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ABSTRACT 

Cancer is a multifactorial mutagenic disease, which is one of the leading causes of death 

globally. The complexity and heterogeneity associated with cancer presents a challenging 

problem with respect to its treatment. In recent times, the incorporation of nanotechnology in the 

treatment regimen has revolutionized the field of cancer therapy. Various nanoplatforms have 

been used for anticancer drugs to specifically target cancer cells, but all have their own 

associated drawbacks, thus limiting their application. In addition, the combined packaging of 

multiple drugs into a single nanoplatform still remains a considerable challenge. Graphene 

oxide-based biocompatible nanoscale materials, by virtue of their unique physicochemical 

properties and the large surface have the potential to tackle this complication. To address this 

issue, we have developed novel cisplatin-mediated self-assembled 3D graphene oxide spherical 

nanoparticles (GO-NP’s) of size less than 200nm from 2D graphene oxide sheets. The 

nanoparticles can also be loaded with additional DNA damaging drugs along with cisplatin-

which is a widely used drug in cancer treatment. These dual drug-containing graphene oxide 

spherical nanoparticles successfully displayed their anticancer activity by damaging the DNA-

which is the most important target to cease essential cellular functions and hence induce 

apoptosis in cancerous cells. Further, to improve the dispersibility and biocompatibility of 3D 

GO-NP’s for safer biomedical applications, we employed surface functionalization of the 

graphene oxide sheets with biocompatible polymers like polyethyleneglycol (PEG) and poly-

maleic acid (PMA) and self-assembled them into spherical nanoparticles via cisplatin. 

Subsequently, we loaded the nanoparticles with an inhibitor of an important DNA-associated 

enzyme, Topoisomerase I. The modified nanoparticles induced DNA damage along with enzyme 

inhibition, activating programmed cell death in HeLa cervical cancer cells. Lastly, we engineered 

a lipid-coated self-assembled spherical 3D-GO nanoparticle (GO-Nanocell), which can 

concomitantly load and release multiple drugs: topoisomerase I and II inhibitors along with 

cisplatin. The GO-Nanocells simultaneously induced DNA damage along with Topoisomerase 

(TOP 1 and TOP 2) poisoning, triggering apoptosis in HeLa cells. The graphene oxide based 

approaches presented here can serve as a tool to impair multiple targets inside the cancer cells in 

a synchronized manner for better therapeutic effect in future cancer therapy. 
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SYNOPSIS 

Till date cancer remains as one of the most dreaded diseases and is the second leading cause of 

mortality worldwide. Even though our understanding of cancer biology has shown outstanding 

progress over the years, its translation into clinics is distantly comparable. Cancer treatment 

mainly relies on chemotherapy and radiation therapy which use agents that exploit the sensitivity 

of cancer cells towards DNA damage, to induce apoptosis, and necrosis in them. The poor 

selectivity of the therapeutic drugs, which leads to reduced amounts reaching the desired target, 

along with their associated off-target collateral damage accounts for the impediments in cancer 

therapy. To overcome the hurdles of traditional cancer treatments, nanotechnology based 

platforms were incorporated which revolutionized the field of cancer therapy. Various 

nanoplatforms have been used for anticancer drugs to specifically target cancer cells, but all have 

their own associated drawbacks limiting their application. The combined use of multiple drugs in 

a single nanoplatform still remains a considerable challenge. Thus, graphene oxide-based 

biocompatible nanoscale materials, by virtue of their unique physicochemical properties and the 

large surface have the potential to tackle this complication (Chapter 1). In this thesis, we have 

tried to address these challenges by integrating nanomaterials, organic synthesis, and chemical 

biology.  

 

Scheme 1: Novel graphene oxide based nanoparticles for damaging nuclear DNA in cancer cells 
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In Chapter 2, we have reported the hitherto unobserved cisplatin induced self-assembly of 2D-

graphene oxide sheets into 3D-spherical nano-scale particles (GO-NPs). These nanoparticles can 

encompass dual DNA damaging drugs simultaneously. A combination of confocal microscopy, 

gel electrophoresis and flow cytometry studies clearly demonstrated that these novel 

nanoparticles can internalize into cancer cells by endocytosis, localize into lysosomes, followed 

by DNA damage leading to apoptosis. Cell viability assays indicated that these nanoparticles 

were more cytotoxic towards cancer cells compared to healthy cells. 

Chapter 3 deals with enhancing the dispersibility and biocompatibility of the previously 

synthesised graphene oxide nanoparticles (GO-NPs), along with inhibiting multiple targets in 

cervical cancer HeLa cells. To achieve this, we have engineered hydrophilic polymer (PEG and 

PIMA) grafted self-assembled GO nanoparticles containing a hydrophobic topoisomerase 

inhibitor: SN38 and cisplatin concurrently. A combination of confocal microscopy, gel 

electrophoresis, and flow cytometry studies revealed that the GO-PEG-SN38-CDDP-NPs and 

GO-PIMA_Ed-SN38-CDDP NPs were ingested into the acidic lysosomes of HeLa cells within 

6h leading to topoisomerase I inhibition, DNA damage and finally inducing apoptosis. They also 

demonstrated remarkably greater cytotoxicity towards HeLa cells.  

Lastly, in Chapter 4 we have developed a self-assembled spherical 3D-graphene oxide 

nanoparticle coated with lipid (GO-Nanocell) which can concomitantly load and release multiple 

Topoisomerase inhibitors (topotecan and doxorubicin) and DNA damaging drug (cisplatin) in a 

controlled manner. Fluorescence confocal microscopy confirmed that these GO-Nanocells were 

taken up by the HeLa cervical cancer cells and homed into lysosomes temporally over 6h. A 

combination of confocal microscopy, gel electrophoresis, and flow cytometry study revealed that 

these GO-Nanocells damaged nuclear DNA along with Topoisomerase inhibition leading to 

induction of apoptosis through cell cycle arrest in G2-M phase. These GO-Nanocells killed HeLa 

cancer cells with remarkably greater efficacy compared to free drug cocktail at 48 h post-

incubation. These self-assembled GO-Nanocells can serve as a nanoscale tool to perturb multiple 

therapeutically important sub-cellular targets simultaneously for improved efficacy in future 

cancer chemotherapy.  

We envision that the presented novel graphene oxide based approaches can serve as a tool for 

strategic impairment of multiple cellular targets within cancer cells in a synchronized manner, 

increase the therapeutic efficacy and reduce off-target toxicity of the drugs.  Hence, harbours the 

potential to be translated to clinics for future combination chemotherapy. 
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Chapter 1 : Introduction 
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1.1 Cancer 

In a generation which has witnessed tremendous advancement in all fields including medicine, 

cancer still remains as one of the most lethal diseases accounting for 9.6 million deaths 

worldwide.
1
 Cancer is a multistep process involving genetic mutations which alters the 

developmental pathways.
2
 This endows cells with adaptive and unlimited multiplicative power 

under circumstances that would normally be dangerous to the cells.
3
 The uncontrolled 

proliferation of cells leads to the formation of a primary tumor mass, from where cancer cells can 

diverge and colonise distant organs through metastasis (Figure 1.1).
 4

 Cancer can originate in 

any tissue giving rise to various types of cancers like lung, breast, colon, and blood cancer and 

more.
5
  

 

Figure 1.1: Development of cancer (adapted from Iacobuzio-Donahue et al. Clin. Cancer Res. 2012, 

18, 4257-4265.) 

 

Though cancer is remarkably complex and diverse, the cancer cells acquire a common set of 

biochemical and biological properties like: self-sufficiency in growth signalling, unlimited 

replication potential, resisting apoptosis, elude growth suppressors, sustained angiogenesis, and 

activating tissue invasion by metastasis. These characteristics along with additional features like 

reprogramming of energy metabolism, evading immune scrutiny, genomic instability and 

inflammation promoting tumor growth are termed as the “Hallmarks of Cancer” by Hanahan and 

Weinberg (in 2000 and modified in 2011), and are the necessary attributes to achieve the 

malignant phenotype (Figure 1.2).
6,7
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Figure 1.2: Hallmarks of Cancer (adapted from Hanahan et al. Cell, 2011, 144, 646-674.) 

 

Apart from the hallmarks of cancer, Elledge and colleagues proposed additional traits of tumor 

cells which they termed as the stress phenotypes of cancer (Figure 1.3). These stresses are not 

responsible for initiating tumorigenesis but are an aftermath of it and include
8
: 

 

Figure 1.3: Stress phenotypes associated with the tumorigenic state of cells (adapted from Luo et al. 

Cell 2009, 136, 823-837.) 
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1.1.1 DNA damage and Replication stress: 

Tumors are often associated with severe genomic instability due to endogenous and exogenous 

DNA damages such as: point mutations (addition or deletion), aneuploidy, chromosomal 

rearrangement
9
 and DNA strand lesions. These mutations activate the DNA damage response 

pathways which are deregulated in many types of cancers, due to alteration in the genes involved 

in the specific pathway. The inability to repair the abrasion leads to the persistence of the DNA 

damage and adds to genomic instability
10

.  Further, the cancer cells adapt to such damage and 

continue to proliferate at a fast pace in the presence the DNA lesion leading to stress conditions. 

1.1.2 Proteotoxic stress:  

Altered chromosome number (aneuploidy) is a characteristic of tumor cells which results in the 

development of proteotoxic stress.
11-13

 The high degree of aneuploidy can change the balance 

between the growth and survival signals promoting cancer progression. This imbalance also 

leads to the enhancement in aggregation of unfolded proteins in the cell, which adds to the 

burden on the protein degradation machinery to discard the misfolded or unfolded proteins.
14

 The 

activation of the heat shock protein pathway as a response to counteract the proteotoxic stress 

helps proper folding and or degradation of the proteins by proteolysis.
15

 

1.1.3 Mitotic stress:  

Genomic instability in tumors leads to increased chromosome mis-segregation which is termed 

as chromosome instability (CIN).
16 

The instability arises due to defects in the pathways and 

proteins  involved in mitosis, such as defect in spindle assembly checkpoint, which maintains the 

arrangement of chromosomes along the mitotic spindle during anaphase, and existence of extra 

chromosomes in malignant cells
17

. Further, double strand lesions and alterations in genes like 

RAS, p53 also contribute to the chromosome instability
18

. This chromosomal distribution 

imbalance enables tumor cells to quickly evolve and replicate in the presence of the defects. 

1.1.4 Metabolic stress: 

 Mitochondrial oxidative phosphorylation is the common metabolic pathway for ATP synthesis 

in normal cells. In contrast, cancer cells exhibit altered behaviour and predominantly depend on 

the glycolysis pathway for energy generation. The dependence of tumor cells on glycolysis helps 

it adapt to the varying oxygen environment as well as the acidic conditions, which promotes 

tumor metastasis and evasion of immune surveillance.
19

 



 

Page | 5  

 

1.1.5 Oxidative stress:  

Oxidative stress is produced as a result of the generation of reactive oxygen species (ROS). ROS 

are highly reactive and leads to oxidative damage of the DNA proteins lipids and other cellular 

components contributing to endogenous DNA damage. Generally, tumor cells generate higher 

concentration of ROS as compared to normal cells, and are thus are subjected to greater 

oxidative stress.
20

 

These cellular stresses are intricately associated with the hallmarks and if left unchecked can be 

lethal for tumor cells. Thus, they pose as promising targets for cancer therapeutics. Exploiting 

the cellular stresses to selectively kill tumor cells can be accomplished by either hampering the 

stress support pathways, so that the cells cannot overcome the stress and cease to proliferate 

inducing apoptosis, or stress overload by which the already existing oncogenic stress are 

amplified leading to cell growth arrest or death. These approaches if applied tactfully in cancer 

treatment can be deleterious for tumor cells.
8
 

Cancer treatment modality mainly involves chemotherapy, radiation therapy and surgery. 

Chemotherapy is based on the use of therapeutic drugs or particular kinase inhibitors to target  

receptor tyrosine kinases and signalling pathways of rapidly replicating cells.
21-22

 Whereas, 

radiation therapy employs high energy X-rays , gamma rays to eradicate tumor cells.
23

 All these 

therapies have certain drawbacks: (i) off target cytotoxicity to normal tissues (killing the normal 

healthy cells of the body along with the cancerous cells), (ii) dose limiting cytotoxicity, (iii) 

multidrug resistance and relapse.
24

 The heterogeneity and complexity associated with cancer also 

presents a challenging task with respect to the treatment. To tackle this, identification of critical 

aspects of the oncogenic network is important whose inhibition will result in systemic failure.
8
  

1.2  DNA as a Target for Cancer Therapy 

Over the years, the DNA has been established as an important target for many anticancer drugs 

used in clinic for chemotherapy.
25

 The DNA is a highly coiled structure present inside the 

nucleus which is the control centre of every cell present in the body. It contains all the genetic 

information and helps govern essential functions of the cell like replication, transcription and 

translation. The DNA is frequently subjected to various endogenous and exogenous damaging 

factors, leading to the formation of DNA lesions (base mismatch, inter and intra strand 

crosslinks, single strand break (SSB) and double strand break (DSB) (Figure 1.4).
26 

The lesions 
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trigger repair pathways which rehabilitate the effects of the damage, and thus maintain proper 

functioning of the DNA. One of the most common types of damage is single stand break (SSB) 

which causes a lesion in a single strand of the DNA duplex.
26-27

 Failure of cancer cells to timely 

revoke such damage due to faulty repair proteins and pathways, and their sustained proliferating 

signals, can lead to stalled replication fork and blocked transcription. This leads to the generation 

of replication stress and double strand breaks (DSB). Double stand break is a type of DNA lesion 

which is the most lethal of all the abrasions encountered by the DNA and leads to cell death.
 28-29

 

The generated replication stress if left unaltered can lead to genomic changes like mutations and 

chromosomal rearrangement and can promote the entrance of the tumour cells into phases of the 

cell cycle, where unresolved stresses can be catastrophic for the cells. Various anticancer drugs 

(Table 1) are employed in chemotherapy which orchestrates their activity by directly damaging 

the DNA, thereby increasing DNA replication stress, inducing lethal DNA lesions or depleting 

cellular resources.
29

 Thus, exploiting the enhanced sensitivity of cancer cells towards DNA 

damage can be an effective tool for cancer treatment. 

 

Figure 1.4: Consequences of DNA damage 
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Class of agents or 

targets 

Function Compounds Clinical stage 

Nucleoside analogues Inhibition of DNA 

replication 

Azacitidine 

Cytarabine 

Decitabine 

5-Fluorouracil 

All approved for use 

Alkylating compounds 

and Platinum compounds 

Direct modification 

of the DNA and 

DNA adducts 

Carboplatin 

Cisplatin 

Cyclophosphamide 

Dacarbazine 

Methotrexate 

Mitomycin C 

Oxaliplatin 

Procarbazine 

Temozolomide 

All approved for use 

Topoisomerase I and II Relax DNA 

supercoiling that 

occurs during DNA 

replication and 

Transcription 

Belotecan  

Doxorubicin 

Epirubicin 

Etoposide 

Idarubicin 

Irinotecan 

Mitoxantrone 

Teniposide 

Topotecan 

 All approved for use 

  CRLX101 Phase II 

  LMP400 Phase I 

  LMP 776 Phase I 

  NKTR-102 Phase III 

PARP Single strand DNA 

Repair 

Olaprib 

Niraparib 

Approved 
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Rucaparib 

Talazoparib 

  Veliparib Phase III 

ATR Central replication 

stress response 

kinase  

AZD6738 

BAY1895344 

M6620 

Phase I/II 

Phase I/II 

Phase II 

CHK1 Main effector 

kinase of ATR in 

replication stress 

response  

GDC-0575 

SCH900776 

SRA737 

Prexasertib 

Phase I 

Phase I 

Phase I 

Phase I/II 

WEE1 G2-M Checkpoint 

kinase 

AZD1775 Phase I/II 

 

Table 1: DNA damaging chemotherapeutics and their clinical status 

 

1.3 Selective Targeting of Tumor Cells 

Cancer treatment has improved dramatically over the last decade; however certain barriers still 

exist in the pursuit of effective cancer cure.
30

 One of the main hurdles pertaining to the use of 

chemotherapy in clinics is the incompetency to safely deliver the therapeutic agents specifically 

to tumor cells without severely affecting the healthy tissues and organs. The amalgamation of 

nanotechnology into medicine (nano-medicine) has led to unparallel growth in the treatment of 

cancer. Nanotechnology is a multidisciplinary field that deals with the engineering of systems 

(therapeutic agents and diagnostic tools) through the control of matter on the nanometer scale. It 

has steered a lot of interest owing to its potential to resolve obstacles associated with traditional 

chemotherapy, such as- poor water solubility of drugs, inadequate targeting capability and erratic 

drug bio-distribution inside the body, systemic toxicity and low therapeutic index of drugs.
24, 31-32

  

The physiochemical properties of the nanotechnology-based therapeutics/nanoparticles can be 

tuned by tailoring the chemical composition, size, and surface morphology; to overcome 

biological barriers, differentiate between cancerous and non-cancerous tissues and smartly 

(stimuli responsive) release the drug payload inside the heterogeneous tumor microenvironment 

(Figure 1.5). Another critical property of the drug loaded nanoparticles is that, they should be 
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stable at physiological pH (pH=7.4) The shape, size, surface charge and functionalities play an 

important role in determining the cellular uptake of nanoparticles into tumor cells and further, 

their blood circulation half-life inside the body.
24,33-34

 The accumulation of the internalized nano-

scale particles carrying various therapeutic agents into cancer tissues occurs either by passive 

targeting or active targeting via enhanced permeability and retention (EPR) effect. 

 

Figure 1.5: Biophysical features of nanoparticles for cancer therapy (adapted from Xia et al. 
Angew. Chem. Int. Ed. 2014, 53, 12320-12364.) 

 

In passive targeting, the nanoparticles in the size range of 30-200nm, having long blood 

circulation time and stealth behaviour can extravasate into the tumor tissues. Unlike small 

molecules which diffuse non-specifically into normal as well as cancer tissues, nanoparticles 

cannot pass through the tight junctions of endothelial cells on the vascular lining of healthy cells. 

Solid tumors, on the contrary, are characterized by leaky vasculature and dysfunctional 

lymphatic drainage allowing nanoparticles/nanovectors to accumulate in and release their drug 

payload in the vicinity of the tumor tissues. (Figure 1.6) This effect is commonly known as 

enhanced permeability and retention effect (EPR effect) and is the basis of the bio-distribution of 

nano-therapeutics through passive targeting-which is an attractive approach for drug delivery.
35-

39
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Figure 1.6: Accumulation of nanoparticles in normal and tumor tissues (adapted from Xia et al. 
Angew. Chem. Int. Ed. 2014, 53, 12320-12364.) 

 

Another strategy that is widely being investigated for spatial and temporal localization of 

nanoscale systems into tumors is active targeting. This new targeting approach is based on 

molecular recognition of specific receptors expressed on the surface of cancer cells, by 

nanomaterials modified with targeting ligands, peptides, nucleic acids and antibody fragments. 

This enables enhanced nanoparticle internalization due to better binding to the surface of specific 

types of cancer cells. Active targeting of nanomaterials to solid tumors also depends on EPR 

effect to pass through the fenestrae in the vascular walls, which fosters cellular toxicity and 

ameliorates the therapeutic efficacy of the genotoxic drugs delivered to the specific tumor 

cells.
40-42 

(Figure 1.7). 
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Figure 1.7: Representation for delivery of nanoparticles by passive and active targeting by 

exploiting EPR effect (adapted from Riley et al Nat. Rev. Drug Discov. 2019, 18, 175-196.) 

 

1.4  Nanomaterials in Tumor Targeting 

The paradigm changing impact of nanotechnology in cancer therapy has led to the development 

of various types of nanomaterials (NPs) for diagnosis, drug delivery and treatment.
43

 

Nanomaterials such as liposomes, polymeric nanoparticles, dendrimers, iron oxide, gold NPs, 

mesoporous silica nanoparticles have been engineered using materials ranging from proteins, 

lipids, polysaccharides, synthetic polymers, metals and other organic and inorganic materials.
44-46

 

Another material that has attracted great interest in the last decade, for its biomedical application 

is graphene and its derivative graphene oxide (GO), which are regarded as 2D wonder 

materials.
47

 Graphene oxide is an oxidized off-shoot of graphene (Figure 1.8) with atomic layer 

of sp
2
 hybridised carbon atoms along with sp

3
 carbon atoms decorated with oxygen functional 

groups like epoxy, hydroxyl and carboxylic acid.  
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Figure 1.8: Synthesis of graphene oxide (GO) f rom graphene by modified Hummers method 

(adapted from Xu et al. ACS Appl. Mater. Interfaces 2014, 6, 17265-17276). 

 

The unique morphology of GO imparts intriguing physico-chemical characteristics such as 

amphiphilicity, negative surface charge, high conductivity and photoluminescence property. The 

large surface area and versatile surface chemistry of GO enables various covalent modifications 

as well as non-covalent stacking of aromatic small molecule drugs, proteins, nucleic acid and 

genes by hydrophobic or Π-Π interactions.
48-54

 One of the main concerns relating to the different 

ingredients used to develop nanomaterials is their toxicity and biokinetics.
55

 As a nanomaterial, 

GO exhibits cytocompatible properties and is generally considered negligibly harmful at lower 

concentrations. Hence it is biocompatible to mammalian cells in vitro as well as in vivo.
56

 Some 

reports in literature mention that GO does not show any apparent toxicity over 50μg/ml dose in 

vitro, but higher concentration leads to loss of cell viability due to dose dependent oxidative 

stress by ROS.
57

 Though the in vivo toxicity of GO is poorly understood, studies on zebra fish 

suggests that it is easily cleared from the system and has no long lasting effects.
58

 Further, 

intravenous administration of upto 0.2 mg dose of GO also didn’t promote any obvious toxicity 

in mice model.
59

 The compatibility can be improved by tuning parameters such as the lateral 

dimensions, by reducing the oxidation state and surface modification with biologically safe 

molecules which lowers the inflammatory response of GO post administration.
58,60

 However, 

ascertaining the in vivo toxicity of GO still requires further investigation. 

The biocompatibility coupled with myriad of features of GO makes it desirable for biomedical 

applications, especially in cancer treatment: for the development of multifunctional 

nanoplatforms
61

 (Figure 1.9). It has been investigated for its use as a biosensor for detection of 

nucleic acids, telomeres, proteins (like Cyclin) that are over expressed in various types of 

cancers, and detection of ATP in live cells using fluorescently labelled aptamers.
62-64

 In addition 

graphene oxide strongly absorbs in the NIR region, where the radiations are non-invasive and 



 

Page | 13  

 

harmless when penetrating the skin. Thus, owing to the high light to heat conversion, GO can be 

employed for ablation of tumor cells by photothermal therapy.
65

  

 

Figure 1.9: Applications of GO (adapted from Chung Acc. Chem. Res. 2013, 46, 2211-2224.) 

 

Moreover, GO can be effectively used for stimuli responsive drug delivery because of the large 

surface area which allows stacking of hydrophobic as well as hydrophilic anticancer drugs.
66

 

Various research groups have also explored GO based nanoplatfroms for bio-imaging by 

stacking fluorescent molecules, modifying the basal –COOH groups with fluorescently labelled 

polyethyleneglycol (PEG) polymers, or incorporating radio-labelled I
125

, 
64

Cu on its structural 

defects, which can be used for PET imaging of tumors.
67-68

 GO can also be used as a multimodal 

platform to achieve combinatorial therapy (Figure 1.10). Combination chemotherapy involves 

the use of two or more synergistic drugs which helps enhance the efficacy of each drug, or 

combining different treatment approaches like chemotherapy-photothermal therapy or 

chemotherapy-photodynamic therapy, which can prove to be a better strategy for cancer 

treatment.
69 
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Figure 1.10: GO as multifunctional nano-carrier (adapted from Liu et al. Acta Biomaterialia 2013, 

9, 9243-9257.) 

 

In this context, Zhang et al. developed a folic acid (FA) modified GO nanoplatform which was 

loaded with drugs: doxorubicin (DOX) and camptothecin (CPT). This platform was specific for 

active targeting to MCF-7 human breast cancer cells which have FA receptors over-expressed on 

its cell surface and thus it displayed better cell killing ability.
70

 Shen et al. used pegylated nano 

graphene oxide (PEG-NGO) modified with Gd
3+

 and stacked with DOX, to achieve superior 

imaging efficiency along with tumor cytotoxicity because of DOX release.
71

 Researchers have 

also investigated the delivery of dual drugs like Doxorubicin and Irinotecan using GO decorated 

with polaxmer 188; which can absorb NIR radiation and hence be lethal to cancer cells by 

combined effect of chemo- and photothermal therapy.
72

 Another interesting feature of GO which 

stems froms its ampihilic property,is the ability to form morphologically different nanostructures 

due to interfacial self- assembly.
73

 GO forms sack cargo based structures by addition of asecond 

component into the GO hydrosol droplets at the liquid-air interface, followed by evaporation. 

The GO- nanosacks demonstrate a biological response similar to GO sheets and have low acute 

cyototoxicity. Thus, they show promising potential for biomedical applications; for controlled 

drug delivery and release. Cellular uptake experiments of GO based nano-sacks with human lung 

epithelial cells also demonstrated its potential luse in biomedicine.
74

 A drawback related to GO  

nano-sacks is the leakage of drugs, which is not favourable for its use as a drug delivery carrier. 

Zhao et. al engineered a drug delivery platform for cancer treatment based on graphene oxide 

nanoparticles (GON) of suitable size and morphology. They developed DOX loaded 

biocompatible reduction responsive nanocarriers, by surface modification of GON with 
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biocompatible pegylated-alignate brushes. The pegylated-alignate brushes were grafted onto 

GON through GSH responsive disulphide linkage. The GON-Cy-ALG-PEG nanocarriers 

prevented leakage to DOX at physiological conditions, but higher GSH concentration and acidic 

conditions (which a characteristic of tumor cells) triggered increased release of DOX due to 

detachment of Cy-ALG-PEG brushes from GON. The GON-Cy-ALG-PEG nanoparticles 

showed good stability and greater cytotoxicit towards cancer cells.
75

 Graphene oxide based 

quantum dots are nanostructures that are also being investigated for their potential as anti-cancer 

drug delivery carriers. Owing to their ultra small lateral dimensions they display lower in vitro 

and in vivo toxicity as compared to micrometer sized GO-nanosheets. Ding et al developed a 

GQD based theranostic platform by loading DOX on the surface, and further conjgauting Cy5.5 

dye to the GQD surface using a cathepsin D responsive peptide. The modified GQDs presented 

improved tissue penetration and cellular uptake which enhanced the in vitro and in vivo 

therapeutic performance. Using the same system as a probe they could further track the delivery 

and release of DOX.74 Researchers have also developed GQD capped magneticmesoporous 

silica nanoparticles as a multifunctional scaffold to achieve combinatorial magnetic hyperthermia 

and chemo-photothermal therapy. The synergistic effect resulted in greater breast cancer killing 

efficacy.
76

 Thus, GO presents great opportunities for cancer therapy, which can be translated to 

clinics. 

1.5 Aim of the Thesis 

Inspired by the properties of GO we hypothesized to develop novel GO-drug nanoplatforms to 

damage the nuclear DNA in cancer cells. In literature, most of the dual drug delivery achieved 

using GO employs Π-Π stacking interaction as the approach to load the drugs onto GO. Our 

strategy in chapter 2 involved direct covalent linking of a DNA damaging drug molecule to the 

–COOH groups present on the basal plane of GO, along with stacking of another aromatic DNA 

binding drug on the surface. The release of the two drugs inside the tumor cells could bring about 

DNA damage and initiate cell death by apoptosis. Using a similar strategy in chapter 3 and 

chapter 4 we hypothesized to simultaneously inhibit different accessory enzymes associated 

with the DNA (Topoisomerase 1 and Topoisomerase 2, which play an instrumental role in 

maintaining the topology and functioning of the DNA), in addition to bringing about DNA 

damage. We envision that by damaging the nuclear DNA using GO as a nanoplatform to safely 

deliver the anticancer drugs, we can capitalize upon the sensitivity of cancer cells towards 
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nuclear DNA damage stress and trigger programmed cell death i.e. apoptosis in them. Thus, the 

GO based approaches could provide a plausible outcome which can be applied for next 

generation cancer therapy. 
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2.1 Abstract 

In last couple of decades, graphene oxide (GO) has evolved as one of the most interesting carbon 

materials for myriads of biomedical applications. GO can self-assemble into interesting 

functional 3D structures in different interfaces. However, the interaction of these 3D-GO-based 

macro/micro structures with the biological milieu is largely untapped. In this chapter, for the first 

time, we demonstrate the hitherto unobserved morphological transformation of 2D-GO sheets 

into 3D-spherical nano-scale particles upon reaction with a DNA damaging drug cisplatin viz. a 

hierarchical self-assembly. These novel GO-based nanoparticles can comprise dual DNA-

damaging drugs and compartmentalize into cancer cells in a significantly different manner than 

their 2D-precursors. Remarkably, these GO-NPs demonstrated much augmented efficacy in 

cancer cells keeping healthy cells unscathed. We envisage our new observation has the potential 

to be translated into clinics in future.  

2.2 Introduction 

In recent years, graphene oxide (GO) has emerged as one of the most interesting carbon 

materials for biomedical applications for its unique two dimensional structure and 

biocompatibility.
1-6

 The amphiphilic nature enabled GO to self-assemble into myriad of 

three dimensional macro and micro structures including membranes,
7
 hydrogels,

8
 

crumpled particles,
9
 hollow spheres

 10
 and so on.

  
The self assembly of GO can be easily 

exploited in different solvents like water, DMF and DMSO and at various interfaces to 

produce variety of GO based structures.The self concentration of GO sheets followed by 

non-covalent intersheet interactions lead to the interfacial self assembly of GO. The self 

assembly of GO sheets can occur at 3 different interfaces; liquid-air, liduid-liquid, liquid-

solid and self assembly method employed, gives rise to varied morphologies. The table 

below (Table 2) sumarises the typical GO self assemblies at interfaces.
11

 However, all 

these 3D-strucutres are largely incompatible for modulating the functions of intracellular 

bio-molecules in diseased states (like cancer) as size, shape and morphology play crucial 

role to interact with the biological milieu
12-15 

and are mostly unexplored.  
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Table 2: Self-assembly of GO sheets at different interfaces (adapted from Shao et al.  Adv. Mater. 

2014, 26, 5586-5612.) 
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Herein, for the first time, we describe an easy and robust synthesis of spherical graphene 

oxide-based nanoparticles (GO-NPs) which was successfully used to damage sub-cellular 

DNA in cancer cells. 2D-sheets of GO can host aromatic DNA damaging drugs 

(proflavine or doxorubicin) by π-π interaction.
4,6

 However, upon addition of cisplatin 

(CDDP) (DNA damaging, FDA approved anti-cancer drug), a remarkable morphological 

transformation from 2D-sheet into 3D-spherical nanoparticles was observed which can be 

ascribed to a hierarchical self-assembly. Compartmentalization of these composite GO-

NPs inside the cancer cells was noted to be significantly different from the 2D-sheet like 

precursors, followed by DNA damage to induce improved efficacy through programmed 

cell death (apoptosis). In this study, we have chosen proflavine and doxorubicin for 

stacking on the surface of GO-sheets due to their (i) π-π interaction ability with the 

surface of GO-sheets (ii) intrinsic fluorescent nature allowing sub-cellular tracking and 

(iii) DNA binding capability leading to potential augmented DNA damage along with 

cisplatin in cancer cells. (Scheme 1) 

 

 

Scheme 1: Self-assembly of GO sheets and their cellular fate. 
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2.3 Result and Discussion 

 

Figure 2.1: Stacking of proflavine and doxorubicin on GO-sheets that self-assembled into spherical 

nanoparticle after reaction with cisplatin. 

 

The cisplatin mediated hierarchical self-assembly of graphene oxide sheets into spherical 

nanoparticles is proposed in Figure 2.1. A detailed discription of the reaction scheme is 

shown in Figure 2.27. Briefly, aromatic DNA damaging drugs were first stacked on GO 

and preserved the 2D-sheet like structures as shown by field-emission microscopy 

(FESEM) and atomic force microscopy (AFM) studies (Figure 2.2a-c).  
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Figure 2.2: (a-c) FESEM images of GO, GO-Prof and GO-Dox complex respectively. (d,e) FESEM 

images of GPC-NPs and GDC-NPs respectively. (f,g) AFM images of GPC-NPs and GDC-NPs. (h,i) 

Mean diameter of GPC and GDC NP’s. 

 

 

Figure 2.3: TEM images of (a) GPC and (b) GDC-NPs  
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Encapsulation of proflavine and doxorubicin by π-π interaction on GO surface were 

confirmed by the dramatic quenching of fluorescence emission spectrum of free 

proflavine (λmax = 510 nm) and free doxorubicin (λmax = 590 nm respectively (Figure 2.4 

a-b). Graphene oxide is regarded a good quencher and it strongly quenches the emission 

of fluorescent molecules through energy transfer.The quenching efficiency depends upon 

the distance between the fluorophore and GO surface.
16

 

 

 

Figure 2.4: Fluorescence emission spectra of (a) GO-Prof and (b) GO-Dox showing fluorescence 

quenching of proflavine and doxorubicin upon stacking on GO surface. 

 

Electron microscopy (FESEM, AFM and TEM) images clearly revealed that upon 

addition of cisplatin to GO-Prof and GO-Dox (Figure 2.2d-g) and (Figure 2.3) systems 

altered their shapes into spherical nanoparticles with size range of 80-200nm in diameter 

(Figure 2.2h-i). Raman spectroscopy is one of the best techniques to validate the 
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presence of GO. The on particle resonance raman spectra of the GPC and GDC 

nanoparticles revealed- characteristic D and G bands of GO at 1350 cm
-1

 and 1590 cm
-1

, 

which confirmed the presence of GO in the respective nanoparticles. The G band arises 

because of the in-plane vibrational mode of the sp
2 

hybridized carbon atoms. The 

characteristic D band origantes due to the ring breathing modes of sp
2 

carbon atoms and 

requires a defect for its activation
16

 (Figure 2.5a). Powder x-ray diffraction (PXRD) 

pattern of GPC-NPs showed the appearance of a new broad peak at much reduced d 

spacing of ~6.2 Å thereby indicating the stapling of GO-sheets into more closer and 

compact structures. Whereas, GO-Prof conjugate showed much elongated d spacing at 

14.5 Å, characteristic for intercalation of proflavine into GO sheets.
17

(Figure 2.5b) 

 

 

Figure 2.5: (a) On particle Resonance Raman spectra of GO, GPC-NP and GDC-NP. (b) PXRD 

spectra of GO, GO-Prof and GPC-NPs. 

 

Presence of proflavine and doxorubicin stacked on GO surface in the nanoparticle was 

again confirmed by the dramatic fluorescence quenching of free proflavine and free 

doxorubicin (Figure 2.6a-b).  
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Figure 2.6: Fluorescence emission spectra of GPC-NPs and GDC-NPs showing fluorescence 

quenching of proflavine and doxorubicin upon stacking on GO surface. 

 

Finally, the presence of cisplatin in the GO-NPs (GPC and GDC) was confirmed by 

energy dispersion X-ray spectroscopy (EDXS) (Figure 2.7 and Figure 2.8). EDXS of 

GPC and GDC NPs contain platinum in 14.12 weight %, 15.12 weight % respectively. X-

ray photoelectron spectroscopy (XPS) (Figure 2.9) displayed the peaks of associated 

elements. The binding energy positions at 75 eV, 285 eV, 400 eV, and 530 eV were 

assigned to Pt4f, C1s, N1s and O1s. From the XPS spectra we could determine that 

platinum was present in the +2 oxidation state by the appearance of two platinum peaks at 

72.5 at eV and 76.0 eV corresponding to 4f7/2 and 4f5/2 respectively. 
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Figure 2.7: EDXS of GPC-NPs from FESEM images showing the presence of cisplatin. 

 

 

Figure 2.8: EDXS of GDC-NPs from FESEM images showing the presence of cisplatin. 
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Figure 2.9: (a-b) XPS of GPC-NPs showing the presence of nitrogen from proflavine moiety and 

Pt(II) from cisplatin. 

 

To validate the cisplatin induced self-assembly, GO was first reacted with aquated 

cisplatin in ratio-metric manner, followed by monitoring the respective morphological 

patterns. The FESEM images clearly revealed that 2D-GO-sheets converted into 3D-

spehrical nanoparticles at weight ratio of GO:CDDP ~ 1:1.5 (Figure 2.10).  

 

Figure 2.10: (a-e) FESEM images of GO-CDDP composites in different weight ratios to evaluate 

cisplatin mediated self-assembly. 
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The presence of cisplatin and GO moiety in the NPs was confirmed by EDXS (Figure 

2.11) and PXRD (Figure 2.12) respectively. Specifically, the appearance of broad peak at 

d ~ 6.2 Å in 3D-nanoparticles in PXRD demonstrated the stapling of GO sheets into more 

compact structures by co-ordinating –COOH groups of GO with Pt moiety in aquated 

cisplatin as was also discussed earlier in the case of composite NPs.  

 

 

Figure 2.11: EDXS of GO-CDDP-NPs at different weight ratios to show the presence of cisplatin. 
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Figure 2.12: PXRD of GO-CDDP composites in different weight ratios. 

 

2D-GO-nano/micro sheets interact with the cellular membrane and internalize inside the 

cells through different endocytosis mechanism.
18-21

 Notably, to the best of our knowledge, 

the sub-cellular localization and internalization mechanism of 3D-GO-based spherical 

nanoparticles in cancer cells are not reported earlier. To investigate the sub-cellular 

localization, HeLa cervical cancer cells were treated with GPC-NPs (green fluorescent) or 

GDC-NPs (red fluorescent) in a time-dependent manner (1 h, 3 h and 6 h). The cells were 

visualized by confocal laser scanning microscopy (CLSM) after staining the lysosomes 

and nuclei by LysoTracker Red DND-99 (for GPC-NPs) or LysoTracker Green DND-26 

(for GDC-NPs) and DAPI (blue fluorescent dye) respectively. The gradual increment of 

yellow fluorescence after overlapping of green and red fluorescence from 1 h to 3 h to 6 h 

in CLMS images Figure 2.13 and Figure 2.14 evidently demonstrated that both GPC-

NPs and GDC-NPs specifically compartmentalized into acidic lysosomes in a time 

dependent manner.  
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Figure 2.13: CLSM images of HeLa cells after incubating with GPC-NPs at 1h, 3h and 6h time 

points. Lysosomes and nucleus were stained with LysoTracker Red and DAPI (blue). Merged 

images show the colocalization of GPC-NPs in lysosomes in a time dependent manner. Scale bar = 

10 μm.  
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Figure 2.14: CLSM images of HeLa cells after incubating with GDC-NPs at 1h, 3h and 6h time 

points. Lysosomes and nucleus were stained with LysoTracker Green and DAPI (blue). Merged 

images show the colocalization of GDC-NPs in lysosomes in a time dependent manner. Scale bar = 

10 μm. 

 

To understand the shape-dependency of sub-cellular localization, we further treated HeLa 

cells with 2D-sheet like GO-Prof (green fluorescent) and GO-Dox (red fluorescent) for 1 

h, 3 h and 6 h, followed by staining the lysosomes and nuclei. The CLSM images (Figure 

2.15 and Figure 2.16) unambiguously showed that 2D GO-Prof and GO-Dox internalized 
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into the HeLa cells within 1 h and spread over the cells non-specifically into lysosomes 

and nucleus. 

 

 

Figure 2.15: CLSM images of HeLa cells after incubating with GO-Prof composite at 1h, 3h and 6h 

time points. Lysosomes and nucleus were stained with LysoTracker Red and DAPI (blue). Merged 

images show the colocalization of GO-Prof in lysosomes in a time dependent manner. Scale bar = 10 

μm. 

 



 

Page | 41  

 

 

Figure 2.16: CLSM images of HeLa cells after incubating with GO-Dox composite at 1h, 3h and 6h 

time points. Lysosomes and nucleus were stained with LysoTracker Red and DAPI (blue). Merged 

images show the colocalization of GO-Dox in lysosomes in a time dependent manner. Scale bar = 10 

μm. 

 

Furthermore, we pre-treated the HeLa cells with different endocytosis inhibitors like 

chlorpromazine (clathrin-mediated endocytosis), genistein (caveoline-mediated endocytosis) and 

amiloride (macropinocytosis),
22,23

 followed by treatment with GPC-NPs and GDC-NPs. We 

quantified the number of cells with green fluorescent GPC-NPs (and red fluorescent GDC-NPs) 
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internalized by flow cytometry (FACS) which clearly delineated that, the number of cells treated 

with genistein and amiloride internalized the GPC-NPs and GDC-NPs in almost the same amount 

as without inhibitors (Figure 2.17a-b). On the contrary, the number of green (or red) fluorescent 

cells was dramatically reduced in the chlorpromazine treated cells compared to no inhibitor 

treated cells. Thus, such FACS based quantification undoubtedly suggested that the spherical 

GPC-NPs and GDC-NPs were internalized into the HeLa cells by clathrin-mediated endocytosis 

method and independent of caveolin mediated endocytosis and macropinocytosis. 

 

Figure 2.17: FACS analysis of HeLa cells pre-treated with different endocytosis inhibitors followed 

by (a) GPC-NPs and (b) GDC-NPs treamtment. 

 

After localization inside the acidic lysosomes, GO-NPs are expected to release the drugs 

for an effective damage of DNA. GPC-NPs were incubated into pH = 5.5 buffer 

(lysosome mimic) in different time points and it was found that GPC-NPs released 54.4 ± 

3.99 % of proflavine after 54 h and 21.8 ± 1.19 % of cisplatin after 72 h in a slow and 

continued manner (Figure 2.18a). Since 2D sheets of GO-Prof and GO-Dox were 

converted into 3D-NPs by cisplatin, one would anticipate that upon release of cisplatin, 

the spherical nanoparticles should convert back into their sheet like structures. Indeed, the 

FESEM images showed that at 18 h and 24 h, some spherical nanoparticles converted into 

sheet-like structures at pH = 5.5 (Figure 2.19) and at prolonged incubation (48 h, 54 h 

and 72 h) the spherical morphology of GPC-NPs was completely transformed into 2D-

sheet structures. Similarly, GDC-NPs released 32.7 ± 1.7 % cisplatin and 22.3 ± 1.0 % 

doxorubicin after 72 h (Figure 2.18b) slowly. Time dependent FESEM images also 
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confirmed the transformation of spherical GDC-NPs into sheet like unassembled 

structures (Figure 2.20). We propose a plausible mechanism of cisplatin release by 

breaking Pt-carboxylato bonds in acidic medium to convert spherical structures into dis-

assembled 2D-structures (Figure 2.18c).  

 

 

Figure 2.18: (a-b) Time dependent release of proflavine/cisplatin and doxorubicin/cisplatin from 

GPC-NPs and GDC-NPs respectively at pH = 5.5 mimicking lysosome environment. (c) Plausible 

mechanism of dual drug release at pH = 5.5 leading to the dis-assembly of spherical nanoparticles 

into sheet like structures. 
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Figure 2.19: FESEM images of GPC-NPs at different time points at pH = 5.5 mimicking lysosome 

environment.  

 

 

Figure 2.20: FESEM images of GDC-NPs at different time points at pH = 5.5 mimicking lysosome 

environment.  
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Whereas, GPC and GDC NPs incubated at pH 7.4 buffer showed very low release of 

proflavine (14%), cisplatin (10%) and doxorubicin (11%), cisplatin (8%) after 72h 

(Figure 2.21a-b). The intact spherical structure of GPC NPs (Figure 2.22a-b) and GDC 

NPs (Figure 2.22c-d) post 54h of incubation in pH 7.4 buffer also correlated with the low 

release of the cisplatin. 

 

Figure 2.21: Time dependent release of proflavine/cisplatin and doxorubicin/cisplatin from (a)GPC-

NPs and (b) GDC-NPs respectively at pH = 7.4 

 

 

Figure 2.22: FESEM images of GPC-NPs (a-b) and GDC (c-d) after 24h and 54h time points at pH 

= 7.4. 
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While inside the cells, followed by drug release, GO-NPs should damage DNA as their sub-

cellular target. We evaluated the expression of phosphorylated histone γH2AX by western blot 

(DNA damage marker)
 24

 after treating the HeLa cells with GO-NPs for 24 h. The western blot 

images and quantification evidently exhibited that both GPC-NPs and GDC-NPs increased the 

expression of γH2AX by 33.8 and 5.4 folds respectively compared to control cells (Figure 2.23a 

and Figure 2.23b). Cancer cells trigger poly (ADP-ribose) polymerase (PARP) family of 

proteins followed by DNA damage as repair machinery.
25

 Further, western blot images and 

quantification revealed that GPC-NPs and GDC-NPs increased the PARP expression by 11.3 and 

2.2 folds in HeLa cells (Figure 2.23a and Figure 2.23c). These electrophoresis experiments 

demonstrated that GO-NPs successfully damaged sub-cellular DNA in cancer cells.  

 

Figure 2.23: (a) Western blot analysis of γH2AX and PARP after treatment of HeLa cells with 

GPC-NPs and GDC-NPs. (b-c) Quantification of γH2AX and PARP after treating HeLa cells with 

GPC-NPs and GDC-NPs from western blot analysis. 

 

Evading apoptosis (programmed cell death) is one of the hallmarks of cancer.
26

 Apoptotic and 

necrotic cells were stained by Annexin V-FITC (green) and PI (red) after treating the HeLa cells 
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with GO-NPs for 24 h followed by FACS analysis. We observed that, GPC-NPs induced early 

and late apoptosis in 6.47 % and 21.03 % cells, whereas, GDC-NPs triggered early apoptosis and 

late apoptosis in 35.18 % and 3.91 % cells respectively (Figure 2.24) 

 

Figure 2.24: FACS analysis of HeLa cells after treatment of HeLa cells with GPC-NPs and GDC-

NPs. Apoptotic cells were stained with Annexin V-FITC and necrotic cells were stained with PI. 

 

DNA damage-induced apoptosis leads to cellular death. We finally evaluated cell 

viability after treatment with GO-NPs in a dose-dependent manner for 48 h by MTT 

assay. As control, we treated the HeLa cells with combination of free DNA damaging 

drugs in the same ratio present in GO-NPs. GPC-NPs showed remarkably improved IC50 

= 1.91 ± 0.10 μM compared to IC50 = 8.33 ± 0.79 μM for free GO, proflavine, cisplatin 

cocktail (Figure 2.25a). On the other hand, GDC-NPs also demonstrated comparable IC50 

= 2.01 ± 0.05 μM in comparison to IC50 = 2.33 ± 0.06 μM for free GO, Dox and cisplatin 

combination (Figure 2.25b). To show that the GO-NPs can very specifically kill cancer 

cells but not the healthy cells, we further evaluated the toxicity of GO-NPs in healthy 

L929 fibroblast cells at 24 h post-incubation. Interestingly, GPC-NPs and GDC-NPs 
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induced only 78.4 ± 9.2 % (at 3.2 μM) and 97.2 ± 12.2 % cell viability (at  25 μM) 

respectively (Figure 2.26a-b). Also free GO induced no cytotoxicity in L929 cells (cell 

viability = 110.5 ± 10.4 %) at 0.2 mg/ml concentration (Figure 2.26c) 

 

Figure 2.25: Cell viability of GPC-NPs and GDC-NPs in HeLa cells at 48h post-incubation 

measured by MTT assay. 

 

 

Figure 2.26 (a-b) Concentration dependent cell viability assay of GPC-NPs and GDC-NPs in L929 

mouse fibroblast cells respectively at 24h post-incubation. (c) Concentration dependent cell viability 

assay of GO in L929 mouse fibroblast cells at 24h post-incubation. 
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2.4 Materials and Methods 

2.4.1 Materials:  

Graphene oxide (4mg/ml), distilled water, proflavine (3,6- diaminoacridine hydrochloride), 

sodium dodecyl sulfate (SDS), cisplatin, 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) and silicon wafer for FE-SEM were acquired from Sigma-Aldrich. Doxorubicin 

was bought from Selleck Chemicals. DMEM media and DAPI were purchased from HiMedia.. 

Annexin-V-FITC Staining Kit was purchased from Roche. LysoTracker
TM

 Red DND-99, 

LysoTracker
TM

 Green DND-26, SlowFade® Gold Antifade Reagents was procured from Life 

Technologies. Anti-PARP antibody-clone 7A10, anti-phospho-histone H2AX (Ser139) antibody-

clone JBW301, GAPDH antibody were obtained from BioLegend. HeLa cells were obtained 

from National Centre for Cell Science (NCCS), Pune.   

2.4.2 Synthesis of aquated cisplatin (3):  

Aquated cisplatin was prepared by using the method described in reference 1.   

2.4.3 Synthesis of GO-Prof conjugate (2): 

Graphene oxide (1) (4 mg/ml, 250 µl) was dispersed in distilled water (2 ml). Aqueous solution 

of proflavine (5 mg, 0.023 mmol) in distilled water (1 ml) was prepared and added to the 

dispersed graphene oxide solution. The reaction was stirred in dark at room temperature for 24h. 

To remove un-reacted proflavine, the reaction mixture was dialysed against distilled water 

through dialysis membrane (MWCO = 1 kDa) for 24 h. Water was lyophilized to obtain GO-Prof 

conjugate (2).  

2.4.4 Synthesis of GO-Prof-CDDP conjugate (4) and GPC-NPs:  

1 mg of GO-Prof conjugate (2) was suspended in 1 ml distilled water and aquated cisplatin (3) (5 

mg/ml, 0.019 mmol) into it. The reaction mixture was stirred at room temperature for 24h. The 

reaction mixture was further dialyzed (MWCO = 1 kDa) against water for 6 h to remove excess 

of aquated cisplatin to obtain GO-Prof-CDDP conjugate (4). 20 µl of dialyzed solution was 

further diluted to 1 ml by distilled water for size, shape and morphology characterization. 

2.4.5 Synthesis of GO-Dox conjugate (5): 

Graphene oxide (1) (4 mg/ml, 250 µl) was dispersed in distilled water (2 ml). Aqueous solution 

of doxorubicin (0.5 mg, 0.023 mmol) in distilled water (1 ml) was prepared and added to the 

dispersed graphene oxide solution. The reaction was stirred at room temperature for 24 h. To 
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remove un-reacted doxorubicin, the reaction mixture was dialyzed (MWCO = 1kDa) against 

distilled water through for 24 h. Water was lysophilized to obtain GO-Dox conjugate (5).  

2.4.6 Synthesis of GO-Dox-CDDP conjugate (6) and GDC-NPs: 

1 mg of GO-Dox conjugate (5) was suspended in 1 ml distilled water and aquated cisplatin (5 

mg/ml, 0.019 mmol) was added into it. The reaction mixture was stirred at room temperature for 

24h. The reaction mixture was further dialyzed (MWCO = 1 kDa) against water for 6 h to remove 

excess of aquated cisplatin to obtain GO-Dox-CDDP conjugate (6). 20 µl of dialyzed solution 

was further diluted to 1 ml by distilled water for morphological characterization. 

 

Figure 2.27: Synthesis of: GO-Prof conjugate (2), aquated cisplatin (3), GO-Prof-CDDP (GPC-NPs) 

conjugate (4), GO-Dox conjugate (5), GO-Dox-CDDP conjugate (GDC-NPs) (6). 

 

2.4.7 Field-Emission Scanning Electron Microscopy (FESEM) of GPC and GDC-NPs: 

15 μl of samples (GO-Prof, GO-Dox, GPC-NPs, GDC-NPs) were diluted in 1 ml water and 

sonicated for 1 min.  2 μl of these solutions were placed on a silicon wafer without any dopant 

and it was allowed to dry at room temperature under vacuum desiccators for 2 h. The FESEM 

images were taken by using the method described in reference 27. 
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2.4.8 Atomic Force Microscopy (AFM) of GPC-NPs and GDC-NPs:  

15 μl of samples (GO-Prof, GO-Dox, GPC-NPs, GDC-NPs) were diluted in 1 ml water and 

sonicated for 1 min. Then 10 μl of these solutions were drop casted on mica sheet and dried under 

the vacuum desiccators for 2 h. AFM images were taken using the method described in reference 

27.  

2.4.9 Transmission Electron Microscopy (TEM) of GPC-NPs and GDC-NPs:  

15 μl of GPC-NPs and GDC-NPs were diluted in 1 ml water and sonicated for 1 min.  Then 15 μl 

of the GO-NPs was drop casted on a copper grid. After 30 min, this sample was absorbed using 

filter paper and then 15 µl of freshly prepared 0.25% uranyl acetate solution was added on the 

grid. After 60 seconds, the solution of uranyl acetate was washed three times with 15 µl water. 

The grid was dried in a dust free environment and images were captured using the method 

described in reference 27.  

2.4.10  Resonance Raman Spectroscopy:  

Resonance Raman spectra were collected using a Lab RAM HR 800 (Horiba scientific) using 

laser excitation wavelength of 532 nm excitation with a 50X objective at room temperature. 532 

nm was chosen as the excitation to guarantee a good signal/noise ratio. Prior to analysis the 

baseline of the spectrum was extracted using the software NGSLabSpec. 

2.4.11  Powder X-ray diffraction (PXRD):  

Powder X-ray diffraction (PXRD) spectra of GO, GO-Prof, GPC-NPs and GO-CDDP in different 

concentrations were collected using a Bruker D8-Advance X-ray powder diffractometer (Cu Kα 

radiation; λ=1.5418 °A) in the range 3-40   (0.010   step size, 175s holding time). 

2.4.12  X-ray photoelectron spectroscopy (XPS): 

XPS spectra were acquired in an ultra high vacuum equipment (10
-1

mbar) using a hemispherical 

electron energy analyzer and an Mg K-alpha X-ray source (1253.6 eV). All samples were 

measured under the same conditions. 

2.4.13  In vitro assays: 

Cellular internalization, cell viability by MTT assay, apoptosis detection by fluorescence-

activated cell sorting (FACS), and Western blot analyses were performed by using the procedure 

described in reference 27 and reference 28.  
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2.4.14  Quantification of drug release from GPC-NPs and GDC-NPs: 

Quantification of dual drug loading and release from the nanoparticles were determined by the 

dialysis method described in reference 4.  

2.5  Conclusion 

In conclusion, the presented work demonstrates the first example of cisplatin mediated 

self-assembly of 2D GO-sheets into 3D-spherical nanoparticles. In course of the 

hierarchical self-assembly, aromatic DNA damaging drugs can be loaded along with 

cisplatin. These composite NPs were taken up by the cancer cells through endocytosis, 

localized into lysosomes, damaged sub-cellular DNA leading to apoptosis. The NPs 

exhibited remarkable efficacy in killing cancer cells by keeping healthy cells unperturbed. 

We envision that our new approach of GO-based nanoparticles have the potential to be 

translated into clinics in future for combination chemotherapy. 

 

2.6 Salient Features 

  This work demonstrates, the first example of a cisplatin mediated hierarchical self assembly of 

2D GO sheets to 3D spherical GO nanoparticles (GO-NPs). 

  The reaction scheme is robust and carried out in water as the solvent.  

  The 3D spherical GO nanoparticles can be co-loaded with Doxorubicin or Proflavin-aromatic 

DNA damaging drugs along with cisplatin. 

  These dual dug loaded GO-NPs endocytosed into cervical cancer HeLa cells through clathrin 

mediated endocytosis. They homed specifically into the acidic lysosomal compartments of the 

cells within 6h, as compared to the 2D GO-Pro or GO-Dox sheets which internalized non-

specifically into the nucleus as well as lysosomes in 1 h. This displayed the morphological 

advantage of the spherical size of GO NP’s in contrast to 2D sheet.   

  The release proflavin or doxorubicin along with cisplatin from the GPC and GDC NPs, led to 

DNA damage which was conformed my expression of important DNA damage biomarkers like 

γH2AX and PARP through western blot analysis. 

  The DNA damage triggered apoptosis in HeLa cells and subsequently led to cell death. 

  Another interesting aspect of the GO NPs was the fact that they exhibited remarkable efficacy 

in killing cancer cells, but the healthy cells (L929 fibroblast cells) remained unperturbed. 
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3 Chapter 3: Polymer Modified GO-

Nanoparticles for TOP1 Inhibition and 

DNA Damage in Cancer Cells. 

 

 

 

This chapter has been published as: 

Aditi Nandi, Chandramouli Ghosh, and Sudipta Basu. Polymer Conjugated 

Graphene-oxide Nanoparticles Impair Nuclear DNA and Topoisomerase I in 

Cancer. Nanoscale Adv. 2019, 1, 4965-4971. 

(Reproduced by the permission from The Royal Society of Chemistry) 
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3.1 Abstract 

Oncogeneis-associated cellular stresses (DNA damage stress, mitotic stress etc.) are newly 

proposed common characteristic of tumor cells. Stress sensitization and stress overload in cancer 

cells are two important approaches to cease cell proliferation and induce apoptosis, making them 

widely applicable in cancer therapy. Damaging the nuclear DNA and its associated proteins 

(namely Topoisomerases) with genotoxic drugs have been established as essential targets which 

can induce DNA damage stress followed by cell death. The adverse effects and solubility issues 

of DNA damaging drugs limits their use in clinics, hence incorporating the use of nano-scale 

materials like graphene oxide can greatly improve the solubility, permeability and efficacy of 

such chemotherapeutic drugs. Previously, we have developed cisplatin containing GO 

nanoparticles which can encapsulate another aromatic drug. The colloidal stability of these 

particles is an essential criterion for their efficient use in cancer therapy. To tackle the issue of 

colloidal stability and achieve multiple drug loading, we have engineered hydrophilic polymer 

(PEG and PIMA) grafted self-assembled GO nanoparticles containing a hydrophobic 

topoisomerase inhibitor-SN38 and cisplatin simultaneously. A combination of confocal 

microscopy, gel electrophoresis, and flow cytometry studies revealed that the GO-PEG-SN38-

CDDP NPs and GO-PIMA_Ed-SN38-CDDP NPs endocytosed into the acidic lysosomes of 

HeLa (cervical cancer) cells within 6h leading to subsequent DNA damage and finally apoptosis. 

They also demonstrated remarkably greater cytotoxicity towards HeLa cells. Hence, this nano-

platform can be used for strategic impairment of multiple cellular targets in next generation 

combinational chemotherapy. 

3.2 Introduction 

Cancer is a multifactorial disease having extremely complex origins and developmental stages.
1
 

As the underlying mechanisms of cancer progression were investigated, it was revealed that- 

DNA played a critical role in tumorigenesis.
2
 The nuclear DNA dictates important regulatory 

processes such as replication and transcription which directly affect cell proliferation, 

metabolism, gene activation, and cell cycle management. Thus given the importance of the 

DNA, it has been established as the main target and interaction site of many chemotherapeutic 

drugs.
3
 Genotoxic agents used in chemotherapy, which is the mainstay treatment for cancer 

today, target rapidly proliferating cancer cells by directly or indirectly damaging the DNA, and 

leads to eradication of tumor cells.
4-6

 While chemotherapy has been successful for the treatment 
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of different cancers, its effectiveness is often hampered in the long run by the onset of drug 

resistance.
7-9 

Thus, identification of new suitable targets in the cellular micro-environment will 

help enhance the therapeutic outcome of the chemotherapeutic drugs.
10-12

 

In recent years, Topoisomerases have been proven to be viable therapeutic target for anticancer 

drugs because of their essential biophysical properties.
13-14,16 

These ubiquitous enzymes belong 

to a protein super-family that are responsible for maintain DNA topology by relaxing the DNA 

supercoils generated during DNA replication, DNA transcription, chromosome condensation- 

decondensation and segregation.
15

 The regulatory activity to conserve the DNA helicity involves 

co-ordinately cleaving, exploiting and re-ligating the double strand.
17-20

 Topoisomerase I (TOP1) 

is a type I Topoisomerase encoded by the human genome, which resolves the torsional stress by 

introducing a reversible single strand break. This allows the rotation of the cleaved DNA strand 

across the intact strand, followed by re-ligation to restore the integrity of the double stranded 

DNA.
21-23

 The transient reversible cleavable complex of TOP1 and DNA strand has been a 

vulnerable target of various novel antitumor drugs of which camptothecins are an important 

class. Camptothecin and its derivatives have been identified as effective Topoisomerase I 

inhibitors and have advanced to the frontline in clinics, for its utility against various types of 

cancers. Unfortunately, their use is limited because of dose limiting cytotoxicity resulting in 

myleosupression, neutropenia and also erratic drug bio-distribution.
24-27

 Nonetheless, the additive 

and synergistic interactions of TOP 1 inhibitors with other cytotoxic DNA damaging drugs have 

been tested and have shown improved activity in several malignancies.
28-30

 This concept of 

“combination therapy”, based on simultaneous administration of multiple therapeutic drugs is 

regarded as an efficient solution for cancer treatment,
31-32

 but co-loading multiple drugs in a 

single carrier combined with their controlled release poses a major hurdle in next-generation 

combination therapy. 

Inclusion of nanotechnology in the treatment of cancer has led to the discovery of nano-materials 

with distinctive advantageous properties such as: enhanced drug encapsulation, controlled 

release, increased tumor accumulation and reduced side effects, which potentiated good 

biomedical application.
33-37

 Lately, graphene oxide (GO) has garnered great interest owing to its 

biocompatibility and plethora of applications specially in cancer treatment for delivery of anti-

neoplastic drugs, biomolecules (gene, siRNA), small molecules and diagnostic sensors.
38-48

 The 

superiority of GO stems from its unique 2D structure combined with oxygen functionalities 
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present on the sp
3
 domains of the carbon framework, which confer GO with intriguing physical 

and chemical properties. This panoply of features like high aspect ratio, chemical versatility, 

ability to load aromatic anti-cancer drugs, molecules via Π-Π stacking and hydrophobic 

interactions, make GO stand out as a desirable platform for cancer therapy 
39, 49

  

Taking advantage of the characteristics of GO, in Chapter 2 we successfully synthesised 

cisplatin-mediated self-assembled spherical 3D GO nanoparticles from 2D sheets. The 

nanoparticles could be co-loaded with another hydrophilic aromatic drug along with cisplatin, 

enabling dual drug encapsulation in a single GO nano-platform.
50

 These dual drug GO 

nanoparticles effectively killed cervical cancer cells, but were accompanied by compromised 

colloidal stability in water. Thus the challenge at hand was to enhance the aqueous dispersibility 

of GO nanoparticles for efficient use and evaluate the ability of the nanoparticles to the package 

hydrophobic drugs along with cisplatin in a single vector.  

Poymers are the most common materials to engineer nanoparticles for drug delivery. Polymeric 

nanoparticles can be constructed from synthetic polymers or natural polymers like chitosan. The 

use of natural polymers helps enhance the biocompatibility of the nanocarriers. Polymers have 

also been employed for coating/ surface modification of various nanoparticles to increase their 

stability in biological fluids.
35

 They also provide a physical barrier to suppress non-specific 

interactions with the blood components thus, enhancing the stability and efficacy.
51

 Another 

advantage of polymer coating of nanoparticles, is the possibiltyof further functionalisation of the 

polymers with small molecules to achieve a multifunctional nanocarrier.   

In this chapter, we developed polyethylene glycol (GO-PEG-SN-38-CDDP) and 

poly(isobutylene-alt-maleic anhydride) conjugated ethylenediamine (GO-Pima_Ed-SN-38-

CDDP) modified self-assembled graphene oxide nanoparticles (GO-PEG-SN-38-CDDP and GO-

Pima_Ed-SN-38-CDDP) to cope with the issue of compromised aqueous colloidal stability. The 

PEG and PIMA_Ed modified GO-NPs can concertedly load a DNA Topoisomerase inhibitor 

(SN-38) and cisplatin, a DNA damaging agent. The polymer modified GO nanoparticles, GO-

PEG-SN-38-CDDP and GO-Pima_Ed-SN-38-CDDP were found to be spherical having a 

diameter of 114nm and 180nm respectively, which was assessed by dynamic light scattering 

(DLS), field emission scanning electron microscopy (FESEM), and atomic force microscopy 

(AFM). The nanoparticles were taken up by cervical cancer HeLa cells through endocytosis and 
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temporarily confined into the acidic lysosomes, followed by the release of TOP1 inhibitor and 

DNA damaging drug in a controlled manner spanning over 72h. Confocal laser scanning 

microscopy and gel electrophoresis were employed to evaluate the simultaneous DNA damage 

along with Topoisomerase I (TOP1) inhibition, which eventually led to induction of programmed 

cell death (apoptosis) in HeLa cells. Dose-dependent treatment of HeLa cells with GO-PEG-SN-

38-CDDP and GO-Pima_Ed-SN-38-CDDP displayed escalated cell death at 48h as compared to 

the free dual drug combination. These modified self-assembled nano-scale GO platforms with 

higher aqueous dispersibility can be viewed as a versatile construct to load different drug 

combinations having specific targets in the cellular milieu, thus enhancing their therapeutic 

efficacy for future combination chemotherapy. 

3.3 Result and Discussion 

3.3.1 Synthesis and characterization of GO-PEG-SN-38-CDDP and GO-PIMA_Ed-SN-38-

CDDP nanoparticles: Sequential conjugation of hydrophilic polymer followed by stacking of 

hydrophobic drug and self-assembly into spherical nanoparticles with aquated cisplatin (CDDP) 

are represented in scheme 1. Surface alteration of GO with polymers like polyethylene glycol 

(PEG) and poly(isobutylene-alt-maleic anhydride) conjugated ethylenediamine (PIMA_Ed) was 

employed to enhance the colloidal stability. PEG is the most widely used non-ionic hydrophilic 

polymer having stealth behaviour to functionalize nano-scale materials. It not only helps increase 

the blood circulation time of nanoparticles but also reduces their tendency to aggregate in water 

and physiological solutions.
52-55 
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Scheme 1: (a) Synthesis GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs (b) 

representation of cellular internalization and the mechanism of action of   GO -PEG-SN38-CDDP 

and GO-PIMA_Ed-SN38-CDDP NPs. 

 

 

Poly(isobutylene-alt-maleic anhydride) (PIMA) is another interesting polymer template used for 

modifying nanomaterials. It contains labile anhydride functional groups which can be easily 

conjugated to reactive moieties and drug molecules.
56

 The poly(isobutylene-alt-maleic 

anhydride) conjugated ethylenediamine (PIMA_Ed) (10, Figure 3.1) polymer platform was 

synthesized via nucleophilic addition of N-Boc-ethylenediamine (8, Figure 3.1) on PIMA (7, 

Figure 3.1), followed by Boc-deprotection (9, Figure 3.1) and characterized by FTIR (Figure 

3.2b) and 
1
H NMR. The intrinsic peaks for PIMA at 1850 cm

-1 
,1750 cm

-1
, 1080 cm

-1
 and 910 

cm
-1

 denote C=O and C-O stretching frequency of anhydride functionality. Reduction of the 

characteristic peaks combined with the appearance of broad O-H stretching resonance of 

carboxylic acid at around 3000-3600cm
-1 

indicated anhydride ring opening by ethylenediamine. 

The incorporation of ethylenediamine was further confirmed by the presence of a peak at 1670 

cm
-1 

and 1560 cm
-1 

which correspond to C=O stretching and N-H bending of amides 
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respectively.
57

 The appearance of peak in the 
1
H NMR spectra of conjugate 9 at δ=1.39 which is 

characteristic for N-Boc protons and δ=8.32, confirmed the incorporation of N-Boc-

ethylenediamine into PIMA via amide bond formation (Figure A 3.1).Further, Boc- deprotection 

to get the desired PIMA-ethylenediamine (PIMA_Ed) conjugate was confirmed by the 

disappearance of the Boc peak in the 
1
H NMR spectra of conjugate 10 (Figure A 3.2). The two 

hydrophilic polymers PEG (2, Figure 3.1) and PIMA_Ed (10, Figure 3.1) were covalently 

linked to carboxylic acid (-COOH) groups on GO (1, Figure 3.1) via EDC catalyzed amide 

coupling to yield GO-PEG (3, Figure 3.1) and GO-PIMA_Ed (11, Figure 3.1) respectively in a 

1:5 weight ratio in water. The grafting of PEG or PIMA_Ed onto graphene oxide was assessed 

by FTIR (Figure 3.2a and 3.2b). The IR spectra of GO displayed signature peaks at 1720 cm
-1

 

corresponding to C=O stretching, a broad intense peak for O-H stretching resonance of 

carboxylic acid around 3400 cm
-1

 and C-O peak at 1050 cm
-1

. 

 

 

Figure 3.1: Synthesis of GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs. 
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The IR spectra of GO-PEG and GO-PIMA_Ed confirmed the amide bond formation by the 

appearance of new peaks at 1640 cm
-1

 and around 1530 cm
-1 

which are contributed by the C=O 

stretching and N-H bending of amides respectively. The increase in layer thickness of GO-PEG 

and GO-PIMA_Ed compared to pristine GO (3.9 and 6.9 vs 1.8 nm respectively (Figure.3.2 c-e) 

visualized by atomic force microscopy (AFM) also confirmed the attachment of PEG and 

PIMA_Ed polymer on GO.
58

 

 

 

Figure 3.2: IR characterization of (a) GO-PEG, (b) PIMA_Ed and GO-PIMA_ED. Representative 

AFM images with height profiles (c) GO, (d) GO-PEG, (e) GO-PIMA_Ed. 

 

For simultaneous DNA damage and Topoisomerase I inhibition we chose cisplatin (CDDP)-

which is the most widely used FDA approved platinum containing drug and SN38 an active 

metabolite of Irinotecan, which is derived from campothecin and frequently used in clinics for 
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chemotherapy.
59-63 

The combined use of SN38 and CDDP has been studied for human small cell 

lung cancer and has shown good therapeutic synergy
28-30

. Dose dependent nephrotoxicity 

associated with cisplatin and low solubility of SN38 coupled with side effects such as 

neutropenia and anaemia limit their use.
60,62

 Thus to overcome these drawbacks and ameliorate 

the therapeutic efficacy of the drug combination regime, we hypothesized their incorporation in a 

single nanoscale material which can help achieve the desirable target. 

SN38 was stacked onto 2D PEG/ PIMA_Ed modified graphene oxide (GO) by Π-Π stacking 

interaction. SN38 dissolved in DMSO was reacted with an aqueous solution of GO-PEG and 

GO-PIMA_Ed (4 and 12 in Figure 3.1) in a 1:0.5 weight ratio for 24h followed by 

centrifugation to remove excess SN38. Electron microscopy based visualization of GO-PEG-

SN38 and GO-PIMA_Ed-SN38 revealed the conserved 2D sheet structure like that of GO 

(Figure 3.3 a-b). Aquated cisplatin (5, Figure 3.1) was further added in a 1:5 weight ratio and 

reacted for 24h which helped mediate the self-assembly into GO-PEG-SN38-CDDP and GO-

PIMA_Ed-SN38-CDDP nanoparticles (6 and 13, Figure 3.1). The notable morphological 

change from 2D sheets to 3D spherical nanoparticles with diameter less than 200nm was 

elucidated by field emission electron microscopy (FESEM) (Figure 3.3c-d).  

 

 

Figure 3.3: (a-b) FESEM images of GO-PEG-SN38 and GO-PIMA_Ed-SN38 (c-d) FESEM images 

of GO-PEG-SN38-CDDP NPs and GO-PIMA_Ed-SN38-CDDP NPs (e-f) AFM images of GO-PEG-

SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs. 
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AFM images also confirmed the spherical shape of into GO-PEG-SN38-CDDP and GO-

PIMA_Ed-SN38-CDDP with size around 180 nm and 200 nm respectively (Figure 3.3 e-f).  

Successful stacking of SN38 on GO-PEG and GO-PIMA_Ed by hydrophobic and Π-Π 

interaction was evaluated by the drastic quenching in fluorescence emission (λmax-560 nm) of 

SN38 when in close proximity to GO as compared to free SN38 at the same concentration 

(Figure 3.4 a-b). Raman spectroscopy, which is one of the best techniques to identify graphene 

and its derivatives, established the presence of GO moiety in GO-PEG-SN38-CDDP and GO-

PIMA_Ed-SN38-CDDP by the appearance of the characteristic D and G bands centred at 

1350cm
-1

 and 1590cm
-1 

respectively (Figure 3.4c).
64

 To validate the presence of cisplatin , 

energy dispersive X-ray spectroscopy was carried out on single particles, which showed 

approximately 19.58 wt% of platinum (Pt) composition in the nanoparticles (Figure3.4d).  

 

Figure 3.4: Fluorescence quenching of SN38 in (a) GO-PEG-SN38-CDDP and (b) GO-PIMA_Ed-

SN38-CDDP NPs vs. Free SN38 (λmax-560 nm), (c) Single particle resonance Raman spectra of 

GO-PEG-SN38-CDDP, GO-PIMA_Ed-SN38-CDDP NPs and GO, (d) EDAX of GO-PEG-SN38-

CDDP. 

 

Moreover, confirmation for the co-encapsulation of cisplatin (CDDP) and SN38 along with the 

determination of their loading concentration in GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-
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CDDP NPs was done by UV-Visible spectroscopy. From the absorbance vs. conc. calibration 

curve of SN38 (λmax = 387nm) and CDDP (λmax = 706nm) (Figure 3.5 a-b), the loading of 

SN38 in GO-PEG-SN38-CDDP NP was found to be 1364 μM (535μg/ml) and CDDP was 1100 

μM (330 μg/ml), whereas for GO-PIMA_Ed-SN38-CDDP NP it was calculated to be 1321 μM 

(518 μg/ml) SN38 and 1290 μM (387 μg/ml) CDDP (Figure 3.5c-d). 

  

Figure 3.5: Standard curve of (a)SN38, (b) Cisplatin, (c) Loading of SN38 and CDDP in GO-PEG-

SN38-CDDP (c) and GO-PIMA_Ed-SN38-CDDP(d). 

 

Lastly, we studied the time dependent dispersibility of GO-PEG-SN38-CDDP and GO-

PIMA_Ed-SN38-CDDP NPs in water. The results displayed enhanced colloidal stability for over 

140 min as compared to unmodified GO-SN38-CDDP NP, which agglomerate in water within 10 

min (Figure 3.6). 
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Figure 3.6: Time dependent colloidal stability of GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-

CDDP NPs vs. unmodified GO-SN38-CDDP NPs. 

 

3.3.2 Cellular internalisation: According to our assumption shown in scheme 1(b), the 

engineered GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs would internalize into 

cancer cells and home into the acidic lysosomal compartment in the cellular micro-

environment
50

.
 
To check our hypothesis, we incubated HeLa cervical cancer cells with the two 

green fluorescent GO-polymer NPs in a time dependent manner. The lysosomes were stained 

with LysoTracker Red DND-99 and thereafter viewed under a confocal scanning laser 

microscope (CLSM). The fluorescence microscopy images clearly showed the cellular uptake 

and time dependent lysosomal co-localisation of green fluorescent GO-PEG-SN38-CDDP and 

GO-PIMA_Ed-SN38-CDDP NPs into red fluorescently labelled lysosomes, by the gradual 

increase of yellow intensity due to overlapping of green and red fluorescence from 1h to 3h to 

6h. Quantification of the confocal images for the extent of overlap of red and green fluorescent 

signals confirmed the time dependent localisation of the nanoparticles into the lysososmes with 
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15%, 25% and 45% colocalisation volume for GO-PEG-SN38-CDDP (Figure 3.7) and 11%, 

23% and 37% for GO-PIMA_Ed-SN38-CDDP NPs (Figure 3.8). 

 

Figure 3.7:Representative confocal scanning laser microscope images of HeLa cells post incubation 

with green fluorescent GO-PEG-SN38-CDDP NPs for 1h, 3h, and 6h. The lysosomes were stained 

with LysoTracker DND-99 (red fluorescence). The yellow merged regions areas the colocalization 

of GO-PEG-SN38-CDDP NPs into the lysosomes. [Inset is the % colocaliation volume]. Scale bar 

=10 μm. 
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Figure 3.8 Representative confocal scanning laser microscope images of HeLa cells post incubation 

with green fluorescent GO-PIMA_Ed-SN38-CDDP NPs for 1h, 3h, and 6h. The lysosomes were 

stained with LysoTracker DND-99 (red fluorescence). The yellow merged areas depict the 

colocalization of GO-PEG-SN38-CDDP NPs into the lysosomes.  [Inset is the % colocaliation 

volume]. Scale bar =10 μm. 
 

The engulfment of nano-scale materials by cells through different endocytotic pathways vary 

depending upon the size and shape of the nanoparticles. To determine the mechanism of 

endocytosis, GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs, HeLa cells were pre-

treated with different endocytosis pathway inhibitors like chlorpromazine (clathrin dependent 

endocytosis), genistein (caveolin depenedent endocytosis) and amiloride (macropinocytosis) for 

45min. This was followed by incubation with green fluorescent GO-PEG-SN38-CDDP and GO-

PIMA_Ed-SN38-CDDP NPs at (2μg/ml of SN38) for 2h, after which the lysosomes were stained 

with LysoTracker Red DND-99. Observation using confocal microscopy (Figure 3.9 and 
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Figure 3.10) revealed that cells treated with genistein and amiloride showed no significant 

variation in the lysosomal homing of both GO-Polymer NPs compared to no inhibitor treated 

control cells, which was clear from the yellow colour fluorescence intensity obtained by merging 

of green and red fluorescence signal from nanoparticles and lysosomes. On the contrary, a 

notable reduction in the colocalisation (yellow colour intensity) was seen for cells treated with 

chlorpromazine and incubated with GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP 

NPs. The image based quantification for colocalisation volume [(12% chlorpromazine, 41% 

amiloride and 27% genistein vs 39% non-treated control for GO-PEG_SN38-CDDP) and for 

(GO-PIMA_Ed-SN38-CDDP chlorpromazine-16%, amiloride-35% and genistein 31% vs 41% 

control cells)] also supported the cellular uptake through clathrin dependent endocytosis for both 

the nanoparticles by showing lower percentage of overlap in contrast to control and other 

inhibitor treated cells.
65

 

 

Figure 3.9: Confocal scanning laser microscope images of HeLa cells pre-treated with endocytosis 

inhibitors (chlorpromazine, genistein and amiloeide) followed by GO-PEG-SN38-CDDP NPs 
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(green). Lysosomes of HeLa cells were stained with LysoTracker Red DND-99 dye. Scale bar = 10 

μm. 

 

 

Figure 3.10: Confocal scanning laser microscope images of HeLa cells pre-treated with endocytosis 

inhibitors (chlorpromazine, genistein and amiloeide) followed by GO-PIMA_Ed-SN38-CDDP NPs 

(green). Lysosomes of cells were stained with LysoTracker Red DND-99 dye. Scale bar = 10 μm. 

 

3.3.3 Drug release: Post the localisation into acidic lysosomal compartment inside the cellular 

milieu, GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs are anticipated to release 

their drug payloads for effective DNA damage and Topoisomerase I (TOP1) inhibition. To study 

the release of SN38 and cisplatin, GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs 

were incubated in acidic buffer (pH 5.5: mimic of acidic lysosomal pH) over 72h. The release 

was monitored and quantified at different time intervals by UV-Visible spectroscopy and it was 

found that GO-PEG-SN38-CDDP (Figure 3.11a) released of 47% of SN38 and 36% CDDP after 

72h and 54h, whereas GO-PIMA_Ed-SN38-CDDP NP (Figure 3.11b) released 50%, 22% of 

SN38 and CDDP respectively in a slow and sustained manner. Higher release of SN38 compared 
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to CDDP can be attributed to the weaker aromatic Π-Π stacking interaction between GO and 

SN38 as compared to stronger coordinate linkage between cisplatin and -COOH of graphene 

oxide. Alternately, quantification of dual drug release at physiological pH of 7.4 revealed only 

21% of SN38, 13% CDDP release from GO-PEG-SN38-CDDP (Figure 3.11a) and 34% SN38, 

10% CDDP for GO-PIMA_Ed-SN38-CDDP NPs even after 72h (Figure 3.11b). The drug 

release profiles in buffer pH 5.5 and pH 7.4 indicated that the nanoparticles released the 

chemotherapeutic payload better when in the acidic lysosomes rather than when in blood 

circulation, which is required for efficient targeting of tumor tissues and not healthy tissues 

through passive transport by EPR effect.  

 

Figure 3.11: Drug release profiles of SN38 and Cisplatin at pH 5.5 and pH 7.4 from (a) GO-PEG-

SN38-CDDP NPs, and (b) GO-PIMA_Ed-SN38-CDDP NPs. 

 

3.3.4 DNA damage and Topoisomerase I inhibition: We hypothesized that acidic environment 

triggered release of SN38 and CDDP from the GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-

CDDP NPs would lead to concurrent TOP1 inhibition along with DNA impairment. To account 

for topoisomerase I inhibition due to SN38, HeLa cells were treated with GO-PEG-SN38-CDDP 

and GO-PIMA_Ed-SN38-CDDP separately for 24h followed by western blot assay for the 

extracted proteins. The gel electrophoresis image (Figure 3.12a) and analogous quantification 

plot (Figure 3.12b) clearly showed the downregulation of TOP1 as compared to non-treated 

control cells.  
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Figure 3.12: (a) Western blot image for Topoisomerase I (TOP1) after treatment with GO-PEG-

SN38-CDDP NPs and GO-PIMA_Ed-SN38-CDDP NPs, (b) Quantification for expression of TOP1 

from western blot. 

 

For determining the DNA damaging ability, we gauged the expression of γH2AX and p53-which 

are important DNA damage biomarkers by immunofluorescence assay.
66,67

 Cervical cancer HeLa 

cells were treated incubated with GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs 

for 24h followed by treatment with anti-γH2AX, anti-p53 primary antibody separately and red 

fluorescently labelled Alexa-549 secondary antibody. The nucleus of the treated cells were 

stained with DAPI (blue fluorescence) after which the expression of γH2AX and p53 was 

visualised by confocal microscopy. (Figure 3.13a) displayed increased expression of γH2AX 

through higher red fluorescence signal (indicating DNA damage) as compared to non-treated 

control cells, which showed negligible DNA damage. Fluorescence signal based quantification 

also revealed that GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP caused 5.0 fold and 

6.4 fold increase in γH2AX expression (Figure 3.13b).  
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Figure 3.13: (a) Confocal microscope images of HeLa cells to visualize γ-H2AX as DNA damage 

biomarker post 24h treatment with GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs. γ-

H2AX was stained with the Alexa Fluor 594-labeled secondary antibody (red fluorescent), the 

nuclei of HeLa cells were stained with DAPI (blue). (b) Quantification for expression of γ-H2AX 

from fluorescence images. (c) Western blot image for the expression of γ-H2AX in HeLa cells. (d) 

Quantification of γ-H2AX from western blot.  

 

Moreover, western blot analysis for expression of γH2AX (Figure 3.13c-d) asserted the nuclear 

DNA damage of HeLa cells post 24h treatment. 2.3 fold and 1.8 fold amplification of the 

γH2AX expression for GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP was evident 

from the gel electrophoresis image. Upregulation of p53 by immunofluorescence assay (Figure 

3.14a) also confirmed the cellular stress generated from DNA damage. The quantification 
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(Figure 3.14b) revealed a 4.0 and 5.0 fold increase for GO-PEG-SN38-CDDP and GO-

PIMA_Ed-SN38-CDDP NP treated cells compared to control cells. Since DNA damage is a 

nuclear phenomena, the overlapping of red fluorescence signal (appearing because of over 

expression of γH2AX and p53) with blue DAPI stained nucleus confirmed the claim of DNA 

damage upon nanoparticle treatment. Western blot images along with its quantification (Figure 

3.14c-d) showed significant increase (6.3 fold and 6.4 fold) in p53 expression.  

 
Figure 3.14: (a) Confocal microscope images of HeLa cells to visualize p53 as DNA damage and 

apoptosis biomarker post 24h treatment with GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-

CDDP NPs. p53 was stained with the Alexa Fluor 594-labeled secondary antibody (red fluorescent) 

and the nuclei of cells were stained with DAPI (blue). (b) Quantification for expression of p53 from 

fluorescence images. (c) Western blot image for the expression of p53 in HeLa cells. (d) 

Quantification of p53 from western blot.  
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As a consequence of DNA damage, the cellular repair machinery through poly-ADP ribose 

(PARP) family of proteins gets triggered in cells. Assessment of the expression of PARP post 

treatment with GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs by western blot 

clearly showed the reduction (1.6 fold and 1.4 fold) in expression of the protein (Figure 3.15a 

and b). The downregulation of PARP expression as compared to untreated cells can be attributed 

to its cleavage because of DNA damage. The subsequent 3.0 fold (GO-PEG-SN38-CDDP) and 

2.0 fold (GO-PIMA_Ed-SN38-CDDP) increase in the expression of cleaved PARP (an important 

cellular marker for apoptosis) facilitates the cellular disassembly during programmed cell death 

(Figure 3.15c-d).
68,69

 Thus the western blot and confocal images demonstrated, successful DNA 

damage as well as the onset of apoptosis in HeLa cells upon treatment with GO-PEG-SN38-

CDDP and GO-PIMA_Ed-SN38-CDDP NPs. 

 

Figure 3.15: Western blot images and corresponding quantification for the expression of (a-b) 

PARP and (c-d) Cleaved PARP in HeLa cells after treatment with GO-PEG-SN38-CDDP and GO-

PIMA_Ed-SN38-CDDP NPs for 24h. 
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3.3.5 Apoptosis and cell death: Evading apoptosis is an important phenotype of cancer cells. 

We estimated the apoptosis inducing ability of GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-

CDDP NPs by flow cytometry. HeLa cells were treated with the respective nanopaticles for 24h 

and 48h and co-stained with Annexin V-FITC which binds to the phosphatidylserine on 

apoptotic cell surface and PI which binds to the DNA of cells undergoing late apoptosis or 

necrosis cells. From the flow cytometry analysis (Figure 3.16) we observed that in comparison 

to non-treated control cells, HeLa cells treated with GO-PEG-SN38-CDDP NP for 24h showed 

50.45% and 43.89% cells in early and late apoptotic stage. After 48h of incubation the 

percentage of HeLa cells undergoing late apoptosis increased to 74.13% (20.65% cells in early 

apoptosis). Similar results were obtained for GO-PIMA_Ed-SN38-CDDP NPs where after 24h 

incubation 41.30% and 49.88% cells were in early and late apoptosis, whereas 27.90% and 

71.54% cells were in the early and late apoptotic state after 48h.  

 

Figure 3.16: FACS analysis of HeLa cells for induction of apoptosis after 24h treatment with GO-

PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs. 
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DNA damage driven apoptosis was further confirmed by cleavage of caspase 3 an important 

executioner of apoptosis using western blot analysis (Figure 3.17a).
70 

The decrease in expression 

of caspase 3 by 3.0 fold and 2.3 fold (Figure 3.17b) and corresponding increase in expression of 

cleaved caspase 3 by 3.0 fold and 1.8 fold (Figure 3.17a and 3.17c) as compared to control cells, 

displayed the ability of GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs to 

successfully induce apoptosis in cervical cancer HeLa cells. 

 

Figure 3.17: (a) Western blot analysis for expression of capsase 3 and cleaved caspase 3 in HeLa 

cells as markers for apoptosis. (b-c) Quantification of caspase 3 and cleaved caspase 3. post 

treatment with GO-PEG-SN38-CDDP NPs and GO-PIMA_Ed-SN38-CDDP NPs. 

 

Lastly, since our GO-polymer based nanoparticles effectively caused TOP 1 inhibition, DNA 

lesions and activated apoptosis in HeLa cells, we wanted to evaluate the cell killing efficacy by 

cell MTT assay. GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP NPs were incubated 

with HeLa cells for 48h in a dose dependent manner. As a control, we treated cells with the free 

drug combination of SN38 and CDDP in the same concentration as present in the respective 

nanoparticles. MTT data revealed that GO-PEG-SN38-CDDP NPs (Figure 3.18a) and GO-

PIMA_Ed-SN38-CDDP NPs (Figure 3.18b) killed 50% cells at lower concentration of 1.5 μM 

and 2.5 μM (lower IC50 value) as compared to free drug cocktail which displayed a higher IC50 

value of 6.25 μM. Thus, we can say that our GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-

CDDP NPs showed significant cell killing efficacy in HeLa cells. 



 

Page | 80  

 

 

Figure 3.18: Cell viability of HeLa cells at 48 h post-incubation with concentration dependent (a) 

GO-PEG-SN38-CDDP NPs and (b) GO-PIMA_Ed-SN38-CDDP NPs quantified by MTT assay.  

 

3.4  Experimental Section 

3.4.1 Materials: Graphene oxide (4mg/ml), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC), Poly(isobutylnene-alt-maleic anhydride) (average. Mw ~6000), 

Poly(ethyleneglycol)bis(amine) (average Mn ~3400), Triethylamine, silicon wafer for FESEM, 8 

well LabTek chamber slides and solvents needed for synthesis were purchased from Sigma-

Aldrich. Anticancer drug SN38 was bought from Selleck Chemicals and was used without any 

further purification. Gibco-DMEM (Dulbecco’s Modified Eagle Meduim), fetal bovine serum 

(FBS), LysoTracker
TM

 Green DND-99, were procured from ThermoFisher Scientific. MTT, 

SDS, 96 well plates, and 6 well plates were purchased from HiMedia. Sterile centrifuge tubes, 

tissue culture flasks were bought from Tarsons Pvt. Ltd. Annexin-V-FITC Staining Kit was 

purchased from Biolegend along with anti-PARP antibody, anti-phospho-histone H2AX, 

GAPDH antibody, antigoat anti-mouse IgG antibody, HRP conjugate and rabbit. Anti-

Topoisomerase I was purchased from Abcam, Anti-capase 3 and anti-cleaved caspase 3 were 

obtained from Cell Signalling respectively. TCS Leica SP8 machine was employed for 

fluorescence confocal imaging. Apoptosis and cell cycle assay was carried out using BD FACS 

flow cytometer.  
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3.4.2 Synthesis of poly(isobutylnene-alt-maleic anhydride) conjugated ethylenediamine: 300 

mg (1.94mmol of monomer) of poly(isobutylne-alt-maleic anhydride) (7, Figure 3.1) was placed 

in a round bottom flask and dissolved in 5ml anhydrous THF. 2.34 mmol N-Boc-

ethylenediamine (8, Figure 3.1) dissolved in 3 ml THF was quickly injected, sonicated for a few 

seconds and then kept at 60 °C under vigorous stirring. For quantitative reaction of maleic 

anhydride with the primary amine, the reaction mixture was concentrated roughly up to one fifth 

of the original volume using rotavapor system under a reduced pressure after 3 hours of reaction. 

Further, the concentrated solution was left overnight at 60 °C under stirring conditions. Finally, 

THF was completely evaporated and the resultant polymer was washed with chilled diethyether 

and dried under to yield a yellowish powder (9, Figure 3.1). The compound was further 

dissolved in 3 mL Dicholoromethane (DCM) and kept in an ice bath, to which 1.5 ml of TFA 

was added dropwise. The reaction mixture was stirred at RT for 3h. Finally, the solvent was 

evaporated under vacuum and remaining viscous liquid was washed with chilled diethyether to 

get Boc-deprotected poly(isobutylne-alt-maleic anhydride)-ehtylenediamine conjugate which 

was dried under vacuum (10, Figure 3.1). Yield~80% 

 

3.4.3 Synthesis of GO-Peg-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP nanoparticles: 

Poly(ethyleneglycol)bis(amine) (PEG) and poly(isobutylne-alt-maleic anhydride)-

ehtylenediamine (PIMA-Ed) was covalently linked to Graphene oxide through EDC coupling 

chemistry as per reports.
57

 Briefly, Graphene oxide (4 mg/ml, 250 µL) was dispersed in distilled 

water (2 mL) followed by addition of 5mg poly(ethyleneglycol)bis(amine) (PEG) or 5mg 

poly(isobutylne-alt-maleic anhydride)_ehtylenediamine (PIMA_Ed) and EDC·HCl (4mg) for 

sonication at room temperature for 30min. The solution was then kept for stirring at room 

temperature overnight. The product GO-PEG was dialysed (MW cut off:1000D) against distilled 

water for 2 days whereas, GO-PIMA_Ed was dialysed as well as centrifuged and washed with 

water to remove unreacted PIMA_Ed polymer  

Next, SN38 dissolved in minimum amount of DMSO was stacked on the modified 2D sheets in a 

1:0.5 weight ratio in water for 24h followed by dialysed against distilled water for 1 day to 

remove DMSO and also centrifugation to remove unbound SN38.
52

 The obtained GO-PEG-

SN38 and GO-PIMA_Ed-SN38 was then reacted with aquated cisplatin (CDDP) (5mg/ml) in 1:5 

weight ratio in water for 24 h at room temperature to self-assemble the 2D sheets into 3D 

spherical nanoparticles. Excess aquated cisplatin was excluded by dialysis for 6-8 hrs against 
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distilled water which yielded the GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP 

nanoparticles.
50

 

 

3.4.4 Characterization: Fourier transform infrared (FTIR) spectroscopy was performed using a 

NICOLET 6700 FTIR from Thermo Scientific.  

 

3.4.5 Estimation of size, shape and morphology by FESEM and AFM: The morphology of 

GO-PEG-SN38-CDDP and GO-PIMA_Ed-SN38-CDDP nanoparticles was observed using field-

emission scanning electron microscopy (FESEM) and atomic force microscopy, by spotting the 

samples on a silicon wafer and mica sheet respectively.
50

 

 

3.4.6 Raman Spectroscopy: Raman spectra for GO-PEG-SN38-CDDP and GO-PIMA_Ed-

SN38-CDDP were recorded with Lab RAM HR 800 instrument using laser excitation 

wavelength of 532 nm with 50X objective. 

 

3.4.7 Quantification of drug loading in nanoparticles: Loading of the individual drugs SN38 

(387nm), Cisplatin (707 nm) in GO-Peg-SN38-CDDP and GO-Pima_Ed-SN38-CDDP was 

estimated by UV-visible spectroscopy and the drug loading efficiency was calculated. 
48

 

Ratio of loading of SN38: CDDP in GO-PEG-SN38-CDDP is 1:0.8 and in GO-PIMA_ED-

SN38-CDDP is 1:0.97. 

 

3.4.8 Fluorescence spectroscopy: Steady state fluorescence of for fluorescent drug SN38 was 

recorded using a HORIBA Flouromax-4, emission spectra for SN38 was was recorder at λmax = 

560nm.  

 

3.4.9 Cellular internalisation by confocal laser scanning microscopy (CLSM): 2X10
4
 were 

seeded in a labtek chamber and were kept at optimum temperature and CO2 conditions for 

adherement. Cells were then treated with green fluorescent GO-Peg-SN38-CDDP NP 

(SN38:CDDP = 2μg mL
-1
: 1.22 μg ml

-1
) and GO-Pima_Ed-SN38-CDDP NP (SN38:CDDP = 

2μg mL
-1
: 1.4μg ml

-1
) for 1h, 3h, and 6h. After incubation, the cells were cleaned with phosphate 

saline buffer, treated with Lysotracker Red DND 99 and observed using Leica SP8 confocal 

microscope.
 50
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3.4.10 Study of endocytosis pathway: 2X10
4
 HeLa cells were allowed to attach in 8 well 

LabTek and then pre-incubated with inhibitors: Chlorpromazine (10 µg mL-1), 5-(N-ethyl-N-

isopropyl)-Amiloride (1 mM) and Genistein (200 µM) for 30 min. After 30 min, media was 

removed, washed with PBS and replaced with fresh DMEM. GO-Peg-SN38-CDDP 

(SN38:CDDP = 2μg mL
-1
: 1.22 μg ml

-1
)and GO-Pima_Ed-SN38-CDDP NPs (SN38:CDDP =  

2μg mL
-1
: 1.4μg ml

-1
)  were added and incubated for 2 h. The cells were washed with phosphate 

saline buffer (PBS) stained with Lysotracker Red DND 99, followed by which they were imaged 

using Leica SP8 confocal microscope.
71 

 

3.4.11 Detection of γH2AX by immunostaining: 5X10
5
 cervical cancer cells were seeded on 

coverslips and kept to adhere overnight at optimum conditions. IC50 value GO-Peg-SN38-CDDP 

(SN38:CDDP = 1.5μM:1.2μM) and GO-Pima_Ed-SN38-CDDP NPs were added (SN38:CDDP = 

2.5μM:2.4μM) and incubated for 24h. Cells were treated with primary antibody solution 

(γH2AX, PARP in 1:100 dilution) led by incubation with Alexa Flour-594 conjugated secondary 

antibody (1:500 dilution). The slides were imaged using Leica SP8 confocal microscope.
48

 

 

3.4.12 Western blot analysis: 1X10
6
 HeLa cells were treated with GO-Peg-SN38-CDDP NPs 

(SN38:CDDP=1.5μM:1.2μM) and GO-Pima_Ed-SN38-CDDP NPs (SN38:CDDP= 

2.5μM:2.4μM) for 24 h at their inhibitory concentration, after which cells were lysed to obtain 

the protein lysate and separated using SDS-PAGE. The desired proteins were further treated with 

respective primary and secondary antibodies and visualized by ImageQuant LAS 4000 using 

Chemiluminescent HRP Substrate.
50

 

 

3.4.13 Apoptosis detection by FACS: After 24 h treatment with GO-Peg-SN38-CDDP 

(SN38:CDDP=1.5μM:1.2μM) and GO-Pima_Ed-SN38-CDDP (SN38:CDDP=2.5μM:2.4μM) NP 

at their corresponding IC50 concentrations, HeLa- cervical cancer cells were washed trypsinised 

and stained with Annexin V-FITC and PI (Dead Cell Apoptosis Kit). The cells were analysed for 

apoptosis using BD AccuriTM C6 flow cytometer.
50 

 

3.4.14 Cell viability assay: 5X10
3 

HeLa cells were incubated with GO-Peg-SN38-CDDP and 

GO-Pima_Ed-SN38-CDDP NP in a concentration dependent manner. The viable cells were 

estimated using MTT reagent as described previously.
50 
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3.5 Conclusion 

In the current study we have successfully designed polymer functionalized self-assembled 

graphene oxide (GO) spherical nanoparticles which can encompass SN38 (Topoisomerase I 

inhibitor) and cisplatin (DNA cross-linker). We modified parental GO 2D sheets with 

hydrophilic polymers like PEG and PIMA_Ed and self-assembled the sheets into 3D spherical 

nanoparticles via. cisplatin. The as formed GO-PEG-SN38-CDDP and GO-PIM_Ed-SN38-

CDDP nanoparticles displayed enhanced aqueous colloidal stability, which is an important 

aspect for effective biomedical application of nano-scale materials. The average diameter of the 

nanoparticles was around 180nm-200nm which can facilitate their accumulation specifically into 

tumor tissues through enhanced permeability and retention effect. The GO-PEG-SN38-CDDP 

and GO-PIM_Ed-SN38-CDDP NPs were taken up by HeLa cells through clathrin mediated 

endocytosis, into the acidic lysosomes within 6h and triggered the release of drugs SN38 and 

CDDP. The drug induced DNA damage and TOP1 inhibition triggered apoptosis in cancer cells 

which was confirmed by western blot and flow cytometry analysis. Further, the nanoparitcles 

demonstrated improved HeLa cell killing efficacy in comparison to the corresponding free drug 

cocktail. Thus, our strategy represents a safer design to improve the dispersibility of GO 

nanoparticles and their potential usage in clinics for future chemotherapy. 

3.6 Salient Features 

 We achieved improved aqueous colloidal stability of the GO-NPs, by modifying pristine GO with 

hydrophilic polymers PEG and ethylenediamine conjugated PIMA (PIMA_Ed) which was then 

self assembled into into 3-dimentional spherical nanoparticles (GO-PEG-NPs and GO-PIMA-Ed 

NPs) through cisplatin cross-linking.  

 The nanoparticles were stacked with SN38-a Topoisomerase I inhibitor along with cisplatin. 

 The GO-PEG-SN38-CDDP NPs and GO-PIMA- NPs were taken up by HeLa cells through 

clathrin-induced endocytosis, into the acidic lysosomes within 6h and triggered the release of 

SN38 and cisplatin as payloads. 

 The nanoparticles induced DNA damage and Topoisomerase I inhibition prompted apoptosis in 

cancer cells which was confirmed by western blot and flow cytometry analysis. 

 The GO-polymer-NPs demonstrated improved HeLa cell killing efficacy in comparison to the 

free drug cocktail. 



 

Page | 85  

 

3.7  Appendix 

    
Figure A 3.1: 

1
H NMR of PIMA_Boc-ethyelenediamine-conjugate 9.  

 

 

Figure A 3.2: 
1
H NMR of PIMA_ethylenediamine- conjugate 10. 
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4 Chapter 4: Graphene oxide Nanocells for 

Impairing Topoisomerase and DNA in 

Cancer Cells. 
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4.1 Abstract 

DNA Topoisomerases and nuclear DNA are recognized as important targets for cancer therapy. 

However, DNA Topoisomerase inhibitors and DNA damaging drugs demonstrate a large 

window of side effects in the clinics. Graphene oxide based biocompatible and biodegradable 

nano-scale materials have the potential to overcome this complication. However, encompassing 

different Topoisomerase inhibitors along with DNA damaging drug into 2D-graphene oxide 

remains a main challenge. To address this, in this manuscript, we have engineered a self-

assembled spherical 3D-graphene oxide nanoparticle coated with lipid (GO-Nanocell) which can 

concomitantly load and release multiple Topoisomerase inhibitors (topotecan and doxorubicin) 

and DNA damaging drug (cisplatin) in a controlled manner. Fluorescence confocal microscopy 

confirmed that these GO-Nanocells were taken up by the HeLa cervical cancer cells and homed 

into lysosomes temporally over 6h. A combination of confocal microscopy, gel electrophoresis, 

and flow cytometry study revealed that these GO-Nanocells damaged nuclear DNA along with 

Topoisomerase inhibition leading to induction of apoptosis through cell cycle arrest in G2-M 

phase. These GO-Nanocells killed HeLa cancer cells with remarkably greater efficacy compared 

to free drug cocktail at 48 h post-incubation. These self-assembled GO-Nanocells can serve as a 

nanoscale tool to perturb multiple therapeutically important sub-cellular targets simultaneously 

for improved efficacy in future cancer chemotherapy.  

 

4.2 Introduction 

Cancer is the second leading deadliest disease in the whole world.
1, 2

 Chemotherapy using small 

molecule cytotoxic drugs is highly effective in eradicating cancer where surgical removal is not 

possible.
3-5

 However, collateral damage of healthy cells leading to severe side effects to the 

patients is a foremost setback for the chemotherapy strategy.
6
 As a result, novel targets inside 

cancer cells need to be impaired for improved therapeutic efficacy. In this context, in recent 

years, DNA Topoisomerases, which are instrumental in solving topological problems in 

replication, transcription and genomic stability, have gained lots of attention.
7-12

 Furthermore, 

Toposiomerases (Topoisomerase I and II) are implicated in different types of cancers leading to 

the development of topoisomerase inhibitors as anti-cancer drugs.
13-16

 Although topoisomerase 

inhibitors showed dose-dependent toxicity to bone-marrow progenitor and intestinal cells, they 
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are extensively used as mono- or in combination therapy with DNA damaging drugs for 

improved therapeutic efficacy.
17-21

  

Nevertheless, drug combinations have augmented side-effects as well as unpredictable bio-

distribution leading to attrition in effective dose reaching to the diseased tissues. Hence, the 

packaging of multiple drugs in optimal concentrations in a single vector with controlled release 

remains a major challenge in next-generation chemotherapy. 

In the past decade, nano-materials have transformed the traditional cancer chemotherapy by 

encasing and transporting multiple therapeutic payloads (small molecules, biologics, and nucleic 

acids) into tumor tissues in critical dosages with proper release strategies and reduced side 

effects.
22-25

 In this regard, recently, different carbon materials have gained a lot of attention as 

nano-scale vectors for drug delivery, biosensing as well as theranostic probes for biomedical 

applications due to their exceptional structures and biocompatibility.
26-32

 The unique aromatic 

and 2-dimensional structure of graphene and graphene oxide (GO) have been judiciously used to 

stack aromatic anti-cancer drugs and nucleic acids by π-π interactions.
33-36

 However, it remains a 

key task to integrate multiple therapeutic payloads beyond the GO surface with optimum loading 

and controlled release profiles. Despite some recent advancements in developing surface 

modified GO for various small molecules, small molecule-siRNA and small molecule-cytokine 

combination in cancer therapy, the field remains in its infancy to impair multiple targets 

simultaneously inside the cancer cells using GO as nano-platform. 

To address this, in this chapter, we have engineered a lipid coated self-assembled graphene oxide 

nanoparticle (GO-Nanocell) which can concurrently encompass DNA Topoisomerase inhibitors 

(Topotecan and Doxorubicin) and DNA damaging agent (Cisplatin) in a single nanoparticle. 

These GO-Nanocells (GO-NCs) were spherical in shape with a diameter of 151 nm confirmed by 

light scattering (DLS) and electron microscopy (AFM and FESEM). These GO-NCs were 

temporally internalized into the sub-cellular lysosomes of HeLa cervical cancer cells within 6h 

and released the Topoisomerase inhibitors and DNA damaging drugs in a controlled manner over 

72 h. DNA Topoisomerases were inhibited in a synchronized manner with DNA damage by GO-

NCs visualized by confocal laser scanning microscopy (CLSM) and gel electrophoresis. This 

GO-NC mediated simultaneous impairment of DNA Topoisomerases, and nuclear DNA 

prompted programmed cell death (apoptosis) through cell cycle arrest in G2-M phase leading to 
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remarkably augmented HeLa cancer cell death at 48 h compared to free inhibitors and drug 

combinations. These GO-NCs can be further explored as a platform to target multiple oncogenic 

proteins simultaneously to improve the therapeutic efficacy for next-generation combination 

cancer therapy.  

4.3  Result and Discussion 

4.3.1 Engineering GO Nanocell: To inhibit Topoisomerase I and II in cancer cells, we have 

chosen topotecan (Topo) and doxorubicin (Dox) respectively due to their extensive use in clinics 

as anti-cancer drugs.
14-16

 Moreover, Topoisomerase I and II have overlapping functions leading 

to inefficient inhibition of their catalytic activity by single inhibitors.
 16

 Hence, we rationalized to 

combine both topoisomerase inhibitors for improved efficiency. To damage nuclear DNA 

simultaneously, we have chosen cisplatin (CDDP) as FDA approved drug used to treat different 

types of cancers.
42, 43

 Moreover, cisplatin has been used in combination with both topotecan and 

doxorubicin to cure multiple types of malignancies including cervical cancer.
17, 19, 20

 Although, 

cisplatin, doxorubicin and topotecan have no over-lapping toxicity profile, individually, they 

show dose-dependent nephron-, neuro-, cardio-toxicity along with myelosuppression 

respectively.
44-47

 Hence, we hypothesized to use these anti-cancer drugs to inhibit nuclear 

Topoisomerases and DNA in cancer cells using a single nano-scale material for augmented 

therapeutic efficacy. 

First, topotecan (2) was loaded on 2-dimensional GO (1) surface by aromatic π-π interaction 

(Scheme 1a, Figure 4.1) by mixing GO and topotecan in 1:1 weight ratio in water for 24 h to 

obtain GO-Topotecan (GT, 3). 
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Scheme 1: (a) Scheme of engineering GO-Nanocells. (b) Schematic representation of 

cellular internalization and the mechanism of action of GO-Nanocells. 
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Figure 4.1: Synthetic scheme of GO-Nanocell. 

 

 

Figure 4.2: (a-c) FESEM images of GO, GT and GTC-NPs respectively. (d) Elemental mapping of 

Pt from FESEM, (e,f) 2-D and 3D AFM images of GTC-NPs respectively 
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The morphology of GT was visualized by field emission scanning electron microscopy 

(FESEM), which revealed that GT preserved the 2D-sheet like morphology as GO (Figure 4.2a-

b). The existence of GO in GT was established by the characteristic D and G bands in resonance 

Raman spectroscopy (Figure 4.3a). The stacking of topotecan on 2D-GO surface was confirmed 

by the remarkable quenching of fluorescence emission intensity of free topotecan at λmax = 525 

nm (Figure 4.4a). GT was further reacted with aquated cisplatin (4, Figure 4.1) in 1:5 weight 

ratios in water for another 24 h to afford GO-Topotecan-CDDP (5, Figure 4.1). It was observed 

that GO-Topotecan-CDDP composite formed spherical nanoparticle (GTC-NP) having a size 

range from 80-90 nm, which was in agreement with our previous study.
37, 40

 The spherical 

morphology of GTC-NPs was determined via FESEM and atomic force microscopy (AFM) 

(Figure 4.2c, e-f). The existence of cisplatin in GTC-NPs was confirmed by elemental mapping 

of Pt by FESEM based energy dispersive X-ray spectroscopy (EDAX) (Figure 4.2d). Presence 

of GO and topotecan in GTC-NPs was further confirmed by characteristic D/G band in 

resonance Raman spectroscopy and fluorescence emission quenching spectra respectively 

(Figure 4.3b, 4.4b).  

 

Figure 4.3: (a, b) Resonance Raman spectra of GT and GTC-NPs confirming the presence of GO 

moiety. 
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Figure 4.4: (a, b) Fluorescence emission spectra of GT and GTC-NPs confirming the stacking of 

topotecan on GO. 

 

Finally, to introduce Topoisomerase II inhibitor, doxorubicin, we synthesized cholesterol-

doxorubicin conjugate through a succinic acid linker.
38

 We coated the GTC-NPs with 

cholesterol-doxorubicin (Chol-Dox) conjugate (6, Figure 4.1) using phosphatidylcholine (PC) 

and DSPE-PEG2000 by employing the lipid film hydration-extrusion technique
48

 to engineer GO-

Nanocell (GO-NC).  

 

Figure 4.5: Characterization of GO-Nanocells by (a) dynamic light scattering (DLS), (b) FESEM 

and (c) AFM. (d) Single particle resonance Raman spectra of GO-Nanocells and GO. 
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Dynamic light scattering (DLS) of GO-NCs revealed that the hydrodynamic diameter of GO-

NCs was 151.6 nm with a polydispersity index (PDI) = 0.298 (Figure 4.5a), which indicated that 

the GO-NCs are mono-dispersed with suitable size range for accumulating into tumor tissues by 

leaky vasculature.
49

 FESEM and AFM images also confirmed that the spherical morphology of 

GTC-NPs was retained in GO-NC (Figure 4.5b,c). Single particle resonance Raman spectra of 

GO-NCs demonstrated characteristic D and G bands at 1350 cm
-1

 and 1590 cm
-1

 respectively 

which unequivocally established the existence of GO in GO-NCs (Figure 4.5d).  

The presence of topotecan and doxorubicin in GO-NCs was determined by UV-Vis spectroscopy 

having a representative absorbance peak at λmax = 389 nm and 480 nm respectively (Figure 

4.6a). Furthermore, the incorporation of topotecan in GO-NCs was validated by the reduction of 

fluorescence emission intensity at λmax = 525 nm compared to free topotecan (Figure 4.6b). We 

finally confirmed the occurrence of cisplatin in GO-NCs by EDAX measurement showing 8.56 

weight % of Pt in GO-NCs (Figure 4.7).  We also evaluated the loading of topotecan, 

doxorubicin and cisplatin in GO-NCs by UV-Vis spectroscopy at distinctive λmax = 389 nm, 480 

nm, and 706 nm respectively (Figure 4.8a-c).It was estimated that GO-NCs contained 120.5 

μg/mL of doxorubicin, 291 μg/ml of  topotecan and 198 μg/ml of cisplatin (Figure 4.8d). 

 

Figure 4.6: (a) UV-Vis spectra of GO-Nanocells confirming the presence of topotecan and 

doxorubicin. (b) Fluorescence emission spectra of GO-Nanocell exhibiting the stacking of topotecan 

on GO surface. 
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Figure 4.7:EDAX of GO-Nanocell from FESEM confirming the presence of cisplatin. 

 

 

Figure 4.8: (a-c) Absorbance versus concentration graph of cisplatin, topotecan and doxorubicin 

respectively determined by UV-Vis spectra. (d) Loading of topotecan, cisplatin and doxorubicin in 

GO-Nanocell. 
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4.3.2 Cellular internalization: We hypothesized that GO-NCs would be internalized into the 

cancer cells and home into lysosomes (Scheme 1b). To validate our hypothesis, we have 

incubated the HeLa cervical cancer cells with GO-NCs at different time points (1h, 3h, and 6h) 

and co-stained the lysosomes with LysoTracker Green DND-26 dye. The cells were then 

observed under a confocal fluorescence laser scanning microscope (CLSM). The fluorescence 

microscopy images revealed that GO-NCs (red fluorescently labeled due to the presence of 

doxorubicin) slowly entered into the HeLa cells and localized into lysosomes in a time-

dependent manner leading to the merged yellow areas after overlapping green and red 

fluorescence signals (Figure 4.9). 
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Figure 4.9: Confocal laser scanning microscopy (CLSM) images of HeLa cells treated with GO-

Nanocells (red fluorescence) at 1 h, 3 h and 6 h time points. The cells were co-stained with 

LysoTracker DND-26 (green fluorescence). The yellow regions show the co-localization of GO-

Nanocells into the lysosomes. Scale bar = 10 mm. 

 

 Further quantification from confocal microscopy through Mander’s and Pearson’s coefficients 

also confirmed that GO-NCs localized into lysosomes with 13%, 20% and 42% colocalization 

volume at 1h, 3h and 6h time points respectively (Table 1). We further evaluated the retention 

time of the GO-NCs into lysosomes by incubating them for higher time points (12h and 24h). 

The CLSM images clearly showed that the GO-NCs were retained in the lysosomes for 12 h and 

24 h with nearly 36% and 31% volume colocalization (Figure 4.10, Table 1). This fluorescence 

confocal microscopy showed that GO-NCs internalized into the HeLa cells temporally and 

homed into lysosomes within 6 h and retained there for 24 h.  

 

Figure 4.10: CLSM images of HeLa cells at 12 h and 24 h post incubation with GO-Nanocells (red 

fluorescence). Lysosomes were stained with fluorescently labelled LysoTracker Green DND-26. 

Scale bar = 10 μm.  
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Table 3: Quantification of % volume colocalization of GO-Nanocells into lysosomes of HeLa cells in 

different time points (1h, 3h, 6h, 12h and 24h) from confocal microscopy. 

 

Sub-cellular lysosomes are acidic.
50

 Hence, after localization of GO-NCs into lysosomes in HeLa 

cells, the topoisomerase inhibitors and DNA damaging agent should be released from GO-NCs 

in acidic milieu. To evaluate the release of inhibitors and DNA damaging drugs, GO-NCs were 

incubated into the buffer of pH = 5.5 over 72 h and the released drugs in each time interval was 

quantified by UV-Vis spectroscopy. It was observed that after 72 h, 41%, 22% and 18% of 

topotecan, doxorubicin, and cisplatin were released respectively from GO-NCs in a slow and 

continuous manner (Figure 4.11a). We rationalized that, as topotecan was attached with GO-

NCs by weak aromatic π-π stacking, the release of topotecan was faster compared to doxorubicin 

which was linked with the stronger amide covalent bonding at the acidic environment. 

Furthermore, cisplatin was attached to GO by much stronger coordination linkage leading to the 

slowest released drug from GO-NCs. To make sure that GO-NCs should not release its payload 

in blood circulation before reaching the tumor tissues by passive targeting, we also incubated 

GO-NCs in physiological pH (pH = 7.4) for 72 h and quantified the drug release profile. 

Interestingly, it was found that only 17%, 13% and 10% of topotecan, cisplatin and doxorubicin 

were released from GO-NCs even after 72 h respectively (Figure 4.11b). These remarkable 

difference in release profiles in acidic and physiological pH indicated that GO-NCs would 

release the payload much better in acidic lysosomes compared to blood circulation or non-

cancerous milieu in a controlled and slow fashion which would be ideal for tumor tissue 

targeting compared to healthy tissues.  
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Figure 4.11: (a, b) Release profile of different drugs from GO-Nanocells at pH = 5.5 and 7.4 

respectively over 72 h.  

 

4.3.3 DNA damage and Topoisomerase Inhibition: After transport into the cancer cells, GO-

NCs should be able to damage nuclear DNA and inhibit topoisomerases. To estimate the nuclear 

DNA damage, we evaluated the expression of γH2AX as one of the DNA damage markers.
51

 

The HeLa cells were incubated with GO-NCs for 24 h followed by the treatment with γH2AX 

specific primary antibody which was further detected by Alexa Fluor 594 (red fluorescence) 

tagged secondary antibody. The nucleus of the cells was co-stained by blue fluorescent dye 

DAPI. The cells were visualized by fluorescence confocal microscopy. The CLSM images of the 

control cells showed a negligible signal for γH2AX (Figure 4.12, upper panel).In contrast, the 

microscopy images of GO-NC treated cells showed a significant increase (3.7 folds) in the red 

fluorescent signal confirming the much-increased expression of γH2AX (Figure 4.12, lower 

panel, and Figure 4.14a). Furthermore, the red fluorescence signals from γH2AX colocalized 

into the nucleus leading to purple fluorescence signals by overlapping with blue fluorescence 

signals of DAPI which confirmed that GO-NCs damaged the nuclear DNA. 
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Figure 4.12: CLSM images of HeLa cells treated with GO-Nanocells for 24h followed by incubation 

with the γH2AX antibody labeled with Alexa Fluor 594 dye (red fluorescence). The nuclei were 

stained with blue fluorescent DAPI. Scale bar = 10 mm. 

 

To further confirm the nuclear DNA damage, we evaluated the expression of γH2AX and p53 

via gel electrophoresis. The HeLa cells were treated with GO-NCs for 24 h followed by the 

separation of the proteins under electrophoresis and visualized by Western blot analysis. It was 

observed that the untreated control cells hardly showed any expression of γH2AX and p53. 

However, GO-NCs increased the expression of γH2AX (Figure 4.13a) and p53 significantly 

(Figure 4.13b). The quantification of the protein expression also validated that GO-NC treated 

cell amplified the expression of γH2AX and p53 by 6.9 and 4.3 folds respectively compared to 

the non-treated control cells (Figure 4.14b and c). Cellular DNA damage triggers the repair 

mechanism through poly (ADP-ribose) polymerase (PARP).
52

 We also assessed the expression 

of PARP after treatment with GO-NCs by Western blot, which demonstrated that PARP 

expression was reduced by 1.8 fold due to cleavage as a result of DNA damage (Figure 4.13c 

and Figure 4.14d). Finally, we estimated the inhibition of Topoisomerase I by gel 

electrophoresis after treatment of HeLa cells for 24 h with GO-NCs. Interestingly; GO-NCs 

reduced the expression of Topoisomerase I by 3.4 folds compared to the control cells, which 
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confirmed that GO-NCs inhibited Topoisomerase I in HeLa cells (Figure 4.13d and Figure 

4.14e). The confocal imaging and immune-blotting experiments explicitly established that GO-

NCs inhibited Topoisomerase along with nuclear DNA damage in HeLa cells. 

 

Figure 4.13: Western blot analysis of (a) γH2AX, (b) p53, (c) PARP and (d) TOPO-1 in HeLa cells 

after treatment with GO-Nanocells for 24 h. 

 

      

Figure 4.14: HeLa cells were treated with GO-Nanocells for 24 h and (a, b) γH2AX expression was 

quantified from confocal microscopy and Western blot analysis respectively and (c-f) quantification 

of p53, PARP, Topo-1 and Cas-3 from Western blot analysis respectively.  
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4.3.4 Cell cycle arrest, apoptosis induction and cell death: GO-Nanocell mediated inhibition 

of topoisomerase and DNA damage would lead to the cell cycle arrest in cancer cells. Flow 

cytometry analysis was used to evaluate the cell cycle arrest after treating HeLa cells with GO-

NCs for 24 and 48 h followed by propidium iodide (PI) to label the cellular DNA. The flow 

cytometry analysis revealed that 65%, 11%, and 5% control cells were in G1, S and G2-M phase 

of cell cycle respectively. However, after treatment with GO-NCs for 24 h, 21.5%, 4%, and 

41.5% of cells were found in G1, S and G2-M phase respectively. Similarly, at 48 h post-

incubation with GO-NCs, 10.5%, 11%, and 47.5% cells were in G1, S and G2-M phase of cell 

cycle (Figure 4.15). The flow cytometric analysis indicated that GO-NC mediated DNA damage 

and Topoisomerase inhibition led the HeLa cells to be arrested in the G2-M phase of the cell 

cycle. 

 

Figure 4.15: Cell cycle analysis of HeLa cells via flow cytometry after treatment with GO-Nanocells 

for 24 h and 48 h. The cellular DNA was stained by red fluorescent propidium iodide (PI). 

 

The cell cycle arrest by GO-NCs would lead to the programmed cell death (apoptosis) in HeLa 

cells. To estimate apoptosis, we treated HeLa cells with GO-NCs for 24 h and 48 h. The 

apoptotic cells and necrotic cells were stained by green fluorescent FITC labelled Annexin V and 

red fluorescent propidium iodide (PI) respectively followed by flow cytometric analysis to count 

the cells in different stages. We observed that at 24 h, GO-NCs induced nearly 21% cells into 

early and only 6% cells in later apoptosis (Figure 4.16). However, interestingly, at 48 h, GO-

NCs triggered early apoptosis in 22% cells along with 54.5% cells into late apoptosis.  
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Figure 4.16: Induction of apoptosis in HeLa cells at 24 h and 48 h postincubation with GO-

Nanocells determined by flow cytometry analysis. 

 

Moreover, induction of apoptosis into cancer cells would lead to the cleavage of effector caspase 

3. Hence, we measured the expression of caspase-3 in HeLa cells by gel electrophoresis after 

treatment with GO-NCs for 24 h. The immune-blotting demonstrated that GO-NCs reduced the 

expression of caspase-3 by 1.7 folds compared to control cells (Figure 4.17a, Figure 4.14f). 

These flow cytometry and western blot analysis demonstrated that GO-NCs induced early and 

late apoptosis in HeLa cells at 24 h and 48 h post-incubation. 

Finally, we evaluated the efficacy of GO-NCs in HeLa cervical cancer cell killing by cell 

viability assay. HeLa cells were treated with GO-NCs in a dose-dependent manner over 24 h and 

48h followed by incubation with MTT reagents. As a control, we treated the cells with the 

combination of topotecan, doxorubicin, and cisplatin in the same ratio present in GO-NCs for 24 

h and 48 h. Interestingly, at 24 h, GO-NCs showed 50% cell death at 3 μM concentration of 

topotecan which is very nearly similar as the 50% cell death induced by the free drug 

combinations at 2.85 μM (Figure 4.17b-c). Although, GO-NCs showed much higher cell killing 

ability (cell viability = 1.9%) compared to free drug combination (cell viability = 11.3%) at 70 

μM concentration of topotecan, at 48h post-incubation, GO-NCs demonstrated far better efficacy 

with much lower IC50 = 1.03 μM compared to IC50 = 4.3 μM induced by free drug combination. 

Moreover, at higher concentration (70 μM), GO-NCs showed much better cell killing (cell 

viability = 1.4 %) compared to free drug combination (cell viability = 9.5 %). From these cell 

viability assays, it was evident that GO-NCs demonstrated augmented efficacy in HeLa cervical 

cancer cell killing at 48 h compared to the free drug cocktail.  
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Figure 4.17: (a) Western blot analysis of caspase-3 in HeLa cells as a marker for apoptosis after 

treatment with GO-Nanocells for 24 h. (b) Viability of HeLa cells at 24 h and (c) 48 h post-

incubation with GO-Nanocells quantified by MTT assays. 

 

4.4 Materials and Methods 

4.4.1 Reagents: Graphene oxide (4 mg/mL), Cisplatin and silicon wafer for FESEM were 

bought from Sigma-Aldrich. Topotecan and Doxorubicin were bought from Selleck Chemicals. 

DMEM media and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 

purchased from HiMedia. Annexin-V-FITC Staining Kit was purchased from Roche. 

LysoTracker
TM

 Green DND-26 and SlowFade® Gold Antifade Reagent were procured from Life 

Technologies.  

 

4.4.2 Synthesis of Graphene oxide-Topotecan-Cisplatin nanoparticles (GTC NPs): The GTC 

nanoparticles were prepared according to previously reported strategy 
37

. Briefly, graphene oxide 
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(4 mg/mL, 250 µl) was dispersed in distilled water (2 ml). An aqueous solution of Topotecan (1.0 

mg) in distilled water (1 ml) was prepared and added to the dispersed graphene oxide solution. 

The reaction was stirred at room temperature for 24 h. To remove unreacted topotecan, the 

reaction mixture was dialyzed against distilled water through dialysis membrane (MWCO= 1000 

Dalton) for 6 h and then centrifugation at 4000 rpm. Further aquated cisplatin (5 mg/ml) was 

added to graphene oxide-topotecan conjugate and stirred at room temperature for 24 h. After 

completion of the reaction, the mixture was again dialyzed to remove excess of aquated cisplatin.  

4.4.3 Synthesis of Cholesterol-Doxorubicin Conjugate: Doxorubicin was conjugated with 

cholesterol through a succinic acid linker in two steps by previously reported scheme.
38 

Characterization in appendix (Figure A 4.1 to 4.6) 

Characterization of cholesterol-succinic acid linker conjugate 

 
1H NMR: (400 MHz, Chloroform-d) δ = 5.37(1H, d, J = 4 Hz), 4.67 – 4.59 (1H, m, J = 11.8 

Hz), 2.67 (2H, t, J= 6.8 Hz), 2.60 (2H, t, J = 6.9 Hz ), 2.30 (2H, d, J = 8 Hz), 2.05 – 1.93 (2H, 

m),  1.86 (1H, d, 2.4 Hz),1.75– 1.78 (2H, m), 1.68 – 1.42 (8H, m), 1.40 – 1.20 (5H, m,), 1.18 – 

1.04 (8H, m), 1.04 (3H, s), 0.91 (3H, d, J =6.4 Hz), 0.87 (3H, d, J = 1.8 Hz), 0.85 (3H, d, J = 1.8 

Hz), 0.67 (3H, s). 

 

13C NMR: (100 MHz, Chloroform-d) δ = 177.6, 171.6, 139.6, 122.8, 77.4, 77.1, 76.8, 74.7, 

56.8, 56.3, 50.1,42.4, 39.8, 39.6, 38.1, 37.1, 36.7, 36.3, 35.9, 32.0, 29.4, 29.1, 28.4, 28.1, 27.8, 

24.4, 23.9, 22.9, 22.7,19.4, 18.8, 12.0. 

 

MALDI-TOF: m/z: for C31H50O4, calculated = 509.3709, observed = 509.3606 

 

Characterization of conjugate (6) chol-dox 

 
1H NMR: (400 MHz, Chloroform-d) δ = 8.05 (1H, d, J = 8 Hz), 7.78 (1H, t, J = 8.0 Hz), 7.40 (1H, d, 

J = 8.0Hz), 6.8 (1H, t, J = 7.9 Hz) 5.94 (1H, d, J = 8.0 Hz), 5.53 (1H, s), 5.35 – 5.29 (2H, m), 4.76 

(2H, s), 4.61– 4.53 (2H, m), 4.16 – 4.05 (6H, m), 3.68 (1H, d, J = 2.2 Hz), 3.3 (1H, d, J = 20 Hz), 3.0 

(1H, d, J = 16 Hz), 2.28 (2H, d, J = 7.6 Hz), 1.80 – 1.54 (20H, m), 1.29 – 1.25 (8H, m),1.16-1.06 

(6H, m), 0.97 (5H, s), 0.87 (10H, dd, J = 8.4 Hz 1.6 Hz), 0.67 (3H, s). 
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13C NMR: (100 MHz, Chloroform-d) δ = 214.1, 187.2, 186.9, 173.2, 171.3, 161.2, 156.3, 155.8, 

139.6, 135.7, 135.3, 133.7, 122.9, 121.0, 118.5, 111.5, 100.8, 77.1, 74.5, 69.7, 69.0, 67.2, 66.32, 

65.7, 56.8, 56.8, 56.2, 50.1, 45.5, 42.4, 39.8, 39.6, 38.1, 37.0, 36.7, 36.3, 35.9, 31.9, 30.0, 29.8, 

28.3, 28.1, 27.8, 24.4, 23.9, 22.9, 22.7, 21.1, 19.4, 18.8, 17.0, 12.0. 

 

MALDI-TOF: m/z for calculated for C58H77NO14Na
+
, calculated = 1034.5344, observed = 

1034.7263 

 

4.4.4 Synthesis of GO-Nanocell: In a round bottom flask, L-α-phosphatidylcholine (PC), 

Cholesterol-Doxorubicin conjugate and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethyleneglycol)2000] (DSPE-PEG) were dissolved in dichloromethane (5 mL) in a 

weight ratio of 7:2:0.7. The organic solvent was slowly evaporated into a thin and uniform film 

with the help of a rotary evaporator. After thorough drying under high vacuum, the film was 

hydrated with the aqueous suspension of GTC-NPs at 60˚C for 2 h. The formed GO-Nanocells 

was first passed through a small Sephadex G-25 column and extruded through 200 nm 

Whatmann polycarbonate membrane at 60˚C to obtain mono-dispersed GO-Nanocells. The GO-

Nanocells were stored at 4˚C for further use.  

4.4.5 Determination of size, shape, and morphology: The size, shape, and morphology of GO-

Nanocells were determined by light scattering and electron microscopy like atomic force 

microscopy (AFM) and field-emission scanning electron microscopy (FESEM). The samples 

were prepared using the method described previously.
39 

 

4.4.6 Resonance Raman Spectroscopy: Resonance Raman spectra were collected using a Lab 

RAM HR 800 (Horiba Scientific) using a laser excitation wavelength of 532 nm excitation with a 

50X objective at room temperature. 532 nm was chosen as the excitation to guarantee a good 

signal/noise ratio. Before analysis, the baseline of the spectrum was extracted using the software 

NGSLabSpec. 

4.4.7 Quantification of drug loading in GO-Nanocell: Loading of individual drugs like 

Topotecan (λmax = 389 nm), Doxorubicin (λmax = 480 nm), Cisplatin (λmax = 707 nm) in GO-

Nanocell was determined via UV-visible spectroscopy using the methods described in previous 

reports. 
39, 40

 

Drug loading efficiency (%) = Amount of drug loaded in nanoparticle X 100 

                                                        The total amount of drug used 
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4.4.8 Fluorescence spectroscopy: Steady-state fluorescence spectroscopy was recorded using a 

Flouromax-4 (HORIBA scientific, USA). The GO-Nanocell was suspended in water, and the 

emission spectra for Topotecan was checked at λmax = 525 nm. The fluorescence spectra of free 

topotecan in the same concentration was also checked at emission wavelength λmax = 525 nm. 

4.4.9 Cellular internalization by confocal laser scanning microscopy (CLSM): 2 X 10
4
 HeLa 

cells were used for cellular internalization study. Upon attachment, cells were treated with GO-

Nanocell (topotecan :CDDP : doxorubicin = 2 mg ml
-1

 : 1.4 mg ml
-1

 : 0.8 mg ml
-1

) for 24h, 12h, 

6h, 3h, and 1h. Cells were counter-stained with Lysotracker Green DND 26 after washing with 

PBS. Cells were visualized by Leica SP8 confocal microscope 
40

  

4.4.10 Detection of γH2AX by immunostaining: 5 X 10
5
 HeLa cells were used for this 

experiment. GO-Nanocell (topotecan :CDDP :doxorubicin = 1 μM: 0.9 μM: 0.3 μM) was added 

to the cells and incubated for 24h. The cells were visualized by confocal microscopy by using 

γH2AX primary antibody (1:100 dilution) and Alexa Flour 594 conjugated secondary antibody 

(1:500 dilution).
39,41 

 

4.4.11 Western blot, flow cytometry, cell viability: Western blot, cell cycle analysis, apoptosis, 

and cell viability assays were performed by using the method described in ref. 39 and 40. For all 

of the assays the GO-Nanocell was used having concentration of topotecan, CDDP and 

doxorubicin of 1 μM, 0.9 μM and 0.3 μM respectively. The free drug cocktail used as the control 

for the cell viability assay was also prepared using the same drug concentrations present in the 

GO-Nanocell. 

 

4.5 Conclusion 

In conclusion, we have engineered a graphene oxide-based self-assembled spherical nanoparticle 

with lipid coating (GO-Nanocell: GO-NC) which can concurrently comprise DNA damaging 

drug (cisplatin) with DNA Topoisomerase inhibitors (topotecan and doxorubicin) in a single 

particle. The spherical shape and 151 nm hydrodynamic diameters of these GO-NCs were 

determined by DLS, FESEM and AFM studies. Fluorescence confocal microscopy images 

demonstrated that these GO-NCs internalized into the HeLa cervical cancer cells temporally and 

homed into sub-cellular lysosomes within 6h. c inhibitors were released from these GO-NCs in 

improved quantities in a slow and controlled way at acidic pH compared to physiological 
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condition. These GO-NCs induced DNA damage simultaneously with DNA Topoisomerase 

inhibition in cancer cells which triggered early and late apoptosis through G2-M phase cell cycle 

arrest at 24 h and 48h. Finally, these GO-NCs offered remarkably greater efficacy in HeLa cell 

killing compared to free drug combinations at 48 h. It can be anticipated that; this GO-NCs can 

serve as a tool to impair multiple targets inside the cancer cells in a synchronized manner for a 

better therapeutic effect in future cancer therapy. 

4.6 Salient Features 

 We developed a triple (Topo, Dox and Cisplatin) drug loaded, lipid coated graphene oxide 

nanoparticle termed as GO-Nanocell. 

  PC and cholesterol are major components of the cell membrane, and are thus highly 

biocompatible. The enveloping of the dual drug conjugated GO nanoparticles with lipids makes 

it safer for intravenous delivery. 

 GO-Nanocells internalized into the HeLa cervical cancer cells temporally and homed into sub-

cellular lysosomes, releasing the drugs in a controlled manner. 

  The released DNA damaging drug cisplatin and Topoisomerase I and II inhibitors-topotecan 

and doxorubicin ushered DNA damage along with TOP1 and TOP2 inhibition, which triggered 

apoptosis in HeLa cells. 

 GO-Nanocells offered remarkably greater efficacy in HeLa cell killing compared to free drug 

combinations at 48 h. 
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4.7 Appendix 

 

Figure A 4.1: 
1
H NMR of Cholesterol-succinic acid. 

 

Figure A 4.2: 
13

C NMR of Cholesterol-succinic acid. 
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Figure A 4.3: MALDI-TOF of Cholesterol-succinic acid. 

 

Figure A 4.4: 
1
H NMR of Chol-Dox (conjugate 6). 
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Figure A 4.5: 
13

C NMR of Chol-Dox (conjugate 6). 

 

 

Figure A 4.6: MALDI-TOF of Chol-Dox (conjugate 6). 
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5 Chapter 5: Conclusion and Future 

Directions 
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In this thesis we have developed novel graphene oxide nanoplatforms which can co-load 

multiple anticancer drugs and have the potential to bring about DNA damage.  Chapter 1 gives a 

brief description of cancer and the various stresses associated with it and how enhancing the 

stresses can lead to cancer cell death. It also gives an overview of the application of 

nanotechnology and nanomaterials- specifically grapheneoxide (GO) in cancer treatment; to 

deliver and target anticancer drugs to damage important cellular organelles. In chapter 2, we 

demonstated a remarkable morphological transformation of 2D GO sheets into 3D spherical 

nanoparticles mediated by cisplatin. The cisplatin assisted self assembled 3D GO-NPs had a size 

less than 200 nm which makes it favourable for accumulation into tumor tissues through EPR 

effect. The GO NPs could be further loaded with another aromatic gemotoxic drug like 

Doxorubicin/Proflavine along with cisplatin. The dual drug loaded GO-NPsinternalized into 

cervical cancer HeLa cells, homed into the acidic lysosmes, and released the drug payloads in a 

slow and sustained manner. Ultimately, the released drugs lead to DNA damage and induced cell 

death in cancer cells. In the following chapter, we modified these GO-NPs containing SN38- a 

Toposiomerase I inhibitor and cisplatin with hydrophilic polymers PEG and PIMA to enhance 

the the aqueous colloidal stability. In addition, we successfully induced apoptosis in HeLa cells 

due to Toposiomerase I inhibition and DNA damage. Lastly we coated the GO-NPs with a lipid 

layer which was conjugated to doxorubicin. Thus we could successfully develop a triple drug 

loaded lipid coated self-assembled GO-NP (GO-Nanocell) which, simultaneously inhibited 

Topoisomerase I and II as well as damaged the nuclear DNA resulting in effective cancer cell 

death. 

Taking into consideration all the advancement in the field of GO based nanocarriers for varied 

application in cancer therapy, it paves the way for its future use in clinics. 

This work can be further continued to: 

1. Carry out in vivo studies of the engineered GO-NPs in mice models to assess the tumor cell 

killing ability, as well as moniter the biodistribution, as well as determine the cytotoxicity on 

healty tissues in vivo cytotoxicity of the engineered GO-NPs. 

2. Study the plausible mechanism for the cisplatin mediated self assembly of th3 2D GO sheets 

to 3D spherical. 
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3. Using the same strategy we can develop GO-NPs which can target other organelles, by 

conjugating targeting moieties on the surface. 

4. The triple drug loaded, lipid coated GO-NPs can be further used to inhibit muktiple targets 

inside the cell, eg: we can incorporate a DNA repair inhibitor along with DNA damaging drugs. 

This will lead to enhanced replication stress in cancer cells. 
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