1.1 mmol), TEA (1.1 mmol) in DCM 

was kept for stirring at 25oC for 2 h. The obtained monomer was tested or the 

homopolymerization by using AIBN as an initiator and raft agent for 36 h at 70oC.  

4.2.2.4. Synthesis of 2-hydroxylethyl methacrylate (HEMA) MJ based monomer   

For compound 11 (step b). To the JA (1 mmol) and EDC.HCl (1 mmol) was added to the 

precooled DCM (0-5oC) and kept for stirring for 2 h at 25oC. To this DMAP (1 mmol) and the 

2-hydroxyethyl methacrylate (HEMA) (1 mmol) was added to this reaction mixture and was 

kept for stirring at 25 oC for another 12 h. The solution was diluted with the 1N HCl and the 

resultant mixture was extracted with EtOAc while washing with NaHCO3, and brine solution. 

The compound was finally dried with Na2SO4 and finally dried under vacuum. The obtained 

compound was purified by column chromatography.   

4.2.3. Copolymer synthesis of JA-HEMA and AMPTMA 

I synthesized various copolymers (Scheme 4) by varying the proportion of AMPTMA as a co-

monomer. As an example, JA-HEMA : AMPTMA (1:2) copolymer was synthesized by adding 

JA-HEMA (1 g, 3.1 mmol),  AMPTMA  (1.28 g, 6.202 mmol), a RAFT agent (22.62 mg, 0.062 

mmol), and AIBN  (2.71 mg, 0.012 mmol) to the round-bottomed flask, followed by adding 25 
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mL of DMF. The resulting solution was then purged with nitrogen gas for 30 min and stirred 

at 70 °C for 24 h. The obtained random copolymer was purified by dialysis using distilled water 

(4 days) with a 3500 MWCO dialysis membrane (Spectra/Por Dialysis membrane), followed 

by lyophilization. 

4.2.4. PEG based copolymers of JA-HEMA and AMPTMA 

4.2.4.1. PEG-macro raft agent (PEG-CTA): For the synthesis of the PEG-CTA, the 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic (raft agent, 5 mmol), oxalyl chloride (20 

mmol) were added in a round bottom flask. To this the dry CH2Cl2 (20 mL) was added as the 

reaction solvent. The resultant mixture was stirred at 25ºC for 2-3 h until the evolution of the 

gas was stopped.  The excess solvent was removed under vacuum, and the obtained residue 

was redissolved in 80 mL of the dry CH2Cl2 and then polyethylene glycol (1mmol, Mn = 

4000g/mol) was added to it and kept for stirring at 25ºC for 24 h. After 24 h the mixture was 

concentrated under vacuum and then precipitated in cold diethyl ether. The obtained yellow 

powder was filtered by Whatman filter paper and then further dried under vacuum.  

4.2.4.2. PEG based copolymer:  I synthesized various copolymers by varying the proportion 

of JA-HEMA and AMPTMA as a co-monomer. For example, for the synthesis of (1:1) 

copolymer JA-HEMA (0.931 mmol), PEG-CTA (raft agent, 0.0931), AMPTMA (0.931 mmol) 

and AIBN (initiator, 0.0186 mmol) were dissolved in the DMF (25 mL) in a round bottom flask. 

The resulting solution was then purged with nitrogen gas for 30 min and stirred at 70 °C for 24 

h. The obtained random copolymer was purified by dialysis using distilled water (4 days) with 

a 3500 MWCO dialysis membrane (Spectra/Por Dialysis membrane), followed by 

lyophilization. 
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2.5. Polymer characterization  

1H-NMR and 13C-NMR spectra of the obtained polymers were recorded on a Bruker Avance 

NEO 400 spectrometer (400 MHz). The chemical shifts were referenced based on the solvent 

peak (δ = 4.79 ppm for D2O). The molecular weight and distribution (polydispersity index, 

PDI) of the polymers were determined by gel-permeation chromatography (GPC, Waters 

e2695) using the Ultrahydrogel 250 column and 2414 refractive index detector at 50 °C. A 10% 

methanol–PBS solution (pH 7.4) was used as the mobile phase (flow rate: 1 mL min-1) and a 

Shodex standard was used as the standard. Zeta-potential measurements were carried out on a 

Zetasizer Nano-ZS instrument (Malvern, UK) by using disposable folded capillary cells 

(DTS1070) with a scattering angle of 173°. 

4.3. Results and Discussion  

4.3.1. Synthetic chemistry-synthesis of monomer and reaction optimization  

Initially the ester group of MJ was modified by installing the oxadiazole moieties which would 

work as druggable handle. Therefore, I started with the conversion of the MJ to JA which 

worked as an initial building block for further modification. The formation of the JA was 

confirmed by the 1H-NMR.  In order to obtain the 1,2,4-oxadiazole moiety in our compound 

(2) the DCC coupling strategy was used with pyridine carboxamide oxime followed by the 

basic condensation. Pyridinium functional moiety was used as it proved to be a heterocycle 

having various biological activities, mainly anticancer activities.[15, 16] Also, it will be used to 

modify as the quaternary nitrogen in order to obtain the cationic polymers. Formation of both 

the compounds 1 and 2 were confirmed by the 1H-NMR after their purification through the 

column chromatography.  The obtained compound (2) was further reduced by using the NaBH4 

to modify the ketonic carbonyl carbon to the hydroxyl group so that further steps towards the 

formation of the MJ based cationic polymer could be carried out (Scheme 4.1). However, the 

conversion of this ketonic group to the hydroxyl group was not confirmed by the 13C-NMR, 
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also the slight reduction in the double bond present in alkyl side chain of MJ was observed in 

1H-NMR.  

 

Scheme 4.1: Synthesis of Methyl Jasmonate modified monomer 1-4a and its subsequent 

polymerization and generation on cationic charge in the polymer 4-6. aReagents and conditions: 

(a) for JA: MJ (1 mmol), LiOH. H2O (2 mmol), THF-Water (1:1) solvents, stir 1 h, rt. (b) for 

1:  i. DCC (1.1 mmol), acetone solvent, stir 30 min, rt, ii. Pyridine carboxamide oxime (1 mmol), 

stir 12 h, rt. (c) for 2: DMSO, KOH (1mmol), stir 30 min, rt. (d) for 3: NaBH4 (1.5 mmol), 

methanol, stir 3 h, 0oC.  

 After obtaining the negative results from the previous reaction scheme and involvement of 

seven complex reaction steps I thought to make reaction scheme much easier with lesser 

reaction steps. Next, I tried to modify the JA through the introduction of the ethylene diamine 

which was further reacted with the methacrylic anhydride followed by its subsequent 

polymerization (Scheme 4.2).   
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Scheme 4.2. Synthesis of Methyl Jasmonate modified monomer 7-10a and its subsequent 

polymerization. aReagents and conditions: (a) for JA: MJ (1 mmol), LiOH. H2O (2 mmol), 

THF-Water (1:1) solvent, stir 1 h, rt. (b-c) for 7-8:  EDC.HCl (1.1 mmol), NHS (1.1 mmol), 

Boc-ethylene diamine (1.1 mmol), DCM solvent, 24 h, rt and CF3COOH, rt (d) for 9: 

methacrylic anhydride (1.1 mmol), TEA (1.1 mmol), DCM, stir 2 h, rt. (e) for 10: AIBN, 

ethanol, DCM, 24-36 h, 70oC.   

The JA was successfully modified to compounds 7 and 8 which was confirmed by the 1H-NMR. 

The compound 9 was then further modified with the methacrylic anhydride in order to obtain 

the MJ based monomer. The formation of monomer was confirmed by the 1H-NMR after the 

purification by column chromatography.  Compound 9 was then subjected to raft 

polymerization to obtain the polymer 10. However, this reaction was carried out up to the 36 h 

and the NMR was checked at different time interval and I found that the peak of the acrylic 

double bond was not completely disappeared and hence suggesting that the reaction was not 

completed under those conditions. 

The above two approaches could not lead to the desired result, so I planned for another 

approach to obtain the MJ based monomers and their subsequent polymers (Scheme 4.3). In 

this approach, after the conversion of the MJ to JA, the carboxylic acid group of JA was coupled 

with the hydroxy group of the HEMA as shown in reaction scheme. In this approach the MJ 

was first converted to the JA, then the carboxylic acid group of JA was coupled with the 

hydroxy group of HEMA as shown below in scheme.  
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Scheme 4.3. Synthesis of Methyl Jasmonate modified monomer 11a and its subsequent 

polymerization 12a. aReagents and conditions: (a) for JA: MJ (1 mmol), LiOH. H2O (2 mmol), 

THF-Water (1:1) solvent, stir 1 h, rt. (b) for 11: HEMA, DCC (1.1eq), DMAP (1.1eq), dry 

DCM, stir 2 h, rt. (c) Raft agent, AIBN, ethanol (1.1eq), DCM, stir overnight, 70ºC . 

In this approach the number of steps were further reduced to make the reaction synthesis easier. 

The formation of the JA was confirmed by the 1H-NMR (Figure 4.1). The obtained JA was 

then subjected to esterification with the hydroxyl group of HEMA and then purified by the 

column chromatography. The formation of compound 11 (JA-HEMA) was confirmed by the 

1H-NMR (Figure 4.2). Monomer 11 was further polymerized and this time the reaction was 

successfully confirmed by the disappearance of the methacrylic double bonds in 1H-NMR, 

however the polymer formed was insoluble in water so the JA-HEMA monomer was 

copolymerized with the cationic monomer (3-Acrylamidopropyl)trimethylammonium chloride 

(AMPTMA).  
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Figure 4.1: Confirmation of the formation of the JA through 1H-NMR. 

 

 

Figure 4.2: Confirmation of formation of monomer JA-HEMA (11) by 1H-NMR. 

 

4.3.2. Copolymerization with cationic monomer AMPTMA  

After successful formation of the monomer JA-HEMA and its polymerization, the monomer 

was further copolymerized with the cationic monomer AMPTMA.  The cationic monomer was 

introduced to balance the solubility of the homopolymer of JA-HEMA as well as the 
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introduction of cationic monomer could lead characteristic macromolecular therapeutic effect 

along with the selectivity towards the cancer cells. 

A series of random copolymers P-[(JA-HEMA)-r-(AMPTMA)] were synthesized by varying 

the amount of AMPTMA from 1:1 mol % to 1:3 mol % (Scheme 4.4). Their formation was 

confirmed by the disappearance of the double bond peaks (δ = 5.4–4.2 ppm) related to the 

acrylate protons of the JA-HEMA and the AMPTMA (Figure 4.3). The amount of JA-HEMA 

and AMPTMA added and inserted in each copolymer was calculated by comparing the integral 

value of the methyl proton in JA-HEMA (δ = 0.8 ppm) and methylene peak of AMPTMA (δ = 

3.0–3.5 ppm) in 1H-NMR (Figures 4.4, Table 4.1). Figure 4.5 shows the comparison of the 

homopolymer and the copolymer containing different mol % of AMPTMA. The incorporation 

of AMPTMA was easily controlled by changing the initial feed amount. Based on the GPC 

results, I calculated the number-average molecular weight (Mn) and weight-average molecular 

weight (Mw) values. The polydispersity index (PDI) values were found to be in good range 

(1.1–1.5; Table 4.1). 

 

Scheme 4.4. Synthesis of copolymers of JA-HEMA and the AMPTMA. 
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Figure 4.3: Comparison of the 1H-NMR of the monomer JA-HEMA and its subsequent 

copolymer P-[(JA-HEMA)-r-(AMPTMA)].  

 

 

Figure 4.4: 1H-NMR of copolymer P-[(JA-HEMA)-r-(AMPTMA)]. 
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Figure 4.5: Comparison of the copolymers formed P-[(JA-HEMA)-r-(AMPTMA)]. 

 

4.3.3. In vitro cytotoxicity determination 

The anticancer activity of the polymers was evaluated against cancer cell line—HepG2, using 

the MTT assay. Cancer cells have more negative charges than those of the normal cells because 

of the overexpression of phospholipids on the surface of cancer cells.[17] Initially, the 

cytotoxicity of cationic homopolymer of AMPTMA (M0) was determined. M0 did not show 

any anticancer activity against HepG2 cancer cell line (IC50 = N.D.) or very less activity against 

colon 26 cell line (IC50 = 402 µg/mL) (Table 4.1). However, the insertion of the JA-HEMA in 

the copolymers enhances the anticancer activity with lower IC50 values. The MJ showed low 

anticancer activity with high IC50 value (IC50 = 313 µg/mL) against the HepG2 cell line and the 

colon 26 (IC50 = 300 µg/mL). The JA also showed very low cytotoxicity towards both the 

cancer cell lines (Table 4.1). However, the modification of the MJ to its polymer and 

subsequently formation of its copolymers with cationic monomer enhances the anticancer 



CHAPTER 4 

 

121 

 

activity. The copolymers with the varying amount of the of AMPTMA monomer were 

synthesised and their formation was confirmed by the 1H-NMR (Figure 4.5, Table 4.1). The 

M1 copolymer having the 2 equivalents of AMPTMA as compared to the JA-HEMA showed 

good anticancer activity with lower IC50 (IC50 = 65 µg/mL) against the HepG2 cancer cell line. 

As the amount of the AMPTMA was increased in the copolymers from the polymer M1 to M3 

(Table 4.1) the anticancer activity was reduced. I believe the reduction the cytotoxicity is due 

to the reduced amount of JA-HEMA inserted in the copolymer. With the reduction of JA-

HEMA in the polymer could lead to the decreased inhibition of the HK-II enzyme which may 

leads to the further reduction in the anticancer activity.[18] 

To evaluate the selectivity of the polymers towards the normal cell line, the cytotoxicity of the 

polymers (M0-M3) was tested against the primary human dermal fibroblasts (HDF) cell line 

(Table 4.1). All the polymers synthesised showed very high cytotoxicity towards the HDF cell 

line with very low IC50 values. I believed that the undesired cytotoxicity was acquired due the 

high cationic charge due to the larger chain length of AMPTMA as well as the large chain 

length of the JA-HEMA. Next, I synthesized a new polymer with reduced chain length of both 

the JA-HEMA as well as the AMPTMA in order to control the cationic chain length and the 

amount of JA-HEMA in copolymer (M4). The formed polymer M4 showed higher cytotoxicity 

against the HepG2 cancer cell line (IC50 = 68 µg/mL) however still the selectivity was missing 

in the normal cell line. Then I again synthesised the polymer M5 with lesser number of chain 

length however the cytotoxicity was reduced towards the cancer cell line, however the 

selectivity towards the HDF was still missing (Table 4.1). 
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Table 4.1. Summary of the copolymers of JA-HEMA:AMPTMA synthesized and their 

anticancer activity. 

S.No Polymer 
 

Zeta 

Potential 

(mV)a 

Added 

(JA-

HEMA:A

MPTM) 

Obtained 

(JA-

HEMA:AM

PTMA)b  

Mn×

103,c 

Mw/

Mn 

IC50 for 

HepG2d 

(µg/mL) 

IC50 for 

HDF 

(µg/mL) 

1. MJ 

 

Methyl jasmonate - - - - - 313 498 

2. JA 

 

Jasmonic acid - - - - - 300 267 

3. M0 PAMPTMA100 20.2 ± 0.47 100 100 9.5 1.15 N.D. 187 

4. M1 P-[(JA-HEMA)50-r-

(AMPTMA)100] 

21.6 ± 1.07 1:2 1:5 14.1 1.19 65 14 

5. M2 P-[(JA-HEMA)50-r-

(AMPTMA)150] 

20.4 ± 0.17 1:3 1:8 23.0 1.56 84 11 

4 M3 P-[(JA-HEMA)50-r-

(AMPTMA)200] 

9.54 ± 0.86 1:4 1:25 21.5 1.59 219 20 

5 M4 P-[(JA-HEMA)25-r-

(AMPTMA)50] 

18.6 ± 1.96 1:2 1:22 21.3 2.03 68 13 

6 M5 P-[(JA-HEMA)15-r-

(AMPTMA)50] 

12.8 ± 0.85 1:3.3 1:6 13.7 1.45 N.D. 37 

a: determined in PBS, b: by NMR, c: by GPC, d: by MTT assay, N.D.: not determined  

4.3.4. PEG based copolymers  

Since the selectivity was missing in the AMPTMA based random polymers, next I synthesized 

the PEG based polymers, as PEG was known for its biocompatibility.[19]  Also, it has been 

reported for hydrophilicity and it can prolong the blood circulation time as well.[20-22] To this 

end I synthesized the PEG based JA-HEMA and AMPTMA copolymers with varying amount 

of the JA-HEMA and the AMPTMA as per the reaction scheme 4.5. Copolymer M6 to M8 

were synthesized by keeping the amount of AMPTMA monomer constant (DP-10) and 

increasing the JA-HEMA monomer gradually from chain length 10-30 respectively (theoretical 

DP). Also, copolymers were synthesized by keeping the amount of JA-HEMA constant (DP-

10) and then gradually increasing the amount of AMPTMA monomer gradually (Table 4.2). 

At first the PEG-CTA that worked as the macro raft agent was synthesized (step a), and its 

formation was confirmed by the 1H-NMR (Figure 4.6).  After its successful formation, 
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copolymers were synthesized by varying the amount of the AMPTMA and JA-HEMA both 

(step b) (Table 4.2) and their formation was confirmed by the 1H-NMR (Figure 4.7). The 

methyl proton of JA-HEMA (δ = 0.8 ppm) and of olefinic double bond (δ = 5.2-5.4 ppm) 

confirms the presence of JA-HEMA in synthesized polymer. Also, the characteristic peak of 

quaternary methyl protons of AMPTMA (δ = 3.2-3.4 ppm) showed the presence of AMPTMA 

(Figure 4.7). Overall, the copolymers containing all three parts (PEG, JA-HEMA and 

AMPTMA) were successfully synthesized. The number-average molecular weight (Mn) and 

weight-average molecular weight (Mw) values were determined by the GPC. The polydispersity 

index (PDI) values were found to be in the good range (1.1–1.3; Table 4.2). After their 

successful formation, in vitro cytotoxicity experiments were performed.  

 

Scheme 4.5: Synthesis of PEG-CTA based copolymers of JA-HEMA and AMPTMA. 

 



CHAPTER 4 

 

124 

 

 

Figure 4.6: 1H-NMR of the PEG-CTA (macro raft agent).  

 

 

Figure 4.7: 1H-NMR of the PEG-based copolymers of JA-HEMA and AMPTMA.  

 

4.3.5. In vitro cytotoxicity determination of PEG based copolymers  

The in vitro anticancer activity of the synthesized PEG-based copolymers was determined 

against the cancer cell lines-HepG2, Colon 26 and B16F10.  M6 copolymer showed better 

anticancer activity against HepG2 (IC50=641 µg/mL) (Figure 4.8a) which was further 

enhanced in colon 26 (Figure 4.8b) and B16F10 (Figure 4.8c) cancer cells with IC50 as 201 

µg/mL and 62 µg/mL respectively, which was lower than then the MJ and JA. Enhancement 
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in the cytotoxicity results demonstrated the synergistic effect of both the small molecule MJ 

and the cationic polymer. With the further enhancement of the JA-HEMA monomer in M7 and 

P8 further enhanced the anticancer activity in case of B16F10 cancer cell line (IC50 = 28 µg/mL 

and 9 µg/mL) respectively. However, contrasting results were obtained in the case of the 

HepG2 and the colon 26 cancer cell lines. The activity towards these cell lines was reduced 

with the increasing JA-HEMA (Table 4.2). 

However, when these copolymers were tested on the normal cell line (HDF), all the polymers 

showed very high selectivity. P6 polymer showed high selectivity with low IC50 (859 µg/mL) 

then the MJ and JA (Figure 4.8d, Table 4.2). Similarly, the enhancement in selectivity was 

observed in M7 and M8, we believed that this enhanced selectivity was due to the over 

expression of HK-II enzyme in the cancer cell rather than the normal cells.[18]  

Table 4.2. Summary of all the PEG-based copolymers and their in vitro cytotoxicity.   

S.

No 

Polymer 
 

Zeta 

Potential 

(mV)a 

Mn×

103,b 

Mn×

103,b 

IC50 for 

HepG2c 

(µg/mL) 

IC50 for 

colon26 

(µg/mL) 

IC50 

B16F10c 

(µg/mL) 

IC50 for 

HDFc 

(µg/mL) 

1. MJ 

 

Methyl jasmonate - - - 313 390 373 498 

2. JA 

 

Jasmonic acid - - - 300 639 663 267 

1. M6 

 

PEG4k-b-[P-((JA-HEMA)10-

r-(AMPTMA)10)] 

-2.69 ± 0.22 7.10 1.01 641 201 62 859 

2. M7 

 

PEG4k-b-[P-((JA-HEMA)20-

r-(AMPTMA)10)] 

-1.32 ± 0.45 7.34 1.02 N.D. N.D. 28 N.D. 

3. M8 PEG4k-b-[P-((JA-HEMA)30-

r-(AMPTMA)10)] 

-1.86 ± 0.61 7.18 1.01 503 N.D. 9 N.D. 

4. M9 PEG4k-b-[P-((JA-HEMA)10-

r-(AMPTMA)20)] 

0.91 ± 0.26 8.31 1.06 N.D. 191 35 1000 

5. M10 PEG4k-b-[P-((JA-HEMA)10-

r-(AMPTMA)30)] 

2.35 ± 0.42 9.33 1.11 N.D. 425 32 894 

a: determined in PBS, b: by GPC, c: by MTT assay, N.D.: not determined  
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Figure 4.8: In vitro cytotoxicity of the PEG-based copolymers with varied amount of JA-

HEMA; a.) for the HepG2 cell line, b.) for the colon 26 cells, c.) for the B16F10 cancer cells, 

d.) for HDF as normal cells.  

 

Also, I synthesized the PEG-based copolymer by keeping the JA-HEMA constant and 

constantly increasing the amount of the AMPTMA from M9 to M10. The in vitro anticancer 

activity was evaluated of these polymers, and they were found to be effective against the cancer 

cells (Table 4.2). Both M9 and M10 did not showed its anticancer activity up to 1000 µg/mL 

of the polymer concentration in HepG2 cancer cells (Figure 4.9a).  However, when both were 

tested upon colon 26 (Figure 4.9b) and the B16F10 (Figure 4.9c) cancer cell lines they showed 

very good anticancer activity with lower IC50 values (Table 4.2). Polymer M9 showed good 

selectivity against the HDF cell line with IC50 of almost 1000 µg/mL. On the other hand, the 

selectivity towards the HDF cells were slightly reduced (IC50=894 µg/mL) this may be due to 

the increase in the cationic chain length (Figure 4.9d).  
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Figure 4.9: In vitro cytotoxicity of the PEG-based copolymers with varied amount of 

AMPTMA; a.) for the HepG2 cell line, b.) for the colon 26 cells, c.) for the B16F10 cancer 

cells, d.) for HDF as normal cells.  

Overall, the PEG-based copolymers although reduced the cytotoxicity towards the cancer cells 

when compared to the P-[(JA-HEMA)-r-(AMPTMA)] copolymers, but the enhancement in 

selectivity towards the normal cells was observed which may be due to the enhanced 

biocompatibility due to the insertion of the PEG. Although these polymers were not that 

effective against the HepG2 cancer cell, but they were found to be the most effective against 

the colon 26 and the B16F10 which were the more malignant cancer cells. So, the polymers 

were effective and selective against the malignant cancer cells.   

4.4. Conclusion  

In this study I successfully synthesized the methyl jasmonate monomer and then further 

copolymerized it with the cationic comonomer. The obtained copolymers showed the enhanced 

solubility and the cytotoxicity almost 10 times towards the cancer cells (IC50=65 µg/mL). These 
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novel polymerised MJ based polymers motivated me to synthesis the PEG-based copolymers 

of JA-HEMA (MJ analogue) and the AMPTMA. The synthesised polymers were found to be 

very effective against the cancer cells with very low IC50 even up to the 9 µg/mL. All the PEG-

based copolymers showed enhanced selectivity towards the normal cell line and they were 

found to selective against the normal cells as well.  Also, homopolymer PAMPTMA has no 

cytotoxicity towards the cancer cell line, so MJ has its effect on the cytotoxicity. Overall, the 

polymerization of the MJ a bioactive compound is not reported anywhere and completely new 

in trend of drug designing and the cytotoxicity of the MJ analogues was significantly increased 

by almost 10-12 folds as compared to the novel MJ molecule with further enhancement of the 

selectivity.  
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Chapter 5 

SUMMARY AND OUTLOOK 

5.1. Conclusion 

This thesis addresses the feasibility of cationic polymers in cancer treatment. The polymers 

were synthesized using the RAFT polymerization through which the molecular weight and the 

polydispersity index of these polymers were controlled in an easy manner. The obtained 

polymers showed good anticancer activity and enhanced selectivity.  

In Chapter 2: The cationic copolymers containing hydrophobic groups such as BuMA 

(PAMPTMA-r-BuMA) were synthesized which exhibit superior anticancer activity with low 

IC50 than that exhibited by the cationic homopolymer (PAMPTMA) itself, which is contrary to 

previous reports. Additionally, the effect of the size of the hydrophobic group was established. 

The copolymer (PAMPTMA-r-OctMA) demonstrated a higher anticancer efficacy than that 

shown by copolymers with smaller hydrophobic groups (such as PAMPTMA-r-BuMA and 

PAMPTMA-r-HexMA). Therefore, it was successfully demonstrated that the cationic charge 

or the cationic polymer alone is not sufficient for the anticancer activity and that 

hydrophobicity plays an important role in determining the anticancer activity. The cationic 

copolymer concentrates the cationic charge and attaches to the anionic cancer cell membrane, 

resulting in a high local concentration and the hydrophobic group cause a significant 

permeabilization, leading to cell death. Hence, this study successfully demonstrates the 

anticancer activity of hydrophobic copolymers and their potential application in anticancer 

research. Although the literature has reported the use of cationic polymers, their adsorption 

behavior and the role of hydrophobicity on the cancer cell membrane have not been reported 

yet.  
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In Chapter 3: In chapter 2 the role of hydrophobic moiety and their interaction towards the 

cancer cell membranes was successfully established so in this chapter, I intended to synthesize 

new cationic polymers with selectivity towards the normal cells. The biodegradable PLL-NA 

based polymers with varying amount of the DDSA in them were synthesized . The synthesized 

polymers successfully coordinated with the Zn2+ ions. The coordinated polymers showed 

potent anticancer activity which was revealed from their lower IC50 values than the non-

coordinated one. The polymers showed very high selectivity towards the normal cell line with 

no or significantly very low IC50 values. The polymers were effective in killing of the cancer 

cells with high selectivity when compared with DOX, as well as the drug-resistance cancer 

cells were also significantly killed by these polymers. Also, these polymers not only showed 

their potency in killing, but also in prevention of further migration of the cancer cells which 

makes them effective for prevention of the tumor metastasis.  Overall, all the NA-based zinc 

bound polymers showed excellent in vitro antitumor properties against both the cancer cell 

lines selectively.  

In Chapter 4: My intent was to convert the simple methyl jasmonate a bioactive compound to 

cationic polymer or to synthesize its copolymers in order to enhance its cytotoxicity towards 

the cancer cells and as well as enhancement of selectivity towards the normal cells. So, in this 

study the methyl jasmonate monomer were successfully synthesized and then further 

copolymerized it with the cationic comonomer. The obtained copolymers showed enhanced 

solubility and cytotoxicity almost 10 times towards the cancer cells. These novel polymerised 

MJ based polymers motivated me to synthesis the PEG-based copolymers of JA-HEMA (MJ 

analogue) and the AMPTMA. The synthesised polymers were found to be very effective 

against the cancer cells with very low IC50. All the PEG-based copolymers showed enhanced 

selectivity towards the normal cell line. Also, homopolymer PAMPTMA has no cytotoxicity 

towards the cancer cell line, so MJ has its effect on the cytotoxicity. Overall, the polymerization 
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of the MJ a bioactive compound is not reported anywhere and completely new in trend of drug 

designing and the cytotoxicity of the MJ analogues was significantly increased by almost 10-

12 folds as compared to the novel MJ molecule with further enhancement of the selectivity.  

5.2. Outlook and scope  

The potential of the cationic polymers towards the cancer treatment was successfully proved 

while overcoming the limitations of the previously used treatments. The RAFT polymerization 

used in this study was simpler and easier with the controlled molecular weight as compared to 

the previously reported literature.  

In chapter 2 the role of hydrophobicity in the cationic polymers and their mechanistic 

investigations of interaction towards the cancer cell was established. I believe that the design 

principle for cationic anticancer polymers explained in this study will widen the cancer 

treatment research field, which may help in discovering new anticancer pharmaceuticals with 

a facile synthesis route and lower production cost, which may be useful in clinical medical 

trials for tumour treatment. 

In chapter 3 the selectivity by masking the cationic charge with the usage of the Zn metal ion 

was obtained and that metal coordinated cationic polymers approach can open a new window 

in macromolecular chemotherapeutics which could be an attractive option in overcoming the 

limitations of cancer treatment research. Also, it would be very interesting if in future one could 

use the different metal ions like the Fe, Cu and others for the enhancement of cytotoxicity 

towards the cancer cells along with the enhanced selectivity. Considering the easy synthetic 

reaction scheme, availability and biodegradability of these polymers they could prove to be a 

promising approach towards cancer treatment in future. 

In chapter 4 as I modified the simple novel molecule MJ to its cationic copolymers, it would 

be interesting to use other simpler molecules with more selective mode of action towards the 
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cancer cells. Polymerization could improve its selectivity and therefore easier tuning of the 

physiological properties. 

Although these cationic polymers have a broad range of applications towards cancer treatment 

and they were deemed effective and selective against various cancer cell lines, including 

multidrug-resistant cancer cells, inhibiting tumor metastasis, and suppressing tumor growth in 

vitro, but these are model systems only. It is a fundamental study which describes the different 

methodologies to develop cationic polymers for their application towards cancer treatment. 

However, in order to use them for clinical applications, in-vivo study needs to be carried out. 

Also, a detailed mechanistic study towards the interaction of these polymers and their mode of 

action on the cancer cells would be beneficial which is one of the limitations of this study. I 

believe my study has broadened the basic understanding of the cationic polymers and their 

working. Overall, synthetic cationic polymers provide a simple but novel platform that allows 

the tuning of the physiological properties and the consequent improvement of cytotoxicity and 

selectivity towards cancer cells. Polymer architectures and morphologies (e.g., polymer 

micelles) can also be obtained, and chemical modifications, including the inclusion of cancer-

homing ligand groups or prodrug moieties can be performed, which will ultimately lead to the 

development of clinically potent selective compounds. Although further targeted research is 

required, I believe that these cationic platforms will allow for the rational design and screening 

of functional degradable polymers. Lastly this research has covered some pit-holes in the 

research field. I expect my study will assist in the development of better systems in the future

https://www.sciencedirect.com/topics/materials-science/cationic-polymer
https://www.sciencedirect.com/topics/chemistry/prodrug
https://www.sciencedirect.com/topics/engineering/degradable-polymer
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