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Abstract 

Cancer is one of the leading causes of morbidity and mortality worldwide. To understand the 

characteristics of cancer cells, the hallmarks of cancer are outlined by Hanahan and Weinberg. 

Resisting cell death and deregulation of cellular energetics are the two imperative hallmarks of 

cancer which are tightly governed by an important sub-cellular organelle, mitochondrion. The 

mitochondrion is known to be "the power house of the cell" since it produces energy in the form 

of ATP. Although, mitochondria is called "the power house of the cell", its roles in cancer 

progression are very well highlighted in recent studies and made it an alternative and interesting 

target for cancer therapy. However, there are three major challenges in targeting mitochondria in 

next generation cancer therapy: (a) selective targeting of mitochondria in cellular milieu, (b) 

specific targeting of mitochondria in cancer tissues and (c) overcome drug resistance. To address 

these, we have developed lipidic nanoparticle for specific targeting of Bcl-2 protein on 

mitochondria in cancer cells to overcome drug resistance. Moreover, we also developed Cerberus 

and graphene oxide based nanoplatforms to target the mitochondrial DNA and associated 

proteins in cancer cells. Furthermore, mitochondria show complex cross-talk with the nucleus 

and endoplasmic reticulum(ER) for protein and lipid supply. Hence, simultaneous targeting of 

nucleus and mitochondria would lead to the augmented therapeutic outcome. To address this, we 

have developed dual-drug conjugated nanoparticles to target nucleus and mitochondria in cancer 

cells.  We envision that the here presented unique approaches can be easily translated into clinics 

as platform technologies to inhibit multiple diverse targets concurrently into mitochondria, 

improve the therapeutic efficacy, reduce the off-target toxicity, overcome drug resistance and 

finally, offer a better quality of life to the cancer patients. 
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Synopsis 

Cancer is one of the leading causes of morbidity and mortality worldwide. To understand the 

characteristics of cancer cells, the hallmarks of cancer are outlined by Hanahan and 

Weinberg. Resisting cell death and deregulation of cellular energetics are the two imperative 

hallmarks of cancer which are tightly governed by an important sub-cellular organelle, 

mitochondrion. The mitochondrion is known to be "the power house of the cell" since it 

produces energy in the form of ATP. Although, mitochondrion is called "the power house of 

the cell", its roles in cancer progression are very well highlighted in recent studies and made 

it an alternative and interesting target for cancer therapy. However, there are three major 

challenges in targeting mitochondria for next generation cancer therapy: (a) selective 

targeting of mitochondria in sub-cellular milieu, (b) specific targeting of mitochondria in 

cancer cells keeping them intact in healthy and (c) overcome drug resistance (Chapter 1). 

We have addressed these challenges by merging organic synthesis, chemical biology and 

nanotechnology based platforms in this thesis (Scheme 1). 

 

 

Scheme 1: Targeting mitochondria in cancer cells using chemical biology and 

nanotechnology platforms.  

 

In Chapter 2, we have developed lipidic nanoparticle for specific targeting of Bcl-2 protein 

on mitochondria in cancer cells to overcome drug resistance. Detouring of conventional DNA 

damaging anti-cancer drugs into mitochondria to damage mitochondrial DNA is evolving as a 
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promising strategy in chemotherapy. Inhibiting single target in mitochondria would 

eventually lead to emergence of drug resistance. Herein, triphenylphosphine (TPP) coated 

positively charged 131.6 nm spherical nanoparticles (NPs) comprised of-tocopheryl succinate 

(TOS, inhibitor of complex II in electron transport chain) and obatoclax (Obt, inhibitor of 

Bcl-2) were engineered. The TOS-TPP-Obt-NPs entered into acidic lysosomes via 

macropinocytosis followed by lysosomal escape and finally homed into mitochondria over a 

period of 24 h. Subsequently, these TOS-TPP-Obt-NPs triggered mitochondrial outer 

membrane permeabilization (MOMP) by inhibiting anti-apoptotic Bcl-2, leading to 

cytochrome c release. These TOS-TPP-Obt-NPs mediated mitochondrial damage induced 

cellular apoptosis through caspase-9 and caspase-3 cleavage to show improved efficacy in 

HeLa cells. Moreover, TOS-TPP-Obt-NPs induced MOMP in drug resistant triple negative 

breast cancer cells (MDA-MB-231) leading to remarkable efficacy compared to the 

combination of free drugs in higher drug concentrations.  

In Chapter 3, we have developed lipidic and graphene oxide based nanoplatforms to target 

the mitochondrial DNA and associated proteins in cancer cells. Chapter 3 was subdivided in 

to two chapters: 

Chapter 3a discusses targeting mitochondrial DNA and associated proteins by Cerberus 

nanoparticle. Mitochondrion contains circular DNA responsible for the protein synthesis 

required in oxidative phosphorylation. However, spatial targeting of mitochondrial DNA 

keeping nuclear DNA intact in cancer cells is highly challenging task. In this chapter, we 

have engineered triphenylphosphine (TPP) coated mitochondrial targeting positively charged 

sub 200 nm Cerberus Nanoparticle (mt-CN). These nanoparticles can contain cisplatin (DNA 

damaging drug) and SN38 or Topotecan (Topoisomerase I inhibitor) simultaneously in a 

single nanoparticle. Confocal laser scanning microscopy confirmed that mt-CNs can home 

into mitochondria in MCF7 breast cancer cells within 12 h. A combination of polymerase-

chain reaction (PCR) and gel electrophoresis on isolated mitochondria from MCF7 cells 

exhibited that mt-CN damaged mitochondrial DNA leading to reduction in synthesis of 

mitochondria-encoded cytochrome c oxidase subunit 1 (MTCO1), while keeping nuclear 

DNA unperturbed. This mt-CN-mediated co-targeting of mt-DNA and mitochondrial 

Topoisomerase I (Top1mt) impaired mitochondria through outer membrane permeabilization 

(MOMP) followed by sequestration of cytochrome c and reactive oxygen species (ROS). 

Finally, mt-CNs induced early and late apoptosis in MCF7 cells by cleavage of caspase-9 to 

trigger improved cell death compared to free drug combination. 
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Chapter 3b demonstrates the simultaneous targeting of mitochondrial DNA and 

mitochondrial Topoisomerase I by graphene oxide nanomaterials. Inspired by the biomedical 

applications of graphene oxide and the targeting ability of polyethyleneimine directing 

nanomaterials to mitochondria, we have successfully developed mitochondria targeting 

graphene oxide nanoparticle of size < 200nm which was characterized by electron 

microscopy and Raman spectroscopic methods. These mitochondria targeting graphene oxide 

nanoparticles (mt-GO-NPs) damaged the mitochondrial DNA (mt-DNA) and mitochondrial 

Topoisomerase I (Top1mt) leading to mitochondrial outer membrane permeabilization 

(MOMP) and ROS generation. These mitochondria targeting graphene oxide nanoparticles 

(mt-GO-NPs) induced enhanced cell death compared to the free drug combination. 

Finally in Chapter 4, we synthesized dual drug conjugated nanoparticles for simultaneous 

targeting of mitochondria and nucleus in cancer cells. Although, specific targeting of 

mitochondria emerged as an interesting strategy to alter the bioenergetics of cancer cells, 

mitochondria depend on the nucleus and other cellular organelles for most of their proteins 

and lipids as well as their cellular functions. Therefore, simultaneous targeting of 

mitochondria and nucleus is very important to achieve better therapeutic efficacy against 

cancer. To achieve this goal, we have developed sub 200 nm particles from dual-drug 

conjugates derived from direct tethering of mitochondria damaging drug (α- tocopheryl 

succinate) and nucleus damaging drugs (cisplatin, doxorubicin and paclitaxel). These dual 

drug conjugated nanoparticles internalized into the acidic lysosomal compartments of the 

HeLa cervical cancer cells through endocytosis and induced apoptosis through cell cycle 

arrest. These nanoparticles damaged mitochondrial morphology and triggered the release of 

cytochrome c. Moreover, these nanoparticles targeted nucleus to induce DNA damage, 

fragment the nuclear morphology and damage the cytoskeletal protein tubulin. Therefore, 

these dual-drug conjugated nanoparticles can be successfully used as platform technology to 

simultaneously target multiple subcellular organelles in cancer cells to improve the 

therapeutic efficacy of the free drugs. 

We envision that the here presented unique approaches can be used as tools to understand 

mitochondrial biology in more details with the promise of unravelling new functions. 

Moreover, these platforms also have potential to be translated into clinics to inhibit multiple 

diverse targets concurrently into mitochondria, improve the therapeutic efficacy, reduce the 

off-target toxicity, overcome drug resistance and finally, offer a better quality of life to the 

cancer patients. 
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1.1 Cancer 

Cancer is the generic term for a large group of diseases that can affect any part of the body. 

Rapid formation of abnormal cells that grow beyond their usual boundaries is called cancer.
1
  

According to International Union Against Cancer (UICC) 2017 report, over 7 million people die 

from cancer and more than 11 million cases are diagnosed worldwide per year. Tobacco kills 

more than 5 million people, of whom 1.5 million die of lung cancer. Also, more than 160,000 

cases of childhood cancer are diagnosed and at least 90,000 children die of cancer. In 2020, if 

current trends continue, new cases of cancer will increase to 16 million per year and more than 

10 million people will die annually. According to World Health Organization (WHO), globally, 

nearly 1 in 6 deaths is caused by cancer.
2
  

Cancer arises from the transformation of normal cells into tumor cells in a multistage process. It 

is as a result of persons' genetic factors or 3 categories of external factors namely physical 

carcinogens, chemical carcinogens, biological carcinogens. Also, the incidence of cancer rises 

dramatically with age with the tendency of less effective cellular repair mechanisms.
1
 

An accurate cancer diagnosis is important for effective treatment. Every cancer type requires a 

specific treatment regimen that constitutes surgery, radiotherapy, and chemotherapy.
1
 

Palliative care improves the quality of life of patients and their families.
3
 

1.2 Hallmarks of Cancer 

To understand the complexities in the characteristics of cancer cell, in the year 2000, Hanahan 

and Weinberg outlined the hallmarks of cancer, namely, sustaining proliferative signaling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, induction of 

angiogenesis and activating invasion and metastasis.
4
 Later, after a decade, they added another 

two enabling characteristics, i.e., genome instability/mutation and tumor-promoting 

inflammation and two other emerging hallmarks, namely, deregulating cellular energetics and 

avoiding immune destruction (Figure 1).
5
 Out of these ten hallmarks, resisting cell death and 

deregulation of cellular energetics are the two imperative hallmarks of cancer which are tightly 

governed by an important sub-cellular organelle, mitochondrion. 
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Figure 1: Hallmarks of cancer (adapted from Hanahann et al. Cell, 2011, 144, 646-674) 

 

1.3 Mitochondria and Cancer 

Mitochondrion is known to be the "power house" of the cell. Mitochondrion controls the 

bioenergetics and biosynthesis inside the cells to regulate stress sensing for allowing the cells to 

adapt to the environment.
6
  

Mitochondria are endosymbiotic in origin. The endosymbiotic hypothesis suggested that 

mitochondria descended from specialized bacteria (cyanobacterium) that was endocytosed by 

another species of prokaryote, and became incorporated into the cytoplasm for survival.
7
  

The major function of mitochondria is the production of energy in the form of ATP. However the 

role of mitochondria extends beyond energy production. Mitochondria are the modulators of 
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oxidation–reduction (redox) status, generators of reactive oxygen species (ROS), controls 

cytosolic calcium (Ca
2+

) levels, contribute to the cytosolic biosynthetic precursors such as acetyl-

CoA and pyrimidines, and initiator of programmed cell death through intrinsic pathway of 

apoptosis. Any change in these functions can intervene the biosynthetic pathways, cellular signal 

transduction pathways, transcription factors and chromatin structure to shift the cell from a 

quiescent, differentiated state to an actively proliferating one leading to neoplasm.
8-9

 Moreover, 

mitochondrial biogenesis and turnover, fission and fusion dynamics, cell death, oxidative stress, 

metabolism and bioenergetics, signaling and mitochondrial DNA can contribute immensely in 

each steps of tumorigenesis (Figure 2).
8,10

 As a result, mitochondrion has emerged as one of the 

unconventional, alternative targets for next-generation cancer therapy.  

Mitochondrial biogenesis and turnover:. Mitochondrial biogenesis and turnover are the two 

pathways which are responsible for dictating the mitochondrial mass emerging as a positive and 

negative regulator of tumorigenesis. Mitochondrial biogenesis is defined as the growth and 

division of pre-existing mitochondria. Thus the role of mitochondrial biogenesis is regulated by 

many factors such as metabolic state, tumor heterogeneity, tissue type, microenvironment, and 

tumor stage.
11

 Mitophagy is the selective autophagy pathway for mitochondrial turnover, which 

maintains healthy mitochondrial populations.
12

 Thus these two pathways are the key players of 

oncogenic signaling pathways. 

Mitochondrial fission and fusion dynamics: Mitochondrial fission and fusion dynamics are of 

great importance since their balance dictates the morphology of the mitochondria.
13

 The 

recruitment of dynamin-related protein-1(Drp1) to mitochondria is an important step in 

mitochondrial membrane fission. The receptors causing membrane constriction on interaction 

with its outer mitochondria membrane (OMM) are catalyzed by GTPase activity .This process is 

regulated by phosphorylation mediated by multiple kinases as  response of the cell-cycle arrest 

and stress conditions.
14

 The mitochondrial fusion is mediated by mitofusins (Mfn1 and Mfn2) 

along with optic atrophy-1 (Opa1).
15

 Mitochondria exist as either fused, tubular networks or as 

fragmented granules depending on cellular state. The imbalance of fission and fusion activities in 

cancer, with increased fission activity and/or decreased fusion activity results in the production 

of fragmented mitochondrial network.
16
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Evading cell death: Evading cell death is an imperative hallmark of cancer which is tightly 

governed by mitochondria.
5
 Apoptosis is the programmed cell death and mitochondria are 

directly involved in the intrinsic pathway of apoptosis.
17

 The pro-apoptotic Bcl-2 family 

members Bax and Bak are translocated to the outer mitochondria membrane where their 

oligomerization takes place. This thereby results in mitochondrial outer membrane 

permeabilization (MOMP), mitochondrial transition pore formation and generation of 

cytochrome c from mitochondria into the cytosol followed by activation of caspases, the 

executors of apoptosis.
18

 During normal physiological condition, anti-apoptotic Bcl-2 family 

members such as Bcl-2 and Bcl-XL bind and inhibit Bax/Bak. Tumor cells can escape the 

process of apoptosis by downregulation of pro-apoptotic Bcl-2 genes and/or upregulation of anti-

apoptotic Bcl-2 genes. The balance of pro- and anti-apoptotic proteins affects a cancer cell’s 

susceptibility to apoptotic stimuli and may predict how a tumor will respond to chemotherapy.
19-

21
 

Metabolism and bioenergetics: Metabolic reprogramming is another most important hallmark of 

cancer which is involved in macromolecule synthesis, bioenergetic demand, and cellular 

survival. Mitochondrion is the hub of such metabolic reactions and drives this reprogramming 

through multiple mechanisms such as alterations in glucose utilization, reprogramming of amino 

acid metabolism and altercation in lipid metabolism.
22

 

Signaling pathways: The overlap of signaling pathways of tumorigenesis and mitochondrial 

biology is well established at multiple levels. Firstly, the alteration of mitochondrial functions to 

support tumorigenesis is well dictated by the classical oncogenic signaling pathways. 

Secondly,there are direct signals from mitochondria affecting the cellular physiology and 

tumorigenesis. Finally, mutations in mitochondrial enzymes are responsible of onco-metabolite 

production, a novel set of mitochondrial signaling molecules that is involved in tumor 

initiation.
23

 

Mitochondrial DNA: Other than nucleus, mitochondrion is one of the most important organelles 

which contains the genomic material.
24

 The mitochondrial genome of a mammalian cell 

(MtDNA) is double stranded, circular, supercoiled consisting of 16,568 base pairs. It produces 

proteins required for oxidative phosphorylation (OXPHOS) through mitochondrial 

transcriptional and translational machinery. and any mutation in the mitochondrial genome is 
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responsible for a great impact on diseases like cancer, ageing and neurodegenerative diseases.
25 

Thus MtDNA has evolved to be an essential target for the diseased state in recent years.
26-27

 

However, strategies for targeting mitochondria by delivering single DNA damaging drug would 

eventually lead drug resistance through mitochondrial DNA damage repair mechanisms.
28

 

 

 

Figure 2: Mitochondria and Cancer (adapted from Haigis et al. Cell, 2016, 166, 555-566) 
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Figure 3: Mitochondria and Stages of tumorigenesis (adapted from Haigis et al. Cell, 2016, 166,  

555-566) 

 

Thus, it is essential to target the proteins associated to the mitochondrial genome and since 

mitochondrial DNA has a bidirectional mode of replication and transcription with organized 

nucleoids in the mitochondrial inner membrane, the presence of mitochondrial topoisomerase 1 

(TOP1MT) is very essential for mitochondrial replication and transcription.
29

 Thus targeting 

MtDNA as well as TOP1MT thus can be a very important tool to explore mitochondrial DNA 

biology in cancer cells. 
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Thus the role of mitochondria in cancer is well established in recent years (Figure 2) and 

mitochondrial support for tumorigenesis in the different stages of cancer is outlined in the Figure 

3.
8
  

 

1.4 Specific targeting of mitochondria in the sub-cellular milleu 

The importance of maintenance of a tight regulated interface with other sub-cellular 

compartments dictates the structural features of the mitochondria. They are bounded by a double 

membrane structure having an outer and inner membrane. The inner membrane is composed of a 

closely packed hydrophobic combination of phospholipid molecules and is highly impermeable. 

The protein complexes of the electron transport chain (ETC) generate a highly electronegative 

(140 to 180 mV) potential across this inner membrane in the mitochondria. The active transport 

of H
+
 ions from the mitochondrial matrix to the inter membrane space maintains the gradient and 

creates a pH difference across the inner membrane. The ATP synthesis is governed by the 

electromotive force which is due to potential and concentration gradients and is essential for 

maintenance of mitochondrial function.
30

 

This mitochondrial membrane potential is responsible for the uptake of the lipophilic cations by 

the mitochondria where the positively charged species gets accumulated. The lipophilic cations, 

in order to reach the mitochondria, should cross the plasma and mitochondrial membrane and 

since both have a negative membrane potential (30-40 mV for plasma membrane and 120-180 

mVfor mitochondrial membrane respectively), can penetrate through the cytosol and finally to 

the mitochondria. The higher accumulation of lipophilic cations to the mitochondria is due the 

higher negative membrane potential compared to the cytosol. Thus, on comparison to the 

extracellular matrix, the lipophilic cations can be 100-1000 fold or more accumulated in the 

mitochondria. The entry of the lipophilic cations extravagating through inner membrane is a 

multi-step process where firstly they bind to the intermembrane space (IMS) and once they 

remain inside the phospholipid membrane, they get transferred to the matrix side of the 

membrane where finally they get dissociated. Thus the perfect balance of charge and 

hydrophobicity of any molecule are the major requirements of accumulation into the 

mitochondria (Figure 4 and 5).
31

 Several vectors have been extensively used to deliver any 

therapeutic molecule into mitochondria:  



Chapter 1 

9 

 

Delocalised lipophilic cation: One of the most important examples of delocalized lipophilic 

cation is triphenylphosphonium (TPP) cation. Murphy and coworkers were the first to conjugate 

TPP group to bioactive molecules for the successful accumulation to the mitochondria. TPP is 

used for the delivery of probes, imaging agents, pharmacophores and anti-oxidants to 

mitochondria.
32

 The main advantage of the usage of TPP over any other targeting moiety for 

driving any cargo to mitochondria are as follows: (a) TPP is stable in biological systems, (b) it 

has a perfect balance of hydrophobicity (lipophilic character) and hydrophilicity (positive 

charge), (c) easy to synthesize and purify, (d) low chemical reactivity in the cellular milieu and 

(e)the absence of  light absorption or fluorescence in the visible or near-infrared (NIR) region. 

The basic skeleton of any TPP based mitochondrial targeting agent consists of a targeting moiety 

(lipophilic cation), a linker sequence and a functional moiety. There are numerous examples 

(Figure 6) of TPP based mitochondria targeting agents. One interesting example is Mito Q 

(Figure 6) which is relatively safe in human thereby having a great clinical and translational 

importance in this class of molecules.
33

 

Heterocyclic aromatic cations: Small molecule heterocyclic aromatic cations (e.g., rhodamine, 

pyridinium, and cyanine derivatives) were also used as  targeting moieties to drive any cargo to 

mitochondria.
 
Cationic fluorophores such as rhodamine and cyanine dyes are extensively used 

for mitochondrial staining and monitoring mitochondrial membrane potential. Some of the 

examples of heterocyclic compounds used as mitochondria-targeting agents are berberin, 

rhodamine, indolium, pyridinium,and guanidinium cations (Figure 7).
33

  

Mitochondrial targeting peptides: In 2005, Szeto-Schiller (SS) had first designed peptides that 

can deliver antioxidant cargo to the mitochondria. The SS peptide is a tetrapeptide comprised of 

aromatic and basic residues containing three positive charges at physiological pH.
34

 In 2008, 

Shana O’Kelly designed mitochondria-penetrating peptides (MPPs), a new generation of 

peptides, which deliver a diverse set of cargoes into the mitochondrial matrix. The peptides are 

composed of short six amino sequences with alternate cationic and hydrophobic residues. Thus 

the delocalization of the cationic charge over a large surface area made it more specific for 

mitochondria. The fluorescent dyes and therapeutic drugs could be easily directed to the 

mitochondria for successful delivery (Figure 8).
35
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In our work, we have mainly focused on the use of TPP since it is easy to synthesize and 

characterize. 

 

Figure 4: TPP-linked compounds driven by plasma membrane and mitochondrial membrane 

potentials in the cell. (adapted from Murphy et al. PNAS. 2003, 100, 5407−5412) 

 

 

 

Figure 5: Schematic representation of the entry of the lipophilic cation extravagating through 

inner mitochondrial membrane ( adapted from Kalyanaraman et al. Chem. Rev.2017, 117, 

10043−10120) 

 



Chapter 1 

11 

 

 

Figure 6: Examples of mitochondria targeting TPP conjugated compounds ( adapted from 

Kalyanaraman et al. Chem. Rev.2017, 117, 10043−10120) 

 

Figure 7: Examples of mitochondria targeting heterocyclic aromatic cations (adapted from 

Kalyanaraman et al. Chem. Rev.2017, 117, 10043−10120) 
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Figure 8: Examples of mitochondria targeting peptides (adapted from Kalyanaraman et al. 

Chem. Rev.2017, 117, 10043−10120) 

 

1.5 Selective targeting of mitochondria in cancer cells 

Mitochondria are the ubiquitous powerhouses of the healthy as well as cancer cells. Hence, 

selective sub-cellular targeting of mitochondria in cancer cells, keeping them unperturbed in 

healthy cells, could be of central importance for the development of cancer therapeutics and 

therefore demanding nanotechnology-based toolkits.
36

 

Nanotechnology based platforms have revolutionized cancer therapeutics in last decade. Several 

nanovectors including liposomes, polymeric nanoparticles, nanocell, layer-by-layer 

nanoparticles, graphene oxide, gel-liposome and carbon nanotubes
 

(Figure 9) have been 

demonstrated to deliver small molecule drugs, nucleic acids (genes and siRNAs) and therapeutic 

proteins successfully into tumor tissues through passive [enhanced permeability and retention 

(EPR) effect] and active targeting (cancer biomarker driven) (Figure 10).
37-38

 

Passive targeting: To effectively deliver drugs to the targeted site, the delivery system must 

remain in the bloodstream for a considerable time without being eliminated by means of 
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metabolism and phagocytosis. The delivery vehicles are usually caught in the blood circulation 

by body’s defense mechanism, the reticulo-endothelial system (RES) present in spleen and liver. 

Passive targeting involves designing drug carrier systems to evade reticulo-endothelial system. 

Fast growing tumor cells require recruitment of new vessels for oxygen and nutrient supply. That 

results in growth factor imbalance and leads to highly disorganized tumor vessels contributing to 

passive targeting. Unique microenvironment surrounding tumor cells differs from normal cells, 

also contributes to the passive targeting. Hyperproliferating tumor cells show high metabolic rate 

utilizing the energy obtained through glycolysis, resulting in acidic environment. Delivery 

vehicles are designed to remain stable at physiological pH (pH = 7.4) and to release the drugs at 

acidic pH. Cancer cells even express unique biological macromolecules such as matrix 

metalloproteinases, which can be used in passive targeting. Fast growing vascularization, 

leakiness and defective lymphatic drainage contribute to the passive targeting. Molecular weight, 

size, surface properties of the vector play role in passive targeting.
39-40

 

Enhanced permeability and retention (EPR) effect: It is an effective strategy to selectively 

deliver nanosize anticancer drugs/drug carriers to the tumor tissue. This effect was first noticed 

by Maeda and coworkers in studying the inflammation induced by microbial infections.
41 

The 

nanovectors having size < 200 nm were found to be most effective in cancer therapy and 

diagnosis. This due to their preferential accumulation into tumor tissues through the unique leaky 

vasculature compared to the tight endothelial junctions of the healthy tissues. This mechanism is 

termed as enhanced permeability and retention (EPR) effect and is the basis for selectively 

targeting tumor tissues via passive targeting.
42 

Recent research focuses on delivery of polymer 

conjugates, micellar or liposomal drugs of anticancer agents via this mechanism and along with 

active targeting, the EPR effect is becoming an attractive strategy for such drug designs.
43

  

Active Targeting: Active targeting involves attaching specific ligands to the drug delivery 

vehicle which will interact with their complementary receptors over-expressed on specific tumor 

tissues. Active targeting makes use of specific surface exposed receptor and ligand interaction to 

deliver the drug at specific site. The conjugated ligands can be antibodies, peptides or glycans. 

However, capacity of delivering drug at particular concentration is compromised in active 

targeting. Most of the cancer cells express specific molecular markers, which are not expressed 

by normal cells, serve as site for active targeting. The target cell, usually, accumulate the drug 
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through receptor-mediated endocytosis. Endocytosed drug carriers are then transported to 

endosomes and lysosomes, where these are processed to release the drug by lysosomal enzymes. 

Since resistance inducing proteins such as P-glycoprotein cannot pump out nanoparticle-

associated drug or drug-polymer conjugates that have entered the cell via the endocytic 

mechanism, active targeting mechanisms provide an alternative way to combat multi-drug 

resistance.
44-46

 

Targeting subcellular organelles with nanoparticles: Inside the cells, biomolecules (nucleic 

acids, proteins, carbohydrates, lipids) are compartmentalized into different sub-cellular 

organelles and their spatial localizations determine their biological functions. Hence, perturbing 

specific functional biomolecules localized in selective organelles is a real challenge in cancer 

therapeutics and is in its infancy. Dhar et al. developed lipophilic cationic triphenylphosphine 

(TPP) coated nanoparticles to deliver DNA damaging drug (cisplatin) or metabolic inhibitor (3-

bromopyruvate) into mitochondria by exploiting their higher membrane potential compared to 

cell membrane.
47-48

 Similarly, several other nanovectors were also developed to deliver 

therapeutic molecules into mitochondria through TPP, cationic peptide or other cationic moiety-

mediated targeting. 

 

Figure 9: Characteristics of nanoparticles in a nut shell (adapted from Xia et al. Angew. Chem. 

Int. Ed. 2014, 53, 12320-12364., 2007, 2, 751-760) 
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Figure 10: Schematic representation of passive and active targeting (adapted from Peer et al. 

Nat. Nanotechnol., 2007, 2, 751-760) 

 

1.6 Aim of thesis  

Mitochondria have emerged as novel, alternative targets for next generation cancer therapy. 

However, there are three major challenges in targeting mitochondria: (a) selective targeting of 

mitochondria in cellular milieu, (b) specific targeting of mitochondria in cancer tissues 

keeping mitochondria in healthy cells intact and (c) overcome drug resistance. To address 

these, we have developed cationic lipidic nanoparticle for specific targeting of anti-apoptotic 

Bcl-2 protein on mitochondria in cancer cells to overcome drug resistance (Chapter 2). Further, 

we also developed Cerberus Nanoparticles and graphene oxide based nanoplatforms to 

specifically target the mitochondrial DNA (mt-DNA) and mitochondrial topoisomerase I (mt-

TOP1) in cancer cells (Chapter 3). Moreover, mitochondria show complex cross-talk with the 

nucleus and endoplasmic reticulum (ER) for protein and lipid supply. Hence, simultaneous 

targeting of nucleus and mitochondria would lead to the augmented therapeutic outcome. Hence, 

we have developed dual-drug conjugated nanoparticles to target nucleus and mitochondria 

simultaneously in cancer cells (Chapter 4). We envision that the here presented unique 
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approaches can be translated into clinics in future as platform technologies to inhibit multiple 

diverse targets concurrently into mitochondria, improve the therapeutic efficacy, reduce the off-

target toxicity, overcome drug resistance and finally, offer a better quality of life to the cancer 

patients.  
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Chapter 2: Nanoparticle mediated targeting of 

mitochondria induces apoptosis in cancer cells 
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2.1. Introduction  

One of the most important hallmarks of cancer is evading cell death.
1
 Programmed cell death is 

defined as apoptosis and mitochondria play an important role in the intrinsic pathway of 

apoptosis.
2
 Bcl-2 family proteins are the key players of apoptosis. Bcl-2 family proteins can be 

divided into anti-apoptotic Bcl-2 proteins (Bcl-2, Bcl-W, Bcl-XL, A1 & Mcl1) and pro-apoptotic 

Bcl-2 proteins (Effectors [BAK, BAX, BOK] and BH3-only proteins [BID, BIM, BAD, BIK, 

BMF, BNIP3, HRK, NOXA & PUMA]).
3-4

 The pro-apoptotic Bcl-2 family members Bax and 

Bak are translocated to the outer mitochondria membrane where their oligomerization takes 

place. This thereby results in mitochondrial outer membrane permeabilization (MOMP), 

mitochondrial transition pore formation and generation of cytochrome c from mitochondria into 

the cytosol followed by activation of caspases, the executors of apoptosis .The anti-apoptotic 

Bcl-2 family members bind and inhibit the oligomerization of Bax/Bak. The down-regulation of 

pro-apoptotic Bcl-2 proteins and/or upregulation of anti-apoptotic Bcl-2 proteins are the main 

causes of evading cell death in tumor. The BH3-only proteins can also bind with the anti-

apoptotic Bcl-2 protein and the oligomerization of the pro-apoptotic proteins can occur followed 

by apoptosis.
5-6

 As a result small molecule Bcl-2 inhibitors have evolved as interesting class of 

anti-cancer agents.
7-8

 Interestingly, Bcl-2 protein is also located in other sub-cellular organelles 

like endoplasmic reticulum (ER) and nucleus.
9
 Hence, small molecules would inhibit Bcl-2 

proteins non-specifically into all possible locations leading to a global effect on the cells.
10

 

Subsequently, spatial targeting of Bcl-2 proteins in each organelle is a real challenge to 

understand its functions in different sub-cellular locations.
11

 Moreover, mitochondrial Bcl-2 

protein is mainly responsible for inducing apoptosis in cancer cells. Hence, selective targeting of 

Bcl-2 on mitochondrial membrane would effectively lead programmed cell death. 

To address this, herein we have engineered nanoparticles (NPs) comprised of triphenylphosphine 

(TPP), α-tocopheryl succinate (TOS,mitochondrial electron transport chain inhibitor) and 

obatoclax (Obt, small molecule Bcl-2 inhibitor) moieties. These TOS-TPP-Obt-NPs were 

internalized into the lysosomal compartments by macropinocytosis in a time dependent manner 

within 1 h followed by lysosomal escape in 6 h. Finally TOS-TPP-Obt-NPs homed into 

mitochondria over 24 h. These TOS-TPP-Obt-NPs activated mitochondrial outer membrane 

permeabilization (MOMP) through anti-apoptotic Bcl-2 inhibition, followed by cytochrome c 
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release. This nanoparticle mediated MOMP lead the cleavage of caspase-9 and caspase-3 to 

induce apoptosis in cervical cancer cells (HeLa). Interestingly, these TOS-TPP-Obt-NPs 

demonstrated improved efficacy in drug resistant breast cancer cells (MDA-MB-231) by 

damaging mitochondria. These nanoparticles could be used as a platform to deliver multiple 

drugs into mitochondria of cancer cells to damage different targets simultaneously.  

  

2.2. Results and discussion 

2.2.1 Engineering of TOS-TPP-Obt NPs. We have chosen α-tocopheryl succinate (-TOS) as 

mitochondria damaging drug due to its ability to bind with mitochondrial complex II of electron 

transport chain and induce apoptosis in different types of cancer through mitochondrial outer 

membrane permeabilization (MOMP).
12,13

 Moreover, α-TOS demonstrated improved therapeutic 

efficacy in combination with traditional chemotherapeutic drugs.
14-16

 Herein, we appended a 

linker with α-TOS by conjugating 5-bromopentane-1-ol by ester linkage using DCC and DMAP 

as coupling reagents to obtain conjugate 2 in 65 % yield (Figure 1). We further introduced 

mitochondria targeting TPP group by reacting compound 2 with triphenylphosphine in presence 

of potassium carbonate (K2CO3) as base in refluxing condition to afford α-TOS-TPP conjugate 3 

in 34 % yield.
17

 We characterized conjugate 2 by 
1
H, 

13
C nuclear magnetic resonance 

spectroscopy (NMR), high-resolution mass spectroscopy (HR-MS) and matrix assisted laser 

adsorption/ionization-time of flight (MALDI-TOF) mass spectroscopy. In 
1
H-NMR spectra of 

conjugate 2, appearance of triplate peaks at δ = 4.11-4.14 ppm (2H) and 3.37-3.41 ppm (2H) 

confirmed the presence of Br-(CH2)4-CH2-OCO-TOS protons and Br-CH2-(CH2)4-OCO-TOS 

protons respectively (Figure A1). Also multiplate peaks at δ = 1.84-1.91 ppm (2H), 1.74-1.81 

ppm (2H) and 1.64-1.69 ppm (2H) confirmed the presence of Br-CH2-(CH2)3-CH2-OCO-TOS 

protons. Moreover, the presence of triplate peaks at δ = 2.92-2.95 ppm (2H), 2.74-2.78 ppm (2H) 

and 2.57-2.60 ppm (2H) represented Br-(CH2)5-OCO-CH2-CH2-COO-TOS, Br-(CH2)5-OCO-

CH2-CH2-COO-TOS and benzylic –CH2- protons on tetrahydropyran moiety in TOS respectively 

(Figure A1). Finally, the aromatic –CH3 protons were confirmed by singlate peaks δ = 2.09 ppm 

(3H), 2.02 ppm (3H) and 1.98 ppm (3H) in the TOS moiety (Figure A1). 
13

C NMR spectra of 

conjugate 2 revealed characteristic peaks at δ = 172.2 ppm and 170.9 ppm for the ester 

functionality (a and b peaks in Figure A2). All six aromatic carbon atoms appeared at 
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characteristic δ values of 149.6, 141.3, 126.7, 124.9, 123.0, and 117.4 ppm (d, e, f and g peaks in 

Figure A2). The quaternary carbon atom n the tetrahydropyran moiety and Br-(CH2)4-CH2-

OCO-TOS carbon atom in the linker were characterized by the peaks at δ = 75.1 ppm and 64.5 

ppm respectively. Finally, conjugate 2 was confirmed by HR-MS and MALDI-TOF 

spectroscopy by having molecular ion peak [M]
+
 at m/z = 679.3929 (Figure A3), [M+Na]

+
 at 

m/z = 701.3763 and [M+K]
+
 at m/z = 717.3459 respectively (Figure A4). Conjugate 3 was also 

characterized by 
1
H, 

13
C NMR spectroscopy, HR-MS and MALDI-TOF mass spectrometry. The 

appearance of aromatic peaks as multiplates in 
1
H NMR spectra of conjugate 3 at δ = 7.67-7.85 

ppm (15H) confirmed the presence of phenyl groups (j peaks in Figure A5). The remaining 

characteristic proton peaks appeared in the respected positions as in conjugate 2 (a, b, c, d, e, f, g, 

h and i peaks in Figure A5).  Similarly, in 
13

C NMR spectra, new aromatic carbon peaks 

appeared at δ = 134.9, 133.6, 130.5, 118.8, 117.9 and 117.4 ppm confirmed the presence of 

phenyl groups in conjugate 3 (F peaks in Figure A6). The other peaks remained in the same 

position as in conjugate 2 (a, b, c, d, e, f, g, h peaks in Figure A6). Conjugate 3 was also 

characterized by molecular ion peaks [M]
+
 at m/z = 861.5582 by HR-MS (Figure A7) as well as 

by MALDI-TOF mass spectrometry (Figure A8). We also characterized the presence of TPP 

group in conjugate 3 by 
31

P NMR spectroscopy having characteristic peak at δ = 24.3 ppm 

(Figure A9). We finally evaluated the purity of the conjugates 2 and 3 by reverse phase high-

performance liquid chromatography (RP-HPLC). Conjugate 2 and conjugate 3 showed 93.4 % 

and 95.6 % purity respectively in RP-HPLC (Figure A10). 

All these 
1
H, 

13
C, 

31
P NMR, HR-MS, MALDI-TOF and RP-HPLC data clearly confirmed the 

presence of conjugate 2 and conjugate 3 in high purity. We have engineered mitochondria 

targeted dual drug loaded TOS-TPP-Obt-NPs by solvent evaporation-lipid film formation-

hydration-extrusion method (Figure 1b).
18

 We have chosen obatoclax as the second drug to be 

entrapped into the nanoparticle. Obatoclax is a red fluorescent small molecule, BH3-domain 

binding pan-Bcl-2 inhibitor, already in a clinical trial as monotherapy as well as in combination 

with other drugs for different types of cancers.
19-21

 Moreover, obatoclax is highly hydrophobic in 
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Figure` 1. (a) Synthetic scheme of TOS-TPP conjugate (3) from α-tocopheryl succinate (α-

TOS). (b) Engineering of mitochondria targeting TOS-TPP-Obt-NPs. (c) Schematic 

representation of cellular internalization and mitochondrial homing of TOS-TPP-Obt-NPs 

leading to apoptosis. 
 

nature leading to erratic biodistribution to bind with its actual target on mitochondrial outer 

membrane.
22,

 We synthesized TOS-TPP-Obt-NPs by mixing phosphatidylcholine (PC), α-TOS-

TPP conjugate 3 and free obatoclax in 2:1:0.2 weight ratios. We used DSPE-PEG to surface coat 

the nanoparticles with polyethylene glycol to evade the mononuclear phagocytic systems (MPS) 

to ensure prolonged blood circulation.
23
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The size of the nanoparticles is one of the important determining factors to be successfully 

accumulated into the tumor tissues by unique leaky vasculature.
24

 In a recent report, it was 

shown that the nanoparticles having optimal diameter range of 100-160 nm had improved blood 

circulation and tumor accumulation by enhanced permeability and retention (EPR) effect.
25

 The 

mean hydrodynamic diameter of the TOS-TPP-Obt-NPs was determined to be 131.6 ± 1.62 nm 

(mean ± SEM, n = 3) (Figure 2a) by dynamic light scattering (DLS). Hence, we expect our 

TOS-TPP-Obt-NPs will also have better blood circulation half-life as well as improved tumor 

tissue homing by EPR effect. For effective mitochondria trafficking, the nanoparticles should 

bear high positive charge on the surface. We also evaluated the surface charge of the TOS-TPP-

Obt-NPs by DLS, which was found to be + 42.9 ± 1.20 mV (mean ± SEM, n = 3) (Figure 2b). 

The positive charge on the TOS-TPP-Obt-NPs is the function of both TOS-TPP as well as PEG. 

Since the conc. of PEG is kept very low, the positive charge of the TOS-TPP-Obt-NPs is dictated 

by the conc. of TOS-TPP conjugate which is the basic requirement of targeting mitochondria. 

Secondly, the arrangement of TOS-TPP and PEG is in such a way that we get such high positive 

zeta potential value. The results had been reported in triplicate. Therefore, this highly positively 

charged sub 200 nm TOS-TPP-Obt-NPs should effectively home into tumor tissues followed by 

mitochondria localization. Size, shape and morphology of the nanoparticles play critical role to 

be recognized by body’s innate immune system.
26

 Thus, we visualized the size, shape and 

morphology of the nanoparticles by field-emission scanning electron microscopy (FESEM) 

(Figure 2c), transmission electron microscopy (TEM) (Figure 2d) and atomic force microscopy 

(AFM) (Figure 3b). The FESEM and TEM images clearly showed that TOS-TPP-Obt-NPs were 

mono-dispersed in nature having spherical in shape with smooth surface morphology and less 

than 200 nm in diameter. The spherical shape and smooth surface morphology were also 

confirmed by AFM images with little aggregation in nature. We also determined the presence of 

nitrogen in obatoclax and phosphorus in triphenylphosphine (TPP) in the same TOS-TPP-Obt-

NPs by energy dispersive X-ray spectroscopy (EDX) (Figure 3a). We evaluated the dual drug 

loading in the nanoparticle by UV-Vis spectroscopy from concentration versus absorbance graph 

at characteristic λmax = 287 nm (for α-TOS) and λmax = 488 nm (for obatoclax) (Figure 3d). The 

mean loading of α-TOS and obatoclax was calculated to be = 1035 μg/mL (loading efficiency = 

20.7%, loading content = 6.4 %) and 222 μg/mL (loading efficiency = 22.2%, loading content = 
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1.3%) respectively (Figure 3c). In our previous study, we have observed that dual-drug 

conjugated nanoparticles engineered from α-TOS formed 10 nm hydrophobic shells with 

hydrophilic core.
27

  

 

 

Figure 2. (a) Hydrodynamic diameter and (b) zeta potential of TOS-TPP-Obt-NPs determined 

by DLS. All the values were determined as mean ± SEM (n = 3). (c) FESEM (inset scale bar = 

200 nm) and (d) TEM (inset scale bar = 500 nm) images of TOS-TPP-Obt-NPs. (e) Fluorescence 

emission quenching of obatoclax in TOS-TPP-Obt-NPs compared to free obatoclax at λmax = 546 

nm. (f) Steady state fluorescence anisotropy of free obatoclax and obatoclax encapsulated in 

TOS-TPP-Obt-NPs. 
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To understand the location of hydrophobic obatoclax molecules in our TOS-TPP-Obt-NP, we 

evaluated the fluorescence emission spectra of free obatoclax and compared with the 

fluorescence emission spectra of encapsulated obatoclax in TOS-TPP-Obt-NPs (Figure 2e).  

 

 

Figure 3. (a) AFM images of TOS-TPP-Obt-NPs.(b) EDX spectra of TOS-TPP-Obt-NPs 

determined from FESEM.(c) Loading of α-TOS and obatoclax in TOS-TPP-Obt-NPs. (d) 

Concentration versus absorbance calibration graph of α-TOS and obatoclax determined by UV-

Vis spectroscopy. All the data presented here were determined as mean ± SEM (n = 3). 
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It was observed that the characteristic peak of obatoclax at λmax = 546 nm was completely 

quenched in TOS-TPP-Obt-NP which clearly indicated the π-π stacking of highly aromatic 

planner obatoclax with the aromatic ring of α-TOS in the hydrophobic region. Moreover, 

fluorescence steady state anisotropy study showed a 3 folds increase in fluorescent anisotropy of 

encapsulated obatoclax in TOS-TPP-Obt-NPs compared to free obatoclax (Figure 2f), which 

conclusively demonstrated that obatoclax resides in the hydrophobic shells in the TOS-TPP-Obt-

NPs. 

For successful clinical translation, the TOS-TPP-Obt-NPs should have shelf stability at storage 

condition (4 °C) as well as in blood circulation (37 °C). We evaluated the stability of the TOS-

TPP-Obt-NPs at 4 °C by DLS. The hydrodynamic diameter was changed from 133.9 ± 0.5 nm 

(PDI = 0.141 ± 0.01) to 164.7 ± 2.4 nm (PDI = 0.39 ± 0.007) over 7 days (Figure 4 a-b).  

 

Figure 4. Stability of TOS-TPP-Obt-NPs (a-b) at 4°C in water for 7 days, (c-d) at 37°C in PBS 

for 3 days and (e-f) at 37°C in DMEM media with 10% FBS for 48h determined by DLS. 

 

We also evaluated the stability of TOS-TPP-Obt-NPs at 37 °C in phosphate buffer saline (PBS). 

The diameter of the nanoparticles changed from 133.9 ± 0.5 nm (PDI = 0.141 ± 0.01) to 166.5 ± 

1.2 nm (PDI = 0.348 ± 0.029) over 3 days (Figure 4 c-d). Finally, the stability of these TOS-
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TPP-Obt-NPs were determined in DMEM cell culture media in presence of 10 % fatal bovine 

serum (FBS) to mimic blood circulation milieu in which cell culturing is done at 37 °C. The 

hydrodynamic diameter of the nanoparticles were changed negligibly from 131.6 ± 1.6 nm with 

PDI = 0.141 ± 0.01 to 163. 6 ± 1.2 nm with PDI = 0.392 ± 0.018 over 48 h (Figure 4 e-f) which 

is enough to be accumulated in tumor tissues by passive targeting. These stability data clearly 

demonstrated that TOS-TPP-Obt-NPs were stable in storage condition for a week and in blood 

circulation mimic for 2 days. 

 

2.2.2 Cellular internalization. Despite the development of different nano-vectors to deliver the 

traditional chemotherapeutic drugs to mitochondria, the actual mechanism of mitochondria 

homing of those nano-vectors is not very well understood.
28,29 

To address this, we first evaluated 

the cellular uptake mechanism of our TOS-TPP-Obt-NPs in HeLa cervical cancer cells in time 

dependent manner using confocal laser scanning microscopy (CLSM). Our previous 

understanding revealed that α-TOS-drug nanoparticles home into acidic lysosomes in a time 

dependent manner.
27

 Inspired by those observations, we stained the acidic lysosomes of HeLa 

cells with green fluorescent LysoTracker DND-153 and incubated the cells with red fluorescent 

TOS-TPP-Obt-NPs for 1 h, 3 h and 6 h time points. We co-stained the nucleus by blue 

fluorescent DAPI. The merging of green and red fluorescence leading to yellow color in CLSM 

images (Figure 5) confirmed that the TOS-TPP-Obt-NPs localized into the lysosomes within 1 

h. Further quantification from CLSM through Pearson’s coefficient and Mander’s coefficients 

revealed that the volume of overlapping regions of green and red fluorescence gradually 

decreased from 84.9 % to 80.7 % to 47.4 % from 1 h to 3 h to 6 h respectively (Table 1). This 

temporal reduction of colocalization volume unmistakably indicated that the TOS-TPP-Obt-NPs 

escaped from lysosomal compartments in time dependent manner. Besides, in a high resolution 

CLSM imaging (Figure 6 a-b) revealed green fluorescence regions at 6 h, which clearly 

confirmed that TOS-TPP-Obt-NPs were no longer present in some of the lysosomes. These 

CLSM images exhibited that TOS-TPP-Obt-NPs would quickly internalize and localize into 

lysosomes within 1 h but would escape over a period of time leading to the reduction of co-

localization over 6 h. As control, we treated the HeLa cells with free obatoclax and imaged the 

cells at 1 h and 3 h time points. Contrast to TOS-TPP-Obt-NPs, free obatoclax internalized into 
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the cells and localized into lysosomes as well as nucleus in a non-specific manner (Figure 7). 

The overlapping of red and blue colors yielded purple color, which showed the co-localization of 

free obatoclax in nucleus.  

 

Figure 5. Confocal laser scanning microscopy images of internalization of TOS-TPP-Obt-NPs in 

HeLa cells in 1 h, 3 h and 6 h time points. Nucleus and lysosomes were stained by DAPI (blue) 

and LysoTracker (green) dyes. The yellow regions in merged images showed the co-localization 

of TOS-TPP-Obt-NPs (red) into lysosomes. Scale bar = 10 μm. 
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Figure 6. (a-b) CLSM images of HeLa cells after incubating with TOS-TPP-Obt-NPs for 6h. 

Nucleus and lysosomes were stained with DAPI and LysoTracker Green. Overlapping of green 

and red fluorescence showed the localization of TOS-TPP-Obt-NPs into lysosomes. Green colors 

in the merged images indicated by arrows demonstrated the escape of TOS-TPP-Obt-NPs from 

lysosomes at 6 h. (b) Magnified CLSM images of few cells showed more prominent green 

regions indicated the lysosomes without red TOS-TPP-Obt-NPs. Scale bar = 10 m. 

 

Treatment Time  1 h 3h 6h 

Image Channels  C2(green) 

C3(red) 

C2(green) 

C3(red) 

C2(green) 

C3(red) 

Pearsons' 

Correlation  

Coefficient 

             

           r 
0.8538 0.868 0.916 

Manders 

Coefficient 
M1 (fraction of 

C2 overlapping 

C3) 

0.9756 0.9646 0.8656 

 M2 (fraction of 

C3 overlapping 

C2) 

0.9816 0.9777 0.9489 

Percent volume 

colocalized  84.92% 80.76% 47.45% 

Table 1: Quantification of localization of TOS-TPP-Obt-NPs into acidic lysosomes from CLSM. 
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Figure 7. CLSM images of cellular internalization of free obatoclax in HeLa cells at 1h and 3h. 

Nucleus and lysosomal compartments were stained by DAPI (blue) and LysoTracker (green) 

dyes. Overlap of blue and red fluorescence yielded purple color showed TOS-TPP-Obt-NPs 

localized into nucleus. Merging of green and red lead to yellow color showed the localization of 

TOS-TPP-Obt-NPs in lysosomes. Scale bar = 10μm.  

 

 

Figure 8. Release of obatoclax and -TOS from TOS-TPP-Obt-NPs at (a) pH = 5.5 mimicking 

lysosomes and at (b) pH = 7.4 mimicking mitochondrial environment at different time points. All 

the data presented were calculated as mean ± SEM (n = 3).  

 

To be effective in mitochondria targeting, the TOS-TPP-Obt-NPs should not release their 

payloads in lysosomal acidic environment. Therefore, we evaluated the release profile of dual 
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drugs from the nanoparticles at pH = 5.5 (absence of ions/salts and serum mimicking protein) 

which mimics the lysosomes. We incubated TOS-TPP-Obt-NPs in pH = 5.5 buffer and 

quantified the release of obatoclax and -TOS at 1 h, 3 h, 6 h and 12 h time points. We 

calculated the amount of drug released in each time points by UV-Vis spectroscopy at λmax = 287 

nm (for α-TOS) and λmax = 488 nm (for obatoclax) (Figure 8). Interestingly, at 6 h, only 3.27  

0.43 % obatoclax and 10.03  1.52 % -TOS were released (Figure 8). Moreover, at 12 h, only 

6.20  1.0 % and 15.78  2.09 % of obatoclax and -TOS were found to be released 

respectively. This release kinetics data obviously demonstrated that very less amounts of dual 

drugs were released in lysosomes even after 12 h, which would lead to deployment of the major 

amount of drugs into mitochondria. All the data presented here were determined to be as mean  

SEM (n = 3).  

 

2.2.3 Mechanism of endocytosis. The cells can engulf different molecules through myriad of 

endocytosis mechanisms.
30

 To evaluate the mechanism of cellular internalization we treated the 

HeLa cells with caveolae-mediated endocytosis inhibitor (genistein), clathrin-mediated 

endocytosis inhibitor (chlorpromazine) and macropinocytosis inhibitor (amiloride) for 30 min 

followed by treatment with TOS-TPP-Obt-NPs for 2 h. We have incubated the inhibitor treated 

cells with TOS-TPP-Obt-NPs for 2 h as we have observed that the highest amount of 

internalization of nanoparticles occurred within 1 h to 3 h. We evaluated the cellular 

internalization of TOS-TPP-Obt-NPs by CLSM. Figure 9a demonstrated that chlorpromazine 

and genistein pre-treated cells endocytosed TOS-TPP-Obt-NPs in the same extent as non-

inhibitor treated control cells and localized into lysosomes (yellow color formed from 

overlapping of green and red color). However, amiloride treated cells internalized the TOS-TPP-

Obt-NPs significantly less compared to the non-inhibitor treated control cells. Further 

quantification through Pearson’s coefficient and Mander’s coefficients from CLSM images 

revealed that amiloride treated cells lead to remarkable reduction of volume of overlapping to 

26.8% compared to 76.4 %, 65.5 % and 68.8 % for genistein treated, chlorpromazine treated and 

no-inhibitor treated control cells (Table 2). The nanoparticles due to it’s size range in around 

approximately above 150 nm are generally endocytosed by macropinocytosis . These CLSM 
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images and quantification unambiguously confirmed that TOS-TPP-Obt-NPs internalized into 

the lysosomes through macropinocytosis mediated endocytic mechanism. 

 

Figure 9. (a) Confocal laser scanning microscopy images of HeLa cells pre-treated with 

chlorpromazine, genistein and amiloride followed by treatment with TOS-TPP-Obt-NPs. 

Nucleus and lysosomes were stained by DAPI (blue) and LysoTracker (green) dyes. Scale bar = 

10 μm. (b) Fluorescence activated cell sorting analysis of HeLa cells pre-treated with 

chlorpromazine, genistein and amiloride followed by treatment with TOS-TPP-Obt-NPs. (c) 
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Acridine orange assay in HeLa cells after treatment with TOS-TPP-Obt-NPs which showed 

much increased green/red ratio compared to non-nanoparticle treated control cells. Scale bar = 10 

μm. 

 

We further pre-treated the HeLa cells with genistein, chlorpromazine and amiloride for 30 min 

followed by TOS-TPP-Obt-NPs for 2 h and evaluated the number of fluorescently labelled cells 

by fluorescence activated cell sorting (FACS) method (Figure 9b). The FACS data clearly 

demonstrated that the number of fluorescently labeled cells was significantly reduced in 

amiloride pre-treated cells, whereas the number of cells was negligibly different in genistein 

treated and chlorpromazine treated cells compared to non-inhibitor treated cells or non-

nanoparticle treated cells as control. This FACS data obviously supported the mechanism of 

endocytosis determined by CLSM images. 

  

Treatment 

Time 

 
Control Genistein Chlorpromazine Amiloride 

Image 

Channels 

 C2(green)  

C3 (red) 

C2(green)  

C3 (red) 

C2(green) 

C3(red) 

C2(green) 

C3 (red) 

Pearsons' 

Correlation 

Coefficient 

     r 0.52 0.3570 0.5109 0.7797 

Manders 

Coefficients 

M1 (fraction 

of C2 

overlapping 

C3) 

0.8578 0.9539 0.8664 0.4010 

 

M2 (fraction 

of C3 

overlapping 

C2) 

0.9355 0.9607 0.8871 0.8750 

Percent 

volume 

colocalized 

 68.81% 76.39% 65.56% 26.77% 

Table 2: Quantification of localization of TOS-TPP-Obt-NPs into HeLa cells in presence of 

different endocytosis pathway inhibitors. 

 

After accumulating into the acidic lysosomes, the TOS-TPP-Obt-NPs must escape lysosomes 

before trafficking to mitochondria. To evaluate the lysosomal permeabilization, we treated the 
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HeLa cells with TOS-TPP-Obt-NPs for 12 h followed by acridine orange dye and imaged the 

cells by CLSM. Acridine orange is a lipophilic amine dye, which shows red color while inside 

the intact lysosomes in acidic condition. However, after lysosomes are permeabilized, acridine 

orange releases into the cytosol leading to the change in its color from red to green.
31

 Post-

treatment of HeLa cells with TOS-TPP-Obt-NPs showed much intense increase in green 

fluorescence than red fluorescence compared to the non-nanoparticle treated control cells 

(Figure 9c). This acridine orange assay clearly delineated that TOS-TPP-Obt-NPs induced 

degradation of lysosomal integrity after 12 h. 

 

2.2.4 Mitochondria localization. After lysosomal escape, the TOS-TPP-Obt-NPs should be 

trafficked to mitochondria to deliver their payloads. To visualize the localization into 

mitochondria, we treated HeLa cells with TOS-TPP-Obt-NPs for 12 h and 24 h followed by 

staining the mitochondria with MitoTracker green dye. We imaged the cells by CLSM. Figure 

10a exhibited that the red fluorescent TOS-TPP-Obt-NPs co-localized into green fluorescent-

tagged mitochondria leading to merge yellow color in both 12 h and 24 h time points. Pearson’s 

coefficient and Mander’s coefficients based quantification of volume of co-localization 

demonstrated 77.5 % and 75.6 % overlapping regions in 12 h and 24 h time points which 

corroborated that TOS-TPP-Obt-NPs localized into mitochondria over 24 h (Table 3). 

To further confirm the localization of TOS-TPP-Obt-NPs into mitochondria, we treated the HeLa 

cells with the nanoparticles for 24 h (as substantial amount of nanoparticles accumulated into 

mitochondria at 24 h) and isolated the mitochondria using mitochondria isolation kit.
32

 As 

control we isolated the mitochondria from non-nanoparticle treated HeLa cells. We evaluated the 

presence of red fluorescent obatoclax into mitochondria by flow cytometry analysis. The FACS 

data in Figure 10b demonstrated remarkable increase in red fluorescent intensity in 

mitochondria compared to non-treated control cells due to the accumulation of TOS-TPP-Obt-

NPs into mitochondria . From these CLSM and FACS analysis, it was apparent that TOS-TPP-

Obt-NPs successfully trafficked into mitochondria in time dependent manner over 24 h. After 

being localized into the mitochondria, the TOS-TPP-Obt-NPs should release their cargoes at pH 

= 7.4 (absence of ions/salts and serum mimicking protein) which mimics the mitochondrial outer 

membrane.
33

 Hence, we incubated TOS-TPP-Obt-NPs at pH = 7.4 buffer and quantified the 
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release of obatoclax (λmax = 488 nm) and α-TOS (λmax = 287 nm) by UV-Vis spectroscopy at 

different time points. We found that after localization into mitochondria at 12 h, 23.48  1.95 % 

and 47.91  2.8 % obatoclax and α-TOS were released respectively (Figure 8b).  

 

Figure 10. (a) Confocal microscopy images of HeLa cells showing the homing of TOS-TPP-

Obt-NPs into mitochondria for 12 h and 24 h time points. Mitochondria were stained with 

MitoTracker green dyes. The yellow regions in the merged images indicate the co-localization of 

TOS-TPP-Obt-NPs in mitochondria. Scale bar = 10 μm. (b) Flow cytometry analysis of 
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mitochondria fraction isolated from HeLa cells after treatment with TOS-TPP-Obt-NPs for 24 h 

showing the localization of red fluorescent obatoclax into mitochondria. 

Treatment Time  12 h 24h 

Image Channels  C2(green) 

C3(red) 

C2(green) 

C3(red) 

Pearsons' 

Correlation  

Coefficient 

 

           r 0.82 0.6115 

Manders 

Coefficient 

M1 (fraction of 

C2 overlapping 

C3) 

0.9686 0.9395 

 M2 (fraction of 

C3 overlapping 

C2) 

1.0 0.9183 

Percent volume 

colocalized 
 77.49% 75.65% 

Table 3: Quantification of co-localization of TOS-TPP-Obt-NPs into mitochondria in HeLa cells 

by CLSM 

 

We also observed that at 24 h, substantial amount of obatoclax (35.41 3.15 %) and α-TOS 

(59.17  2.32 %) were released from the nanoparticles into mitochondria. Furthermore, highest 

amount of obatoclax (41.25  1.9 %) and α-TOS (69.38  3.4%) were released from TOS-TPP-

Obt-NPs at pH = 7.4 at 48 h. This release experiment evidently showed that significantly high 

amount of dual drugs were released after localization of TOS-TPP-Obt-NPs into mitochondria at 

12 h, 24 h and 48 h  due to diffusion controlled release, which would lead to the effective 

inhibition of multiple mitochondrial targets. The sequential release of both the drugs cannot be 

controlled. All the data presented here were determined to be as mean  SEM (n = 3). 

 

2.2.5 Mitochondrial outer membrane permeabilization. After trafficking into mitochondria 

and successfully released their dual drugs, we further investigated the effect of TOS-TPP-Obt-

NPs on mitochondrial membrane potential (Δψm) using a cationic dye 5,5,6,6-tetrachloro-

1,1,3,3 tetraethylbenzimidazolylcarbocyanine iodide (JC1). JC1 shows potential reliant 

accumulation in the mitochondria with fluorescent emission alteration from green (~ 525 nm) to 

red (~ 590 nm) due to formation of red fluorescent J-aggregates. Mitochondrial depolarization 
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can be measured by the increase in the ratio of green/red fluorescent intensity.
34

 HeLa cells were 

treated with TOS-TPP-Obt-NPs for 24 h followed by staining with JC1 and the live cells were 

imaged by CLSM. Figure 11a revealed significant increase in green/red ratio (green: red = 3.44 

 0.06) in TOS-TPP-Obt-NP treated cells compared to much less green/red ratio (green: red = 

1.27  0.01) in the non-nanoparticle treated control cells as well as only free obatoclax treated 

cells (green: red = 1.89  0.08) (Figure 12 and 11b). This JC1 assay exhibited that TOS-TPP-

Obt-NPs induced mitochondrial depolarization much significantly (2 times more) compared to 

free obatoclax.  

Mitochondrial depolarization results the opening of mitochondrial permeability transition pores 

(MTP). We further evaluated the opening of MTPs by Calcein O,Oˊ-diacetate tetrakis 

(acetoxymethyl) ester (Calcein AM) dye.
35

 Calcein AM passively diffuses into the cells and 

accumulates into cytosol and mitochondria. Inside cells, esterases cleave the ester functionality 

leading to the release of green fluorescent calcein dye, which is quenched by addition of CoCl2, 

whereas mitochondrial Calcein AM remains intact. After opening of MTPs, mitochondrial 

Calcein AM will be released into cytosol leading to conversion into fluorescent Calcein. We 

treated HeLa cells with TOS-TPP-Obt-NPs for 24 h, followed by treatment with calcein AM and 

CoCl2. The live cells were visualized by confocal microscopy. As control, we treated HeLa cells 

with Calcein AM and CoCl2 without any nanoparticles. CLSM images in Figure 11c clearly 

confirmed that TOS-TPP-Obt-NPs induced opening of mitochondrial transition pores leading to 

increase in green fluorescence intensity compared to no-nanoparticle treated control cells. This 

Calcein AM assay demonstrated that TOS-TPP-Obt-NPs induced permeabilization of 

mitochondrial outer membrane (MOMP). 

Mitochondrial outer membrane permeabilization leads to the release of cytochrome c from inter 

membrane space (IMS).
5 

To visualize the cytochrome c release after mitochondrial damage, we 

treated HeLa cells with TOS-TPP-Obt-NPs for 24 h. The cells were then stained with 

cytochrome c antibody tagged with green fluorescent dye Alexa Fluor 488 and imaged through 

CLSM. Figure 11d explicitly showed highly increased expression of cytochrome c in TOS-TPP-

Obt-NPs treated cells compared to the non-nanoparticle treated cells. Hence, from these 

experiments it was confirmed that after localization into mitochondria and releasing dual drugs 
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after 24 h, TOS-TPP-Obt-NPs triggered mitochondrial depolarization, followed by opening of 

mitochondrial transition pores leading to release of cytochrome c as pro-apoptotic molecule. 

 

Figure 11. (a) Confocal images of HeLa cells treated with TOS-TPP-Obt-NPs followed by JC1 

dye to observe mitochondrial depolarization compared to control cells. The green and red colors 

were generated by JC1 dye in monomeric and aggregated forms respectively. (b) J-monomer/J-

aggregate quantification of TOS-TPP-Obt-NPs in HeLa cells compared to free obatoclax and 
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non-treated control cells.  (c) Confocal images of  HeLa cells stained with green fluorescent 

calcein AM for mitochondrial transition pore (MTP) opening induced by TOS-TPP-Obt-NPs. (d) 

CLSM images of HeLa cells treated with TOS-TPP-Obt-NPs for 24 h. Cells were stained with 

cytochrome c Alexa Fluor 488 antibody (green). Scale bar = 10 μm. 

 

Figure 12. CLSM images of J-monomer and J-aggregate in free obatoclax treated HeLa cells. 

 

2.2.6. Cytotoxicity, apoptosis and mechanism. Mitochondrial outer membrane 

permeabilization (MOMP) and release of cytochrome c as pro-apoptotic molecule induce 

apoptosis leading to the cellular death.
5
 To understand the effect of nanoparticle mediated 

mitochondrial damage in cancer cells, we treated HeLa cells by TOS-TPP-Obt-NPs for 24 h and 

48 h evaluated the cell viability by MTT assay. As a control, we treated the cells with free α-TOS 

and free obatoclax in combination present in the nanoparticle formulation. At 24 h, TOS-TPP-

Obt-NPs demonstrated much lower IC50 = 6.30 ± 0.22 μM (cell viability = 40.4 ± 2.7 % at 25 μM 

concentration of obatoclax) compared to IC50 = 13.09 ± 0.48 μM (cell viability = 42.37 ±1.54 % 

at 25 μM concentration of obatoclax) for free drug cocktail (Figure 14a).  Also, at 48 h, TOS-

TPP-Obt-NPs showed even more improved efficacy of IC50 = 3.7 ± 0.07 μM compared to IC50 = 

6.7 ± 0.1 μM for free drugs combination (Figure 13a). Moreover, TOS-TPP-Obt-NPs induced 

more cancer cell death (cell viability = 11% at 25 μM concentration of obatoclax) compared to 

free drug combination in the same α-TOS/obatoclax ratio (cell viability = 14% at 25 μM 

concentration of obatoclax). We rationalized that TOS-TPP-Obt-NPs showed much improved 

effect in cell death at 48 h compared to 24 h due to their improved accumulation in mitochondria 

at 48 h as well as the enhanced release of dual drugs at 48 h at pH = 7.4 compared to 24 h. In 
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addition, at 24 h, the nanoparticles started to accumulate into the mitochondria which would take 

another 24 h to release considerable amount of drugs into mitochondria for enhanced efficacy at 

48 h (Figure 8b). We also evaluated the effects of free α-TOS, free α-TOS-TPP and free 

obatoclax in HeLa cells by MTT assay after 48 h of incubation. Free α-TOS, free α-TOS-TPP 

and free obatoclax illustrated much higher IC50 = 25.26 ± 2.96 μM, 33.97 ± 0.87 μM and 13.38 

±0.2 μM respectively (Figure 14 b-d). These cell viability data clearly delineated that dual drug 

loaded TOS-TPP-Obt-NPs were much more efficacious compared to free single drug treatments 

as well as drug combinations. All the data presented here were calculated as mean ± SEM (n = 

3).  

To investigate the mechanism triggering HeLa cell death, we evaluated the induction of 

apoptosis by TOS-TPP-Obt-NPs by FACS analysis. We treated the cells with TOS-TPP-Obt-NPs 

in their IC50 value for 24 h followed by staining the externalized phosphatidylserine in the 

apoptotic cell surface by green fluorescent Annexin V-FITC. We counter stained the cells by red 

fluorescent propidium iodide (PI) to differentiate apoptotic and necrotic cells. Indeed, TOS-TPP-

Obt-NPs induced early apoptosis in 61.3 % cells and late apoptosis in 17.4 % cells compared to 

1.8 % and 0.1 % cells were found in early and late apoptotic stages in non-treated control cells 

(Figure 14b). Hence, it was evident that TOS-TPP-Obt-NPs induced early apoptosis leading to 

the cell death in HeLa cells. 

Obatoclax inhibits anti-apoptotic Bcl-2 in its BH3 domain, triggers the polymerization of BAK-

BAX leading to MOMP.
20

 To evaluate the effect of TOS-TPP-Obt-NPs on Bcl-2, we treated 

HeLa cells with mitochondria targeting nanoparticles for 24 h and evaluated the expression of 

Bcl-2 by western blot analysis. Figure 13c demonstrated that TOS-TPP-Obt-NPs successfully 

inhibited Bcl-2 expression (2.2 folds reduction, Figure 15a) on mitochondrial outer membrane to 

induce MOMP. Activating MOMP through Bcl-2 inhibition, followed by cytochrome c release 

triggers initiator caspase-9 which upon cleavage activates executioner caspase-3 leading to 

cellular apoptosis through intrinsic mechanism.
36,37

 To evaluate the effect of MOMP in 

apoptosis, we treated the cells with TOS-TPP-Obt-NPs for 24 h and evaluated the expression of 

pro-caspase-9, cleaved caspase-3 and pro-caspase-3 by western blot analysis. Fig. 13c, showed 

the reduction of expression of pro-caspase-9 (2.1 folds, Figure 15b) and pro-caspase-3 (1.9 

folds, Figure 15d) in TOS-TPP-Obt-NPs treated cells compared to no-treated control cells. On 
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the other hand, the expression of cleaved caspase-3 was increased (1.9 folds, Figure 15c) in 

TOS-TPP-Obt-NPs treated cells compared to control cells (Figure 13c). From this western blot 

analysis, 

 

Figure 13. (a) Cell viability assay of TOS-TPP-Obt-NPs in HeLa cells after 48 h incubation 

respectively (p < 0.001, Two-way ANOVA test). (b) Flow cytometric analysis of apoptosis 

induced by TOS-TPP-Obt-NPs in HeLa cells. Lower left, lower right, upper right and upper left 

quadrants represent the % of healthy, early apoptotic, late apoptotic and necrotic cells after 

treatment with TOS-TPP-Obt-NPs for 24 h. (c) Western blot analysis to visualize the expression 

of Bcl-2, caspase-9, cleaved caspase-3 and caspase-3 after treatment of HeLa cells with TOS-

TPP-Obt-NPs for 24 h. 
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it was evident that TOS-TPP-Obt-NPs inhibited Bcl-2 on mitochondrial outer membrane leading 

to apoptosis through caspase-9 and caspase-3 mediated intrinsic mechanism 

.  

Figure 14. Cell viability determination by MTT assay in HeLa cells treated by (a) TOS-TPP-

Obt-NPs and free drug combinations for 24 h, (b) free -TOS for 48 h, (c) free -TOS-TPP  

conjugate for 48 h and (d) free obatoclax for 48 h. 

 

Figure 15: Quantification of (a) Bcl-2 (b) caspase-9 (c) cleaved caspase-3 and (d) caspase-3 

expressions in HeLa cells after treatment with TOS-TPP-Obt-NPs for 24 h from western blot. 
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2.2.7 Mitochondria targeting and cytotoxicity in drug resistant cancer cell. One of the major 

advantages to target mitochondrial proteins and genomic materials by conventional 

chemotherapeutic drugs is to overcome the emergence of drug resistance.
38-40

 Hence, we 

evaluated the effect of TOS-TPP-Obt-NPs in drug resistant MDA-MB-231 triple negative breast 

cancer cells. To visualize the co-localization of TOS-TPP-Obt-NPs in mitochondria, we treated 

MDA-MB-231 cells with the nanoparticles for 12 h and 24 h time points, followed by staining 

the mitochondria with MitoTracker green dye and imaged the cells by CLSM. The emergence of 

yellow color by overlapping green and red fluorescent in Figure 16a explicitly demonstrated that 

TOS-TPP-Obt-NPs homed into mitochondria in a time dependent manner over 24 h. 

Furthermore, quantification of percent volume co-localization by Pearsons' Correlation 

Coefficient and Manders Coefficients revealed that 13.55 % and 59.49 % co-localization of 

TOS-TPP-Obt-NPs took place in mitochondria at 12 h and 24 h time points respectively (Table 

4).  

To assess the effect of TOS-TPP-Obt-NPs in mitochondrial membrane potential, we treated the 

MDA-MB-231 cells with the nanoparticles for 24 h and stained the cells with JC1 dye. The live 

cells were visualized by confocal microscopy. Figure 16b confirmed substantial increase in 

green/red ratio (green: red = 2.95 ± 0.07) in TOS-TPP-Obt-NP treated cells compared to much 

decreased green/red ratio (green: red = 0.85 ± 0.04) in the non-nanoparticle treated control cells 

as well as only free obatoclax treated cells (green: red = 0.58 ± 0.04) (Figure 17 a-b). 

Finally, we evaluated the efficacy of TOS-TPP-Obt-NPs in drug resistant triple negative breast 

cancer MDA-MB-231 cells. We treated the cells with TOS-TPP-Obt-NPs in a dose dependent 

manner at 48 h and quantified the cell viability by MTT assay. TOS-TPP-Obt-NPs showed IC50 

= 1.06 ± 0.06 μM comparable to IC50 = 0.78 ± 0.17 μM for free drug combination (Figure 16c). 

Furthermore, TOS-TPP-Obt-NPs induced much less cell viability (3.2 ± 1.8 % in 25 μM 

concentration of obatoclax) compared to the cell viability (35.4 ± 7.0 % at 25 μM concentration 

of obatoclax) induced by the free drug cocktails. More interestingly, TOS-TPP-Obt-NPs showed 

much improved efficacy in drug resistance triple negative breast cancer MDA-MB-231 cells 

(IC50 = 1.06 ± 0.06 μM) compared to drug sensitive cervical cancer HeLa cells (IC50 = 3.7 ± 



Chapter 2 

46 

 

0.07 μM) (Figure 16c) at 48 h. We anticipate that our TOS-TPP-Obt-NPs would target Bcl-2 in 

mitochondria very specifically in cancer cells. It is well know that, Bcl-2 can be localized into  

 

Figure 16. (a) Confocal microscopy images of MDA-MB-231 cells showing the homing of 

TOS-TPP-Obt-NPs into mitochondria for 12 h and 24 h time points. Mitochondria were stained 

with MitoTracker green dyes. The yellow regions in the merged images indicate the co-
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localization of TOS-TPP-Obt-NPs in mitochondria. (b) Confocal images of MDA-MB-231 cells 

treated with TOS-TPP-Obt-NPs followed by JC1 dye to observe mitochondrial depolarization 

compared to control cells. The green and red colors were generated by JC1 dye in monomeric 

and aggregated forms respectively. (c) Cell viability assay of TOS-TPP-Obt-NPs in MDA-MB-

231 cells after 48h incubation respectively (p < 0.001, Two-way ANOVA test). 

 

Figure 17. (a) J-monomer/J-aggregate quantification of TOS-TPP-Obt-NPs in MDA-MB-231 

cells compared to free obatoclax and non-treated control cells. (b) CLSM images of J-monomer 

and J-aggregate in free obatoclax treated MDA-MB-231 cells. 

 

Treatment Time  12 h 24h 

Image Channels  C2(green) 

C3(red) 

C2(green) 

C3(red) 

Pearsons' 

Correlation  

Coefficient 

 

          r 0.753 0.4774 

Manders 

Coefficient 

M1 (fraction of 

C2 overlapping 

C3) 
0.6693 0.8901 

 M2 (fraction of 

C3 overlapping 

C2) 
0.3354 0.8277 

Percent volume 

colocalized 
 13.55% 59.49% 
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Table 4 :Quantification of co-localization of TOS-TPP-Obt-NPs into mitochondria in MDA-

MB-231 cells by CLSM. 

mitochondrial outer membrane, nuclear envelop and endoplasmic reticulum to have diverse 

functions.
41

 Our novel TOS-TPP-Obt-NPs showed advantage over free drugs (Figure 16c) to 

target specifically mitochondrial Bcl-2 without inhibiting them in other sub-cellular 

compartments. This nanoparticles mediated spatial targeting of Bcl-2 in mitochondria would 

reveal interesting properties and behavior in cancer cells. We also envision that, TOS-TPP-Obt-

NPs would show much improved efficacy in in vivo models to increase the effective drug 

loading inside the tumor tissue hence increasing maximum tolerated dose (MTD), whereas free 

drug combination at higher concentration would lead off-target systemic toxicity.
18

 Finally from 

these cell viability and apoptosis assay, it was clear that TOS-TPP-Obt-NPs showed much-

improved efficacy in cervical cancer cells as well as drug-resistant triple negative breast cancer 

cells compared to free drug combination through the induction of apoptosis. 

 

2.3. Conclusion 

In conclusion, we have developed a novel dual-drug loaded nanoparticle entity with positive 

surface charge for specific targeting of mitochondria in cancer cell. The so called spherical TOS-

TPP-Obt-NPs are expected to be accumulated into the tumor tissues through unique enhanced 

permeability and retention effect. These NPs were found to be endocytosed into the cancer cells 

by macropinocytosis followed by localization into mitochondria in time dependent manner. In 

mitochondria, TOS-TPP-Obt-NPs triggered mitochondrial outer membrane permeabilization 

(MOMP) by inhibiting anti-apoptotic Bcl-2. This nanoparticle targeted mitochondrial damage 

lead to higher cancer cell death through caspase-9 and caspase-3 mediated apoptosis. We 

envision that the here presented unique approach can be easily translated into clinics as a 

platform technology to inhibit multiple diverse targets concurrently into mitochondria, improve 

the therapeutic efficacy, reduce the off-target toxicity, overcome drug resistance and finally, 

offer better quality of life to the cancer patients. 
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2.4. Materials and methods 

2.4.1 Materials: Solvents,  α-tocopherol succinate, 5-bromopentanol, triphenylphosphine, Calcein AM, 

cobalt(II) chloride (CoCl2), chlorpromazine, amiloride, genistein, L-α-phosphatidylcholine (PC), 

sephadex G-25, sodium dodecyl sulfate (SDS), Hanks' balanced solution without phenol red and sodium 

bicarbonate, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (HEPES), acridine orange, 

lab tek chamber slide 8 wells, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide 

(JC 1 dye) and silicon wafer for field emission scanning electron microscopy (FE-SEM) were bought 

from Sigma-Aldrich. Obatoclax mesylate was bought from Selleck Chemicals. 1,2-Distearoyl-sn-

Glycero-3–Phosphoethanolamine-N-[Amino(Polythylene Glycol)2000] (DSPE-PEG) and the mini 

handheld extruder kit (including 0.2 nm Whatman Nucleopore Track-Etch Membrane, whatman filter 

supports and 1.0 mL Hamiltonian syringes) were bought from Avanti Polar Lipids Inc. Dulbecco’s 

Modified Eagle’s Medium (DMEM) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), propidium iodide and  4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) were purchased 

from Gibco. LysoTracker
TM

 Green DND-153, MitoTracker Green
®
 FM, SlowFade® diamond antifade 

reagent and were obtained from Life Technologies.  HeLa and MDA-MB 231 cells were obtained from 

National Centre for Cell Science (NCCS), Pune. Primary antibodies: Anti-Caspase-3 antibody, anti-Bcl-2 

antibody, Anti-Caspase-9 antibody, Anti-cleaved caspase-3 antibody and Anti tubulin antibody ; 

Secondary antibodies: HRP Goat anti-rat IgG, HRP Goat anti-mouse IgG, and Annexin V-FITC labeling 

solution were bought from biolegend. ; Cytochrome c rabbit mAb, anti-rabbit IgG and HRP-linked 

antibody were obtained from CST. Rabbit anti-chicken IgG antibody and alexa fluor® 488 goat anti-

rabbit IgG (H+L) antibody were purchased from Life technologies. The mitochondria isolation kit for 

cultured cells was bought from the Thermo Scientific. 
2.4.2 Synthesis of conjugate (2). α-tocopherol succinate (1) (200 mg, 0.3773 mmol, 1 equiv.) 

was dissolved in 3 mL dry dichloromethane (DCM) under inert atmosphere and cooled to 0 °C 

Subsequently, N,N'-dicyclohexylcarbodiimide (DCC) (93 mg, 0.4524 mmol, 1.2 equiv) and 4-

(dimethylamino) pyridine (DMAP) (22 mg, 0.1885 mmol, 0.5 equiv) were added to the reaction 

mixture with continuous stirring under inert condition. After 30 min, 5-bromopentanol (91.26 

μL, 0.754 mmol, 2 equiv) was added into the reaction mixture. The reaction was monitored by 

thin layer chromatography (TLC) at room temperature. After 3 h, the reaction was filtered with 

Whatman filter paper to remove the excess solid dicyclohexylurea (by product). The filtrate was 

then evaporated using rotary evaporator and the crude product was purified using silica gel (100-
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200 mesh size) column chromatography with 1 % ethyl acetate in petroleum ether to obtain the 

pure compound 2 (Yield = 50.75 %). 

 

 

2.4.3 Characterization of conjugate 2: 

1
H NMR (400 MHz, CDCl3): δ =  4.11-4.14 (t, 2H, J= 8Hz), 3.37-3.41 (t, 2H, J= 8Hz), 2.92-

2.95 (t, 2H, J= 8Hz), 2.76-2.78 (t, 2H, J= 8Hz), 2.57-2.60 ( t, 2H, J= 8Hz), 2.09 (s, 3H), 2.02-

2.05 (s, 3H), 1.98-1.99 (s, 3H), 1.64-1.91 (m, 7H), 1.47-1.57 (m, 5H), 1.03-1.57 (m, 19H), 0.84-

0.88(m, 11H). 

13
C NMR (100 MHz, CDCl3): δ = 172.18, 170.94, 149.63, 141.27, 126.67, 124.92, 123.03, 

117.39, 100.27, 76.73, 75.05, 64.48, 39.40, 37.47, 33.31, 32.72, 32.79, 32.29, 29.17, 27.99, 

24.81, 22.73, 21.03, 19.77, 12.94, 11.81. 

HR-MS: m/z: for C38H64BrO5
+
 [M+H]

+
 : calculated = 679.3859, observed= 679.3929. 

MALDI-TOF: m/z: for C38H63BrO5Na
+
 [M+Na]

+
: calculated = 701.3859, observed = 701.3763. 

m/z: for C38H63BrO5K
+
 [M+K]

+
: calculate = 717.3859, observed = 717.3459. 

2.4.4 Synthesis of TOS-TPP conjugate (3). Conjugate 2 (124 mg, 0.1825 mmol, 1 equiv), 

triphenylphosphine (95.74 mg, 0.365 mmol, 2 equiv), and 70 mg of potassium carbonate 

(K2CO3) were taken in a round bottom flask, dissolved in 5 mL of acetonitrile (CH3CN) and 

refluxed for 24 h. After the reaction was over (monitored by TLC), K2CO3 was filtered and 

rinsed with CH3CN. The filtrate was evaporated using rotary evaporator and then treated with 

diethylether to remove the excess triphenylphosphine. The crude product was purified using 

silica gel column chromatography with 2 % methanol in dicholoromethane to obtain the pure 

compound 3. (Yield = 35 %). 

2.4.5 Characterization of α-tocopheryl succinate-TPP conjugate (3): 

1
H NMR (400 MHz, CDCl3): δ = 7.67-7.85 (m, 15H), 4.05-4.08 (t, 1H), 3.74-3.81 (m, 1H), 

2.89-2.92 (t, 1H),  2.68-2.72 (t, 1H), 2.56-2.59 (t, 2H), 1.97-2.07 (m, 7H), 1.65-1.84 (m,9H), 

1.35-1.55 (m, 7H), 1.23-1.30 (m, 18H), 1.04-1.17 (m, 8H), 0.84-0.91 (m,13H). 

13
C NMR (100 MHz, CDCl3): δ = 172.15, 171.07, 149.40, 139.25, 134.99, 134.96, 133.70, 

133.60, 130.54, 130.42, 126.68, 124.97, 122.94, 118.79, 117.93, 117.38, 75.06, 64.15, 39.37, 
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37.45, 37.28, 33.80, 32.79, 29.68, 27.96, 24.78, 22.70, 22.61, 19.75, 19.64, 14.09, 12.94, 12.10, 

11.80. 

31
P NMR (CDCl3): δ =24.29 

HR-MS: m/z: for C56H78O5P
+
[M]

+ 
:  calculated=861.5587, observed= 861.5582 

MALDI-TOF: m/z: for C56H78O5P
+
[M]

+ 
:  calculated=861.5587, observed = 861.5600. 

2.4.6 Engineering of TOS-TPP-Obt-NPs. 10.0 mg of L-α-phosphatidylcholine (PC), 5.0 mg of 

α-tocopheryl succinate-TPP conjugate (3), 1 mg of 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polythylene glycol)2000] (DSPE-PEG) and 1 mg of obatoclax 

(Obt) were dissolved in 5.0 mL DCM. DCM was evaporated thoroughly to form thin uniform 

lipid film. The obatoclax containing lipid film was aquated with 1 mL water for 1 h at 60 °C. The 

self-assembled nanoparticles formed were passed through Sephadex G-25 followed by extrusion 

through Whatmann membrane having 200 nm porosity. The nanoparticles were stored at 4 °C for 

further use.
27 

2.4.7 Determination of size, surface charge and shape of α-TOS-TPP-Obt nanoparticles 

a. Dynamic light scattering (DLS)  

The mean particle size and surface charge (zeta potential) of the α-TOS-TPP-Obt nanoparticles 

was measured by dynamic light scattering (DLS) method using Zetasizer Nano2590 (Malvern, 

UK). 50 μl of α-TOS-TPP-Obt nanoparticles solution was diluted to 1ml using DI water and 3 

sets of 10 measurements each were performed at 90 degree scattering angle to get the average 

particle size. 

b. Field-Emission Scanning Electron Microscopy (FESEM) of α-TOS-TPP-Obt 

nanoparticles: 

5 μl of α-TOS-TPP-Obt nanoparticles in water was placed on a silicon chip without any dopant 

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

chip was then gold coated (30-40 nm thickness) using Quorum, Q150T- E5. The FESEM 

measurements were done using Carl Zeiss, Ultra plus, scanning electron microscope at an 

operating voltage of 4.0 KV. 
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c. Atomic Force Microscopy (AFM) of α-TOS-TPP-Obt nanoparticles: 

5 μl of α-TOS-TPP-Obt nanoparticles in water was placed on mica sheet and dried under the 

vacuum desiccators for 2 h. Shape and size of these nanoparticles were determined using Nano 

Wizard  Atomic Force Microscopy (AFM). 

d. Transmission Electron Microscopy (TEM) of α-TOS-TPP-Obt nanoparticles: 

15 μl of α-TOS-TPP-Obt nanoparticles in water was placed on a TEM copper grid. After 30 min  

this sample drop was wicked off by using filter paper and then 15 µL of freshly prepared 0.25% 

uranyl acetate (2.5 mg uranyl acetate in 1 mL dd water) solution was placed on the TEM copper 

grid. After 1 min, uranyl acetate solution was wicked off and the sample was washed three times 

with 15 µl dd water each time. The sample was dried overnight on a clean dust free surface under 

a funnel. The α-TOS-TPP-Obt nanoparticles were imaged using Tecnai T300 HR-TEM and 

Tecnai G2 20-Twin LR-TEM instruments. 

2.4.8 Determination of drug loading. A Calibration curve was plotted in the concentration 

range of 2.5 to 200 μM (for α-TOS) and 5-40 μM (for obatoclax mesylate) by diluting the 1 mM 

standard stock solution of drugs in dimethyl sulfoxide (DMSO). The absorbance was measured 

at 287 nm and 488 nm for α-TOS and obatoclax mesylate respectively with respect to the 

corresponding solvent blank. The linearity was plotted for absorbance (A) against concentration 

(C). For drug loading in nanoparticles, prepared nanoparticles were dissolved in spectroscopic 

grade DMSO in 1 % dilution (done in triplicate). Absorbance was measured at characteristic 

wavelength against the corresponding solvent blank in 200 μL quartz cuvette and from the 

calibration curve drug loading was measured in triplicate. Drug loading efficiency and drug 

loading content were calculated by the equations below. 

Drug loading efficiency = Amount of drug loaded into nanoparticle ÷ Amount of drug used X 

100 %. 

Drug loading content = Amount of drug loaded into nanoparticle ÷ Amount of nanoparticle X 

100 %.  

2.4.9 Stability of the α-TOS-TPP-Obt nanoparticles at 4⁰C and 37⁰C by DLS. The stability 

of the nanoparticles was checked at 4°C and 37°C by Dynamic Light Scattering  method using 

Zetasizer Nano2590 (Malvern, UK). 50 μL of nanoparticles solution was diluted to 1 mL using 

DI water and 3 sets of 10 measurements each were performed at 90 degree scattering angle to get 
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the average particle size. This was done for 14 days keeping the nanoparticles at 4°C 

(refrigerator) and 37°C (incubator) to check its stability at shelf (for storage purpose) as well as 

in blood circulation temperature. Similarly, the nanoparticles were incubated in DMEM cell 

culture media containing 10% FBS (or in PBS) at 37°C for 3 days and size and PDI values were 

measured in predetermined time points.  

2.4.10 Release kinetics. Concentrated 250 μL dual-drug conjugated nanoparticles were 

suspended in 250 μL pH = 5.5 solution (or pH = 7.4 solution) and sealed in a dialysis membrane 

(MWCO = 2000 Dalton for alpha tocopherol succinate and obatoclax release). The dialysis bags 

were incubated in 10 mL pH = 5.5 solution (or pH = 7.4 solution) at room temperature with 

gentle shaking. A 400 μL portion of the aliquot was collected from the incubation medium at 

predetermined time intervals and the released dual drugs were quantified by UV-VIS 

spectrophotometer. 

2.4.11 Cellular internalization by CLSM. 5 x 10
4 

HeLa cells were seeded on a cover slip in a 6 

well plate and incubated overnight in a 5% CO2 incubator at 37
°
C for attachment. Cells were 

then first washed with PBS (pH = 7.4) and then treated with α-TOS-TPP-Obt nanoparticles (at a 

concentration equivalent to 2 µg ml
-1 

of obatoclax) and free obatoclax (2 µg ml
-1

) for 1, 3 and 6 

h. Cells were then washed twice with PBS and fixed with 500 µL of paraformaldehyde (3.7% in 

PBS, pH = 6.9) by incubating for 10 min at 4
°
C. The paraformaldehyde was aspirated and cells 

are washed trice with PBS. Low pH lysosomes were stained with 1 µM LysoSensor
TM

 Green 

DND-153 (Invitrogen) by incubating the cells at 37
°
C for 45 min. The cells were then washed 

three times to remove the unbound LysoSensor
TM

 followed by staining the cells for nuclei with 2 

µg mL
-1

 DAPI (HiMedia) by incubating at 37
°
C for 20 min. Then cells were washed three times 

with PBS and mounted on a glass slide using 5 µL diamond antifed-mounting medium. The 

slides were subjected to fluorescence imaging using a CLSM (Zeiss LSM 710).  

2.4.12 Endocytosis mechanism by CLSM. 5 x 10
4 

HeLa cells were seeded on a cover slip in a 6 

well plate and incubated overnight in a 5 % CO2 incubator at 37 °C for attachment. Cells were 

first washed with phosphate buffered saline (PBS) (pH = 7.4) and then pre-incubated with 

following inhibitors: Chlorpromazine (10 µg mL
-1

), 5-(N-ethyl-N-isopropyl)-Amiloride (1 mM) 

and Genistein (200 µM) for 30 min. Control cells were treated without inhibitors. After 30 min, 

the inhibitor solutions were removed, and TOS-TPP-Obt-NPs (2 µg mL
-1

) in media were added 
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and incubated for 2 h. Cells were then washed twice with PBS and fixed with 500 µL of 

paraformaldehyde (3.7 % in PBS, pH = 6.9) by incubating for 10 min at 4 °C. The 

paraformaldehyde was aspirated and cells were washed thrice with PBS. Low pH lysosomes 

were stained with 1 µM LysoTracker
TM

 Green DND-153 (Invitrogen) by incubating the cells at 

37 °C for 45 min. Cells were washed three times  with PBS followed by staining the cells for 

nuclei with 2 µg mL
-1

 DAPI (HiMedia) by incubating at 37 °C for 20 min. After three more 

washings with PBS, cells were mounted on a glass slide using 5 µL antifade-mounting medium. 

The slides were subjected to fluorescence imaging using a confocal laser scanning microscopy 

(CLSM) (Zeiss LSM 710). 

2.4.13 Endocytosis mechanism by fluorescence activated cell sorting (FACS).  5 x 10
4 

HeLa 

cells were seeded on a 6 well plate and incubated overnight in a 5 % CO2 incubator at 37 °C for 

attachment. Cells were first washed with PBS (pH = 7.4) and then pre-incubated with 

Chlorpromazine, 5-(N-ethyl-N-isopropyl)-Amiloride and Genistein in the same concentrations 

described before for 30 min.  After 30 min, the inhibitor solutions were removed and TOS-TPP-

Obt-NPs were added and incubated for 2 h. A control was kept without adding the nanoparticle. 

After 2 h, the cells were washed with three times PBS, trypsinized and washed twice with media 

by means of centrifugation at 750 rpm for 4 min. Then the cells were suspended in PBS and 

passed through cell strainer to get individual cells and analyzed using BD FACS Calibur
TM

. 

2.4.14 Lysosome permeabilization by acridine orange assay. 5 x 10
4 

HeLa cells were seeded 

on a 6 well plate and incubated overnight in a 5 % CO2 incubator at 37 °C for attachment. The 

cells were then treated with TOS-TPP-Obt-NPs (10 µg mL
-1

) for 12 h. A control was kept 

without adding the nanoparticle. Cells were then washed thrice with PBS (pH = 7.4) and treated 

with acridine orange (5 µg mL
-1

) and incubated in dark at 37 °C for 15 min. Staining solution 

was aspirated and cells were washed thrice with PBS and then fixed with 3.7 % 

paraformaldehyde at 37 °C for 15 min. Fixing solution was discarded and the cells were washed 

thrice with PBS and mounted on a glass slide using SlowFade® diamond antifade reagent. The 

slides were subjected to fluorescence imaging using a CLSM (Zeiss LSM 710). 

2.4.15 Mitochondria localization. 1.5 x 10
4 

HeLa (or MDA-MB 231) cells were seeded in a lab 

tek chamber slide 8 well (per well) and incubated overnight in a 5 % CO2 incubator at 37 °C for 

attachment. Cells were then treated with TOS-TPP-Obt-NPs at a concentration corresponding to 
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the IC50 value of respective drugs for 12 h and 24 h. Cells were then washed thrice with PBS (pH 

= 7.4) and treated with MitoTracker Green® FM at a concentration of 200 nM in PBS and 

incubated in dark at 37 °C for 25 min. Staining solution was aspirated and cells are washed thrice 

with PBS. The lab tek chamber slide 8 wells were subjected to fluorescence imaging using a 

CLSM (Zeiss LSM 710).  

2.4.16 Drug content in mitochondria fraction by FACS. 3 x 10
8
 HeLa cells were incubated in 

T75 flask overnight for attachment and then treated with TOS-TPP-Obt-NPs for 24 h at their 

respective IC50 values. A control was kept without adding the nanoparticle. After the treatment, 

media was removed and cells were trypsinized and washed twice with PBS by means of 

centrifugation at 750 rpm for 4 min to obtain a cell pellet. The mitochondria was isolated from 

the cell pellet by the mitochondria isolation kit for cultured cells (Thermo Scientific) using the 

protocol described by the manufacturer. Briefly, protease inhibitor was added into the Reagent A 

and Reagent C. 800 μL of mitochondria isolation Reagent A was added to the cell pellet and 

vortexed at a medium speed for 5 sec and the tube was incubated into ice for 2 min. Into it, 800 

μL mitochondria isolated Reagent B was added and mixed them by vortexing for 5 sec followed 

by incubation in ice for 5 min. Again 800 μL of mitochondria isolation Reagent C was added 

into the mixture and mix thoroughly without vortexing. The tube was centrifuged at 700 Xg for 

10 min at 4 °C. The supernatant was transferred into new 2 mL tube and centrifuged at 12000 Xg 

for 15 min at 4 °C. The supernatant was transferred into new tube (cytosolic fraction) and the 

pellet contained mitochondria. Finally, 500 μL mitochondria isolation Reagent C was added to 

the pellets and centrifuged at 12000 Xg for 5 min. The supernatant was discarded and 

mitochondria pellet was isolated. The drug content in the isolated mitochondrial fraction was 

measured by BD FACS Calibur
TM

 with 10000 total even collected.  

2.4.17 JC1 assay. 1.5 x 10
4 

HeLa (or MDA-MB 231) cells were seeded in a lab tek chamber 

slide 8 well (per well) and incubated overnight in a 5 % CO2 incubator at 37 °C for attachment. 

Cells were then treated with TOS-TPP-Obt-NPs at a concentration corresponding to the IC50 

value of respective drugs for 24 h. A control was kept without adding the nanoparticle. Cells 

were then washed twice with PBS (pH = 7.4) and incubated with JC1 dye (10 µg mL
-1

) at 37 °C 

for 20 min. Before adding JC1 dye, cells were visualized using CLSM at 590 nm fluorescence 

emission wave length and the red fluorescence signal obtained from the nanoparticles were 
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calculated to be deducted from JC1 fluorescence emission signal as base line correction. The 

excess dye was aspirated and cells are washed thrice with PBS. The lab tek chamber slide 8 wells 

were subjected to fluorescence imaging using a CLSM (Zeiss LSM 710). 

2.4.18 Calcein AM assay. 1.5 x 10
4 

HeLa cells were seeded in a lab tek chamber slide 8 well 

(per well) and incubated overnight in a 5 % CO2 incubator at 37 °C for attachment. Cells were 

then treated with TOS-TPP-Obt-NPs at a concentration corresponding to the IC50 value of 

respective drugs for 24 h. A control was kept without adding the nanoparticle. Cells were then 

washed twice with PBS (pH = 7.4) and incubated with 1 µM Calcein AM and 1 mM CoCl2 in 

modified Hanks' balanced solution supplemented with 10 mM Na-HEPES (pH = 7.4) without 

phenol red and sodium bicarbonate at 37 °C for 30 min. The excess dye was aspirated and cells 

are washed thrice with PBS for the complete removal of Calcein AM and CoCl2. The lab tek 

chamber slide 8 well was subjected to fluorescence imaging using a CLSM (Zeiss LSM 710). 

2.4.19 Apoptosis detection by FACS. For apoptosis detection, 2 X 10
6
 HeLa cells were 

incubated in 6 well plates overnight for attachment and then treated with TOS-TPP-Obt-NPs for 

24 hours. After the treatment, media was removed and cells were trypsinized and washed twice 

with PBS by means of centrifugation at 750 rpm for 4 min. Cell pellet was then resuspended in 

100 µL of Annexin-V-FLUOS labeling solution (Annexin-V-FLUOS Staining Kit from Roche) 

and incubated in 500 µL of incubation buffer at 25
O
C for 15 mins. Cells were then passed 

through cell strainer to get individual cells and analyzed using BD FACS Calibur to detect the 

apoptosis. 

2.4.20 General procedure for Immunostaining assay. 5 x 10
4 

HeLa cells were seeded on a 

coverslip in a 6 well plate and incubated overnight in a 5% CO2 incubator at 37
O
C for 

attachment. Cells were then treated with TOS-TPP-Obt-NPs at corresponding IC50 concentration 

for 24 h. Cells were washed once with PBS and then fixed with 3.7% paraformaldehyde at 37
O
C 

for 15 min. Cells were then washed twice with PBS (pH = 7.4) and were permeabilized by 

incubating in blocking buffer (PBS containing 0.3% tween and 5% FBS) at room temperature. 

Cells were then incubated in primary antibody solution (cytochrome c  1:100 dilution) at 37
O
C 

for 3 hr. Cells are washed thrice with blocking buffer. Then cells were incubated in fluorochrome 

conjugated secondary antibody solution (1:500 dilution) at 37
O
C for 40 min in dark. Cells were 
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washed thrice with PBS and mounted on a glass slide using SlowFade® gold antifade reagent. 

The slides were subjected to fluorescence imaging using a CLSM (Zeiss LSM 710). 

2.4.21 General procedure for Western blot analysis. After 24 hours of TOS-TPP-Obt-NPs 

treatment in their corresponding IC50 concentrations, HeLa cells were lysed and suspended in 

sample buffer. Proteins were separated using SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) and then proteins were transferred onto the membrane (electroblotting). Blotted 

membrane was then blocked in freshly prepared TBS containing nonfat dry milk (5%) for 1 hour 

with constant agitation at room temperature. Membrane was then rinsed once with TBST and 

then incubated in the primary antibody solution (1:1000 dilution, except 1:2500 gor GAPDH) 

overnight at 4
O
C with gentle agitation (except 4 hours for GAPDH). Membrane was then washed 

3 times (15 min each) with TBST and then incubated in HRP conjugated secondary antibody 

solution (1:500 dilution) for 45 min at room temperature with gentle agitation. Membrane was 

again washed thrice with TBST (5 min each). Protein detection was then followed by using 

Immobilon Western Chemiluminescent HRP Substrate (membrane was incubated in the substrate 

for 1 min). Images were acquired using GE Healthcare Lifesciences ImageQuant LAS 4000. 

After the acquisition, membrane was boiled in distilled water for 5 min and again was re-probed 

for GAPDH gene. Further image processing and intensity calculations were performed using 

ImageJ software. 

2.4.22 Cell viability assay. 5 x 10
3 

HeLa (or MDA-MB 231) cells were seeded per well in 96-

well microlitre plate and incubated overnight in a 5% CO2 incubator at 37
°
C for attachment. 

Cells were then treated with α-TOS-TPP-Obt nanoparticles and free drug combinations in 

different concentrations (0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, 50 µM) for 48 h. 20 µL of MTT 

reagent (5 mg/mL) was added to each well and incubated for 4 h at 37
°
C. Formazan crystals were 

then solubilized in 100 µL of the solubilization buffer (10 gm SDS in 0.1 N HCl) and incubated 

overnight. Absorbance was measured by spectrophotometer at 550 nm. The percent cell viability 

was calculated considering the untreated cells as 100 percent viability and the effectiveness of α-

TOS-TPP-Obt nanoparticles was compared with the free drug combinations. 
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2.5. Appendices 

 

Figure A1: 
1
H NMR spectra of conjugate 2 

 

 

Figure A2: 
13

C NMR spectra of conjugate 2 
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Figure A3: HR-MS spectra of conjugate 2. 

 

 

Figure A4: MALDI-TOF spectra of conjugate 2 
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Figure A5: 
1
H NMR spectra of α-TOS-TPP conjugate 3 

 

 

Figure A6: 
13

C NMR spectra of α-TOS-TPP conjugate 3. 
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Figure A7: HR-MS spectra of α-TOS-TPP conjugate 3 

 

 

Figure A8: MALDI-TOF spectra of α-TOS-TPP conjugate 3 
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Figure A9: 
31

P NMR spectra of α-TOS-TPP conjugate 3. 

 

 

Figure A10: RP-HPLC traces of (a) conjugate 2 and (b) conjugate 3. 
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3a.1. Introduction 

Breast cancer is one of the leading causes of death among women in the whole world.
 1

 

Chemotherapeutic regimen using small molecule cytotoxic drugs for treatment of breast cancer 

gained huge success over last couple of decades.
2-5

 However, most chemotherapeutic drugs 

impairing traditional targets like nuclear DNA (cisplatin, 5-fluorouracil, doxorubicin) or tubulin 

(paclitaxel and docetaxel) remained ineffective in longer run due to heterogeneous nature of 

tumor and emergence of drug resistance through intrinsic or extrinsic mechanisms.
6-10

 Hence, 

searching for alternative targets for traditional chemotherapeutic drugs emerged as interesting 

strategy for next-generation cancer therapy.
 11-13

 In this context, mitochondrion has emerged as 

non-conventional target for cancer therapy.
14-17

 Mitochondrion, the powerhouse of the cells, not 

only produces ATP as energy currency, but plays crucial roles in biosynthesis, stress signaling, 

programmed cell death (apoptosis) and autophagy.
18-22

 Consequently, perturbation in 

mitochondrial functions is implicated as one of the emerging hallmarks of cancer progression 

and metastasis.
17, 23

 Interestingly, mitochondrion contains circular DNA which produces proteins 

required for oxidative phosphorylation (OXPHOS) through mitochondrial transcriptional and 

translational machinery.
24-26

 As a result, detouring conventional chemotherapeutic drugs into 

mitochondria to damage mitochondrial DNA (mt-DNA) instead of nuclear DNA helped in 

improving therapeutic efficacy and overcoming drug resistance.
27, 28

 Considering the ubiquitous 

nature in healthy and cancerous cells, selective spatial targeting of mitochondria in cancerous 

cells remained a major challenge. Nano-scale platforms have shown promise to address this 

challenge.
29, 30

 

Nanoplatforms have changed the paradigm of cancer chemotherapy in last couple of decades by 

packaging and delivering therapeutic materials (small molecule drugs, antibodies, siRNAs, 

genes) safely into tumor tissues by either passive or active targeting.
31-33

 However, delivering 

drugs into specific organelles especially into mitochondria is still in its infancy. Recently, 

different cationic moieties including lipophilic triphenylphosphine (TPP),
34-39

 amphiphilic 

peptides
40-45

 and other quaternary pyridine based moieties were used to route DNA damaging 

anti-cancer drugs into mitochondria for improved efficacy and overcome drug resistance.
46

 

Interestingly, similar to nucleus, mitochondria contain several DNA damage repair mechanisms 

which can overcome the effect of DNA damaging drugs in mitochondria.
47, 48

 Hence, it is 
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necessary to impair multiple targets inside mitochondria for enhanced and optimal therapeutic 

effect. In this context, mitochondrial DNA Topoisomerase I (Top1mt) is an interesting candidate 

due to its role in maintaining mitochondrial DNA homeostasis, integrity and repair.
 49,50

 

Moreover, Top1mt is shown to be implicated in cancer and drug resistance.
51

 Although several 

efforts have been made to damage nuclear DNA simultaneously with the inhibition of nuclear 

Topoisomerase I, co-targeting of their counterparts in mitochondria remained completely 

unexplored for effective cancer therapy.  

To address this, herein, we have engineered triphenylphosphine (TPP) coated cationic 

mitochondria targeted Cerberus Nanoparticle (mt-CN) which comprises α-tocopheryl succinate 

(TOS; complex II inhibitor in electron transport chain), cisplatin (DNA damaging drug) and 

topotecan or SN38 (Topoisomerase I inhibitor). These nanoparticles were localized into 

mitochondria of MCF7 breast cancer cells visualized by confocal laser scanning microscopy 

(CLSM). Inhibition of mitochondrial Topoisomerase I (Top1mt) and damage of mitochondrial 

DNA (mt-DNA) were simultaneously achieved by mt-CNs leading to inhibition of mitochondrial 

protein synthesis. These co-targeting of Top1mt and mt-DNA damaged mitochondria through 

mitochondrial outer membrane permeabilization (MOMP) followed by release of pro-apoptotic 

cytochrome c and generation of reactive oxygen species (ROS). This mt-CN-mediated 

mitochondrial impairment triggered programmed cell death (apoptosis) through cleavage of 

caspase-9, leading to improved cell death in MCF7 breast cancer cells. These mt-CNs can be 

further explored as platform for damaging multiple targets spatially and selectively in 

mitochondria of cancer cells to overcome drug resistance in clinics. 

 

3a.2. Result and Discussion 

3a.2.1 Engineering mitochondria targeting Cerberus nanoparticle (mt-CN): 

Spatial targeting of mitochondria in sub-cellular milieu as well as in cancer tissues keeping them 

intact in healthy tissues remained a major challenge. High negative potential of mitochondrial 

membrane compared to cell membrane was exploited to develop lipophilic triphenylphosphine 

(TPP) labeled molecules for routing them to mitochondria.
52

 Using this strategy, several groups 

engineered TPP coated nanoparticles to deliver DNA damaging drugs into the mitochondria of 

cancer cells for improved therapeutic effect.
34-37

 In a recent study, we have demonstrated that 
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TPP coated α-tocopheryl succinate (α-TOS) based nanoparticle comprising obatoclax (Bcl-2 

inhibitor) can target mitochondria to induce apoptosis in cancer cells.
53

 Herein, we have blended 

α-TOS-TPP conjugate (1) with α-TOS-cisplatin conjugate (α-TOS-CDDP, 2) and encapsulated 

either topotecan or SN38 (Topoisomerase I inhibitor) to engineer Cerberus Nanoparticle 

(inspired by a Greek mythological three headed dog called Cerberus) (Scheme 1a). We mixed 

phosphatidylcholine (PC), α-TOS-TPP (1), α-TOS-CDDP (2) and SN38 or topotecan in 6:1:1:1 

weight ratios to obtain mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] respectively. We 

induced stealth nature into mt-CN by using DSPE-PEG2000 to overcome phagocytic system and 

longer blood circulation half-life for future translational ease. 

 

Scheme 1: (a) Engineering mitochondria targeting Cerberus Nanoparticle (mt-CN) from TOS-

TPP and TOS-CDDP conjugate encapsulating Topotecan or SN38. (b) Schematic representation 

of mechanism of action of mt-CN to induce mitochondrial DNA damage and inhibition of 

mitochondrial Topoisomerase I to impair mitochondrial protein synthesis.  

 

The size and shape of the nano-scale particles are determinant factors for effective accumulation 

into tumor tissues by passive targeting.
54

 We determined the size of mt-CNs by dynamic light 

scattering (DLS). The hydrodynamic diameters of mt-CN [CDDP-SN38] and mt-CN [CDDP-
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Topo] were found to be 185.6 nm and 175.4 nm (Figure 1a, b) which were ideal for 

accumulation into tumor tissues through passive targeting.
55

 The size and shape of the mt-CNs 

were further visualized by field-emission scanning electron microscopy (FESEM). The electron 

miscopy images (Figure 1c, d) evidently showed that both mt-CN [CDDP-SN38] and mt-CN 

[CDDP-Topo] were spherical in shape and sub 200 nm in diameter, confirming the 

hydrodynamic diameter determined by DLS. For effective spatial targeting of mitochondria in 

sub-cellular milieu, the nano-scale platform must contain positive surface charge.
52

 We assessed 

the surface charge of the mt-CNs by measuring zeta potential through light scattering (DLS). 

Both mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] showed zeta potential = + 35 mV and + 

23 mV respectively (Figure 1e, f). These high positive surface charges on mt-CNs indicated 

their potential for successful mitochondria localization. 

 

Figure 1: Characterization of size, shape, morphology and surface charge of mt-CN by (a,b) 

dynamic light scattering, (c,d) FESEM and (e,f) zeta potential. 
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Figure 2: (a-b) Concentration versus absorbance calibration graph of SN38 and topotecan 

determined by UV-Vis spectroscopy. (c-d) Loading of α-TOS, CDDP, SN38 and α-TOS, CDDP, 

topotecan in Cerberus nanoparticles (CN1 and CN2). (e) Stability of Cerberus  nanoparticles 

(CN1 and CN2) at 4°C in water for 7 Days and (f) at 37°C in DMEM media with 10% FBS for 3 

days determined by DLS. 

 

Further, the loading of all three drugs into mt-CNs was evaluated by UV-Vis spectroscopy 

through concentration versus absorbance calibration curve at characteristic λmax = 387 nm, 405 

nm, 287 nm and 706 nm for SN38, topotecan, α-TOS and cisplatin respectively (Figure 2 a,b). It 

was observed that mt-CN [CDDP-SN38] contained 303 μg/mL, 560 μg/mL and 1584 μg/mL of 

SN38, cisplatin and α-TOS respectively (Figure 2c). On the other hand, mt-CN [CDDP-Topo]  

contained the loading of topotecan, cisplatin and α-TOS in 321 μg/mL, 509 μg/mL and 1704 

μg/mL respectively (Figure 2d). 

For future applications into clinics, the mt-CNs should be stable in storage condition. Hence, we 

assessed the stability of the mt-CNs at 4 °C for a week. It was observed that the size of the mt-

CN [CDDP-SN38] was increased marginally from 112.7 nm to 129.3 nm over 7 days (Figure 

2e). On the other hand, the size of the mt-CN [CDDP-topo] was increased from 146.3 nm to 

179.3 nm over 7 days. Moreover, the mt-CNs should be highly stable in biological environment 

for successful localization into mitochondria as well as tumor tissues after travelling through 
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blood circulation.To evaluate the stability in biological milieu, we incubated mt-CNs in DMEM 

cell culture media containing 10 % fetal bovine serum (FBS) at 37 °C over 3 days and measured 

the change in size by DLS. It was observed that the size of mt-CN [CDDP-SN38] was increased 

minimally from 119.3 nm to 126.9 nm over 3 days (Figure 2f). Similarly, the size of mt-CN 

[CDDP-Topo] was also changed from 116.2 nm to 129.3 nm after 72 h. These stability data 

clearly showed that mt-CNs were stable in storage condition over 7 days and highly stable in 

biological environment for 3 days which is considerable enough to be localized into 

mitochondria as well as tumor tissues through blood circulation. 

 

3a.2.2. Mitochondrial homing of Cerberus nanoparticle: 

Spherical, sub 200 nm size with highly positive surface charge, the mt-CNs should localize into 

mitochondria of cancer cells. It was shown in a previous study that TPP coated α-TOS based 

nanoparticle containing obatoclax (Bcl-2 inhibitor) can enter into cancer cells by 

macropinocytosis and localize into acidic lysosomes followed by homing into mitochondria 

within 12 h.
53

 Hence, to visualize the localization of mt-CNs into mitochondria, we treated 

MCF7 breast cancer cells with green fluorescent mt-CN [CDDP-SN38] and mt-CN [CDDP-

Topo] for 12 h. The mt-CNs were green fluorescently labeled due to the inherent green 

fluorescence nature of SN38 and Topotecan. We counter stained the mitochondria of MCF7 cells 

by red fluorescent MitoTracker™ Red CMXRos and visualized the live cells under confocal 

laser scanning microscopy (CLSM). Fluorescent microscopy images (Figure 3) evidently 

showed that green fluorescent mt-CNs localized into red fluorescently labeled mitochondria to 

yield yellow merged areas over 12 h. On the other hand, no merged yellow signal was seen in 

non-nanoparticle treated control cells. Further quantification from CLSM through Pearson’s and 

Mander’s correlation coefficients revealed that mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] 

showed 67.7 % and 55.4 % volume co-localization respectively by overlapping green and red 

fluorescence signals inside the cells (Table 1). These confocal microscopy images and 

quantification clearly exhibited that mt-CNs homed into mitochondria of MCF7 cells within 12 

h.  
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Figure 3: Confocal laser scanning microscopy (CLSM) images of mt-CN in MCF7 cells 

showing the homing of mt-CN into mitochondria after 12 h of post-incubation. Mitochondria are 

stained with MitoTracker Red. Scale = 10 μm. 

Nanoparticles  
 

CN1  CN2  

Image Channels  
 

C1 (green)  

C2 (red)  

C1 (green)  

C2 (red)  

Pearsons' 

Correlation 

Coefficient  

             r  0.7735  0.6299  

Manders 

Coefficients  

M1 (fraction of C2 

overlapping C3)  
0.8657  0.9725  

M2 (fraction of C3 

overlapping C2)  
0.9018  1.0  

Percent volume 

colocalized   
67.69%  55.35%  

Table 1 : Quantification of co-localization of Cerberus nanoparticles (CN1 and CN2) into 

mitochondria in MCF7 cells by CLSM after 12 hours. 
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3a.2.3. Mitochondrial DNA damage and inhibition of mitochondrial Topoisomerase I: 

After homing into mitochondria mt-CNs would be able to damage mitochondrial DNA (mt-

DNA) in combination with mitochondrial topoisomerase inhibition by the effect of cisplatin and 

SN38 or topotecan. We further evaluated the effect of cisplatin in damaging mt-DNA. We 

treated MCF7 cells with mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] for 24 h and isolated 

mitochondrial DNA from nuclear DNA. We used polymerase chain reaction (PCR) to amplify 

the long segment of the mitochondrial DNA (10 kbp) which clearly showed that both the mt-CNs 

induced significant mitochondrial DNA damage compared to non-nanoparticle treated control 

cells (Figure 4a). On the other hand, the short segment of the mitochondrial DNA remained 

nearly unaffected as expected.
40

 Further quantification from PCR revealed that mt-CN [CDDP-

SN38] and mt-CN [CDDP-Topo] reduced the long segment of mt-DNA by 4 folds and 2.8 folds 

compared to the control cells respectively (Figure 5a).  

Mitochondrial DNA encodes the proteins necessary for oxidative phosphorylation (OXPHOS) 

inside mitochondria.
26

 One of the mt-DNA encoded mitochondrial proteins is respiratory chain 

component mitochondria-encoded cytochrome c oxidase subunit 1 (MTCO1).
56

 To assess the 

effect of mt-DNA damage on mitochondrial protein synthesis, we treated MCF7 cells with mt-

CNs for 24 h and isolated the mitochondria. We evaluated the expression of MTCO1 in isolated 

mitochondrial by gel electrophoresis. From the gel image (Figure 4b), it was visually evident 

that both mt-CNs reduced the expression of MTCO1 compared to no-nanoparticle treated control 

cells. Further quantification from western blot exhibited that, mt-CN [CDDP-SN38] and mt-CN 

[CDDP-Topo] reduced the expression of MTCO1 by 3.3 folds and 2 folds respectively (Figure 

5b). We also evaluated the expression of nuclear DNA encoded protein succinate dehydrogenase 

subunit A (SDHA) in mitochondria by western blot analysis. The gel electrophoresis of 

mitochondrial extract of MCF7 cells after treatment with mt-CNs for 24 h showed negligible 

change in the expression of SDHA (Figure 4b). Further quantification from western blot also 

confirmed that both the mt-CNs reduced the expression of SDHA marginally (Figure 5c). These 

PCR and western blot results clearly demonstrated that mt-CNs spatially damaged mitochondrial 

DNA keeping nuclear DNA intact leading to mitochondrial translation blockage.  

Furthermore, we also evaluated the inhibition of mitochondrial topoisomerase I (Top1mt) by mt-

CNs. We treated the MCF7 cells with both mt-CNs for 24 h and fixed the cells followed by 

treatment with primary antibody specific for Top1mt. The cells were further visualized by CLSM 
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after staining with Alexa Fluor 488-labelled secondary antibody (green fluorescent) selective for 

Top1mt. From the CLSM images, it was evident that both mt-CNs reduced the expression of 

Top1mt significantly compared to non-nanoparticle treated control cells (Figure 4c). 

Quantification from CLSM images revealed that mt-CN [CDDP-SN38] and mt-CN [CDDP-

Topo] reduced the mean fluorescence intensity by 2.1 folds and 1.4 folds respectively (Figure 

5d). These fluorescence microscopy images and quantification indicated that mt-CNs inhibited 

mitochondrial Topoisomerase I. 

 

Figure 4: (a) Long and short range PCR in isolated mitochondria from MCF7 cells after 

treatment with mt-CN for 24 h to show the mitochondrial DNA damage. (b) Western blot 

analysis of isolated mitochondrial fraction of MCF7 cells after treatment with mt-CN to visualize 

the expression of MT-CO1 and SDHA. (c) CLSM images of mitochondrial Topoisomerase I in 

MCF7 cells after treatment with mt-CN for 24 h followed by staining with Anti-Top1MT-Alexa 

Fluor 488 antibody (green fluorescent). Scale = 10 μm. 
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Figure 5: Quantification of (a) long-range mt-DNA fragments from PCR assay, (b) expression 

of MTCO-1 (c) expression of SDHA and (d) expression of Top1mt from Western blot analysis 

after treating MCF7 cells with mt-CN for 24 h. 

 

3a.2.4. Impairing mitochondria by mt-CN: 

3a.2.4.1 Mitochondrial outer membrane permeabilization (MOMP): 

Cerberus nanoparticle (mt-CN)-mediated co-targeting of DNA and Topoisomerase-I in 

mitochondria would lead to mitochondrial damage through mitochondrial outer membrane 

permeabilization (MOMP).
 57

 The mitochondrial membrane permeabilization was measured by 

JC1 assay. JC1 (a cationic carbocyanine dye) shows remarkable fluorescence emission shift from 

monomeric green (~ 529 nm) at outside mitochondria to aggregated red (~ 590 nm) state inside 

the healthy mitochondrial. As a result, the green and red fluorescence intensity ratio can be used 

as the marker for mitochondrial damage. To evaluate the MOMP, we treated MCF7 cells with 

mt-CN for 24 h followed by staining with JC1 dye and the cells were visualized through confocal 

microscopy. CLSM images in Figure 6a clearly exhibited that mt-CN [CDDP-SN38] and mt-CN 
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[CDDP-Topo] induced much increased green fluorescence intensity compared to red 

fluorescence indicating the existence of JC1 dye in increased monomeric form outside the 

mitochondria compared to aggregated form inside the mitochondria. This phenomena leads to 

more increased green fluorescence regions in merged images. In contrast, non-nanoparticle 

treated control cells showed nearly comparable green and red fluorescence intensity leading to 

merged yellow regions indicating that JC1 dye remained in both monomeric and aggregated 

forms outside and inside mitochondria respectively. Further quantification from the confocal 

images revealed that mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] induced 1.57 folds and 

1.27 folds in increase in green: red fluorescence intensity respectively compared to control cells 

(Figure 7a). These microscopy images and quantification clearly demonstrated that mt-CNs 

triggered the mitochondrial damage through outer membrane permeabilization (MOMP).  

3a.2.4.2 Mitochondrial transition pore (MTP) formation by mt-CN: 

Mitochondrial outer membrane permeabilization by mt-CN triggers the transition pore (MTP) 

formation. Nanoparticle-mediated MTP formation was further evaluated by Calcein methylester 

(Calcein AM) assay. Non-fluorescent Calcein AM can enter into the cells to be localized into 

cytosol and mitochondria.
58

 However, the cytosolic esterases can hydrolyze the ester linkage in 

Calcein AM into carboxylic acid moiety to release green fluorescent Calcein which can be 

quenched by CoCl2 added externally. In contrast, the non-fluorescent Calcein AM in 

mitochondria remain intact. After MOMP, mitochondrial Calcein AM can be sequestered into 

cytosol through the formation of MTPs followed by esterase cleavage into green fluorescent 

Calcein. Hence, to evaluate the MTP formation, we treated MCF7 cells by both mt-CNs for 24 h 

followed by treatment with Calcein AM and CoCl2. The green fluorescence signal from Calcein 

was visualized by confocal microscopy. The CLSM images in Figure 6b evidently showed that 

mt-CN[CDDP-SN38] and mt-CN[CDDP-Topo] significantly increased the release of green 

fluorescent Calcein from mitochondria into cytosol indicating the formation of mitochondrial 

transition pores after MOMP. In contrast, the untreated control cells showed weak fluorescence 

signals indicating mitochondria without transition pores through MOMP. We also quantified the 

formation of green fluorescent Calcein from the confocal images. It was observed that mt-CN 

[CDDP-SN38] and mt-CN [CDDP-Topo] increased 1.5 folds and 1.4 folds mean fluorescence 

intensity respectively compared to non-treated control cells (Figure 7b). These CLSM images 
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and quantification indicated that mt-CNs induced transition pore formation into mitochondrial 

after outer membrane permeabilization. 

3a.2.4.3 Mitochondrial damage by mt-CN: 

Nanoparticle-mediated MOMP and MTP formation would weaken mitochondrial  

 

 

Figure 6: Mitochondrial damage induced by mt-CN in MCF7 cells was visualized by confocal 

microscopy through (a) JC1 assay (b) Calcein AM assay and (c) TMRM assay. Scale = 10 μm. 
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Figure 7: Confocal laser scanning microscopy based quantification of (a) J-monomer/J-

aggregate in JC1 assay, (b) mean fluorescence intensity of Calcein AM and (c) mean 

fluorescence intensity of TMRM from MCF7 cells after treatment with mt-CNs for 24 h. 

 

hyperpolarization. Mitochondria damage induced by mt-CNs was evaluated by tetramethyl 

rhodamine methyl ester (TMRM) assay,
59

 where red fluorescent cationic TMRM would be 

accumulated into undamaged hyperpolarized mitochondria for their higher ΔΨm. MCF7 cells 

were treated with both mt-CNs for 24 h and red fluorescence inside the cells was visualized by 

confocal fluorescence microscopy. The confocal microscopy images in Figure 6c demonstrated 

that mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] reduced the sub-cellular intensity of red 

fluorescent TMRM significantly compared to control cells. We also quantified the TMRM 

retained inside the cells from confocal images, which revealed that mt-CN [CDDP-SN38] and 

mt-CN [CDDP-Topo] reduced 3.5 folds and 2.8 folds mean fluorescence intensity respectively 

compared to non-nanoparticle treated cells (Figure 7c). The fluorescence imaging exhibited that 

mt-CNs induced mitochondrial damage by MOMP and MTP formation. 

 

3a.2.5. Cytochrome c release and ROS generation: 

Mitochondrial outer membrane permeabilization triggers the sequestration of pro-apoptotic 

molecule cytochrome c into cytosol to induce apoptosis.
 57, 60

 The expression of cytochrome c 

after mt-CN-mediated MOMP was visualized by confocal fluorescence microscopy. MCF7 cells 

were treated with mt-CNs for 24 h and cytochrome c was stained with green fluorescently 

labeled Alexa Fluor 488 anti-cytochrome c antibody. The fluorescence confocal microscopy 

images (Figure 8a) evidently confirmed that mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] 

increased the expression of cytochrome c in MCF7 cells compared to control cells. Moreover, it  
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Figure 8: CLSM images of MCF7 cells after treatment with mt-CN for 24 h to visualize (a) the 

expression of cytochrome c stained with green fluorescent Alexa Fluor 488 labeled anti-

cytochorme c antibody (b) generation of reactive oxygen species (ROS) by DCF assay. Scale = 

10 μm. 

 

Figure 9 : Quantification of mean fluorescence intensity from confocal microscopy of (a) 

cytochrome c and (b) reactive oxygen species (ROS) in MCF7 cells after treatment with mt-CN 

for 24 h. 
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was also observed that mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] increased the 

fluorescent intensity from green fluorescent Alexa Fluor 488 anti-cytochrome antibody into 1.5 

folds and 3.2 folds respectively (Figure 9a). From this microscopy study and quantification, it 

was evident that mt-CNs-mediated mitochondrial damage released cytochrome c from 

mitochondria into cytosol to induce further cell death. 

Furthermore, mitochondrial damage leads to the formation of reactive oxygen species (ROS) into 

the cells to trigger cell death 
59

. Hence, we assessed the production of ROS after mitochondrial 

damage by mt-CNs by dichlorodihydrofluorescein diacetate (H2DCFDA) assay.
61

 In the sub-

cellular milieu, non-fluorescent H2DCFDA gets hydrolyzed into the corresponding dicarboxylic 

acid, which is further oxidized by the reactive-oxygen species inside the cells to afford green 

fluorescent dichlorofluorescein (DCF). Hence, we treated MCF7 cells with mt-CNs for 24 h and 

the cells were stained with H2DCFDA. The live cells were further visualized by fluorescence 

confocal microscopy to evaluate the ROS generation. Figure 8b clearly demonstrated both the 

mt-CNs induced the generation of ROS by remarkable increase in green fluorescence intensity 

into MCF7 cells compared to no-nanoparticle treated control cells. Subsequent quantification 

from fluorescence microscopy revealed that mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] 

increased the mean fluorescence intensity by 1.6 folds and 1.4 folds respectively (Figure 9b). 

These confocal imaging and quantification, it was evident that mt-CN-mediated mitochondrial 

damage lead to generation of reactive-oxygen species (ROS) in MCF7 breast cancer cells. 

 

3a.2.6. Induction of apoptosis and cell death: 

Cerberus nanoparticle-mediated mitochondrial damage and subsequent release of cytochrome c 

and generation of ROS would trigger the cells into apoptosis (programmed cells death).
62

 

Induction of apoptosis was assessed by flow cytometry analysis. MCF7 cells were treated with 

mt-CNs for 24 h and cells were stained by FITC-labeled Annexin V (green fluorescent) to 

evaluate the flipped phosphatidylserines on the outer surface of early apoptotic cells. The cells 

were further treated with red fluorescent propidium iodide (PI) to stain the DNA of the late 

apoptotic and necrotic cells.  From the flow cytometry data, it was observed that mt-CN [CDDP-

SN38] triggered 71.9 %, 6.8 % and 0.1 % cells into early apoptosis, later apoptosis and necrosis 

respectively (Figure 10a). On the other hand, mt-CN [CDDP-Topo] treated cells were found in 

64.3 %, 10.6 % and 0.1 % in early apoptotic, late apoptotic and necrotic stages respectively 
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(Figure 10a) compared to non-treated control cells. From this flow cytometry data, it was 

confirmed that mt-CNs induced early and late apoptosis in MCF7 cells through mitochondrial 

damage.  

Apoptosis in cancer cells is initiated by caspase-9, which is cleaved to trigger the programmed 

cell death.
 63 

To evaluate the expression of caspase-9, MCF7 cells were treated with mt-CNs for 

24 h and the cells were successively treated by caspase-9 antibody. The expression of caspase-9 

was visualized by confocal microscopy after staining the cells with red fluorescently labeled 

Alexa Fluor 567-anti-caspase-9 antibody. The CLSM images in Figure 10b indicated that both 

mt-CNs reduced the expression of caspase-9 significantly in MCF7 cells compared to control 

cells. Fluorescence confocal microscopy based quantification also revealed that mt-CN [CDDP-

SN38] and mt-CN [CDDP-Topo] reduced the red fluorescent intensity by 2.5 folds and 1.4 folds 

respectively (Figure 11a). We further measure the expression of caspase-9 by Western blot 

analysis. MCF7 cells were treated with mt-CNs for 24 h caspase-9 was visualized and quantified 

by gel electrophoresis. Figure 6c convincingly indicated that both mt-CNs reduced the 

expression of caspase-9 in MCF7 cells. The quantification of protein expression from Western 

blot also showed that mt-CN [CDDP-SN38] and mt-CN [CDDP-Topo] reduced the expression of 

caspase-9 by 1.3 folds and 1.2 folds respectively (Figure 11b). These confocal microscopy and 

gel electrophoresis convincingly showed that mt-CNs induced apoptosis in MCF7 cells by 

cleavage of caspase-9.  

Finally, we assessed the effect of mitochondrial damage over cancer cell’s death. We treated 

MCF7 cells by mt-NPs in a dose dependent manner over 48 h and evaluated the cell viability by 

MTT assay. As control, MCF7 cells were treated with the cocktail of α-TOS, cisplatin and SN38 

or Topotecan in the same ratio present in the nanoparticles. At 48 h, post-incubation, mt-CN 

[CDDP-SN38] showed much lower IC50 = 5.9 μM with 8.4 % cell viability at 30 μM 

(concentration of SN38 in nanoparticle) (Figure 10d). In contrast, the free drug cocktail showed 

much higher IC50 = 9.6 μM with much higher cell viability = 22.4 % at 30 μM (concentration of 

SN38 in the cocktail). Interestingly, mt-CN [CDDP-Topo] showed almost similar IC50 = 7.7 μM 

(cell viability = 13.2 % at 30 μM Topotecan concentration in the nanoparticle) compared to the 

IC50 = 8.1 μM (cell viability = 19.7 % at 30 μM Topotecan concentration in the cocktail) shown 

by the free drug cocktail (Figure 10e). These cell viability data clearly demonstrated that mt-CN 

[CDDP-SN38] showed much improved cell killing efficacy compared to the free drug cocktails. 
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However, mt-CN [CDDP-Topo] showed comparable efficacy towards MCF7 cells in comparison 

to free drug combination. We anticipate that these mt-CNs can serve as tools to spatially inhibit 

multiple targets into mitochondria for enhanced efficacy towards cancer cells.  

 

Figure 10: (a) Induction of apoptosis in MCF7 cells after treatment with mt-CN for 24 h, 

measured by flow cytometry analysis. (b) CLSM images of MCF7 cells after treatment with mt-

CN for 24 h followed by staining caspase-9 with red fluorescent Alexa Fluor 567 labeled 

caspase-9 antibody. Scale = 10 μm. (c) Western blot analysis of caspase-9 in MCF7 cells after 

treatment with mt-CN for 24 h. (d) Cell viability of MCF7 cells after treatment with mt-CN for 

24 h by MTT assay.  
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Figure 11 Quantification of (a) mean fluorescence intensity of caspase-9 from confocal 

microscopy and (b) expression of caspase-9 from gel electrophoresis in MCF7 cells after 

treatment with mt-CN for 24 h. 

 

3a.3. Conclusion 

In conclusion, we have engineered triphenylphosphine (TPP) coated mitochondria targeted 

Cerberus Nanoparticle (mt-CN) which can comprise DNA damaging agent (cisplatin) and 

Topoisomerase I inhibitor (SN38 or Topotecan) in a single nanoparticle for augmented efficacy. 

These positively charged sub 200 nm spherical nanoparticles can home into mitochondrial of 

MCF7 breast cancer cells within 12 h. These mt-CNs damaged mitochondrial DNA along with 

inhibition of mitochondrial Topoisomerase I (Top1mt) simultaneously leading to shutting down 

the mitochondrial translational machinery keeping nuclear translation unaffected. This co-

targeting of mitochondrial DNA and Top1mt induced mitochondrial outer membrane 

permeabilization (MOMP) and mitochondrial transition pore (MTP) opening leading to 

mitochondrial damage. This mt-CN-mediated mitochondrial damage sequestered pro-apototic 

cytochrome c and generated reactive oxygen species (ROS) to induce apoptosis into MCF7 cells 

through caspase-9 cleavage. Finally, these mt-CNs showed improved efficacy in MCF7 breast 

cancer cell killing compared to free drug combination. We anticipate that these novel Cerberus 

Nanoparticles can be used as platform to impair multiple targets specifically into mitochondria of 

tumor tissues as next-generation cancer therapeutics. 
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3a.4. Materials and Method 

3a.4.1 Materials. α-tocopherylsuccinate, 5-bromopentanol, triphenylphosphine, cisplatin, 

Calcein AM, L-α-phosphatidylcholine (PC), JC 1 dye, TMRM and silicon wafer were procured 

from Sigma-Aldrich. SN38 and topotecan were bought from Selleck Chemicals. MitoTracker 

Red
®
 FM, SlowFade® diamond antifade reagent and were obtained from Life Technologies.  

MCF7 cells were obtained from National Centre for Cell Science (NCCS), Pune. Anti-Caspase-9 

primary antibody, HRP Goat anti-rat IgG, HRP Goat anti-mouse IgG, and Annexin V-FITC 

labeling solution were bought from Biolegend. Cytochrome c rabbit mAb, anti-rabbit IgG and 

HRP-linked antibody were obtained from CST. Rabbit anti-chicken IgG antibody, Alexa Fluor® 

488 goat anti-rabbit IgG (H+L) antibody were purchased from Life technologies. Alexa Fluor 

567-labeled secondary antibody was purchased from Invitrogen. H2DCFDA was purchased from 

MitoBiogenesis™. Western Blot Cocktail and Anti-TOP1MT antibody were purchased from 

Abcam.  The mitochondria isolation kit for cultured cells was bought from the Thermo 

Scientific. 

3a.4.2. Synthesis of α-TOS-TPP conjugate (1). α-TOS-TPP conjugate (1) was synthesized in a 

two-step process starting from α-tocopherylsuccinate (α-TOS).
53

 In short, α-TOS (200 mg, 0.38 

mmol) was reacted with 5-bromopentanol (92 μL, 0.7 mmol) in presence of DCC (100 mg, 0.4 

mmol) and catalytic amount of DMAP for 3 h to obtain the corresponding ester which was 

further refluxed with triphenylphosphine in presence of potassium carbonate (K2CO3) as base to 

afford α-TOS-TPP conjugate (1) in 35 % yield.  

3a.4.3. Synthesis of α-TOS-CDDP conjugate (2). α-TOS-CDDP conjugate (2) was synthesized 

by previously reported procedure.
64

 Briefly, a solution of α-TOS (5 mg, 0.009 mmol) in 1 mL 

DMF was mixed with aquated cisplatin (500 μL) and the reaction mixture was stirred for 24 h 

followed by solvent evaporation to obtain α-TOS-CDDP conjugate (2) in 89 % yield.  

3a.4.4 Engineering of Cerberus Nanoparticle (mt-CN). 6.0 mg of L-α-phosphatidylcholine 

(PC), 1.0 mg of α-TOS-TPP conjugate (1), 1.0 mg of α-TOS-CDDP conjugate (2), 1.0 mg of 

SN38 or Topotecan and 0.6 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polythylene glycol)2000] (DSPE-PEG) were dissolved in 5.0 mL DCM-methanol 

mixture. Solvent was evaporated thoroughly to form a thin uniform lipid film. The lipid film was 

aquated with 1 mL water for 1 h at 60 °C. The nanoparticles formed were passed through 
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Sephadex G-25 followed by extrusion through 200 nm filter. The Cerberus nanoparticles (mt-

CNs) were stored at 4 °C for further use.
65

 

3a.4.5 Dynamic light scattering and FESEM. Hydrodynamic diameter and surface charge were 

determined by dynamic light scattering (DLS) by using Zetasizer Nano2590 (Malvern).
64

 The 

size and morphology were visualized by field emission scanning electron microscopy (FESEM) 

by spotting the sample over silicon chip followed by gold coating and imaging in Carl Zeiss at 4 

kV voltage.
64

  

3a.4.6 Determination of drug loading in mt-CN. A Calibration curve was plotted in the 

concentration range of 12.5-200 μM (for SN38) and 25-200 μM (for topotecan) by diluting the 1 

mM standard stock solution of drugs in DMSO and water. The absorbance was measured at 387 

nm and 405 nm for SN38 and topotecan respectively with respect to the corresponding solvent 

blank. A linear graph was plotted for absorbance (A) versus concentration (C). mt-CNs were 

dissolved in spectroscopic grade DMSO in 1 % dilution (in triplicate). Absorbance was measured 

at characteristic wavelength against the corresponding solvent blank in 200 μL quartz cuvette 

and from the calibration curve drug loading was measured in triplicate.
53, 64

 

3a.4.7 Stability of mt-CN. The stability of the mt-CNs was checked at 4 °C and 37 °C by DLS. 

50 μL of mt-CN solution was diluted to 1 mL using de-ionized water and hydrodynamic 

diameter was recorded in triplicate. This was done for 7 days storing the nanoparticles at 4 °C. 

Similarly, the mt-CNs were incubated in DMEM cell culture media containing 10% FBS at 37°C 

for 3 days and hydrodynamic diameter was measured in triplicate in predetermined time points.
64

  

3a.4.8 Mitochondria localization. 2.0 x 10
4 

MCF7 cells were seeded in a lab tek chamber slide 

8 well (per well) and attached for 24 h. Cells were then treated with mt-CNs for 12 h. Cells were 

washed with PBS (pH = 7.4) and treated with MitoTracker Red® FM (200 nM) followed by 

incubation in dark at 37 °C for 25 min. Staining solution was removed and cells are washed with 

PBS. The cells were visualized by Zeiss LSM 710 confocal microscopy.
53

  

3a.4.9 Quantification of mt-DNA by polymerase chain reaction (PCR). 2 x 10
6 

MCF7 cells 

were attached on a 6 well plate. Cells were then treated with mt-CNs for 24 h. A control was 

kept without adding the nanoparticles.  Cells were then trypsinized and pelleted by centrifugation 

at 750 X g. The DNA isolation was performed from cell pellets using the Sigma GenElute 

Mammalian Genomic DNA Miniprep kit according to the manufacturer’s protocol. The 

concentration of DNA in all samples was quantified by PicoGreen staining. Samples were 
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diluted in dd-H2O to equal concentrations of 2 ng/μL. 10 ng of each template was inputted into 

the reaction. 

Long-range polymerase chain reaction (PCR) was used to quantify the Mitochondrial DNA 

isolated from total DNA of the whole cell after treatment using the Elongase long range PCR 

enzyme kit (Invitrogen) with 2 mM Mg
2+

. A 10-Kb fragment and a shorter region of mtDNA 

(117 pb) were amplified. PCR reactions were limited to 14 and 16 cycles, to ensure that 

amplification process was still in the exponential phase. Primer sequences used for mtDNA 

analysis are: 

Long range PCR: 5'-TCTAAGCCTCCTTATTCGAGCCGA-3' and 5'-

TTTCATCATGCGGAGATGTTGGATGG-3' 

Short range PCR: 5'-AAGTCACCCTAGCCATCATTCTAC-3' and 5'-

GCAGGAGTAATCAGAGGTGTTCTT-3' 

PCR conditions were: (1) 94 °C, 1 min; (2) 68 °C, 12 min and was repeated for 16 cycles; (3) 68 

°C, 10 min for Long range PCR 

3.a.4.10 Analysis of electron transport chain proteins. 3 x 10
8
 MCF7 cells were incubated in 

T75 flask overnight for attachment and then treated with mt-CNs for 24 h. A control was kept 

without adding the nanoparticles. After the treatment, media was removed and cells were 

trypsinized and washed with PBS by means of centrifugation at 750 X g for 4 min to obtain a 

cell pellet. The mitochondria were isolated from the cell pellet by mitochondria isolation kit 

using the protocol described by the manufacturer. The mitochondrial pellets were resuspended in 

RIPA buffer with protease inhibitors (Cell Signaling Technology) and placed on ice for 30 min 

with occasional vortexing. The total mitochondrial protein concentration was quantified using a 

660 nm protein assay (Thermo Scientific). Mitochondrial protein lysates (15 μg) were loaded 

onto 4−15% polyacrylamide gel (Biorad) and standard Western blotting procedure was followed. 

For SDS-PAGE and Western Blot analysis, 7.5 µg of protein were  boiled  with  6 X  SDS-

PAGE  loading  buffer  and  samples were  separated  on  precast  NU-PAGE  10%  Bis-Tris 

minigels (Novex). Western Blot analysis was performed in Western cocktail antibody. 

Chemiluminescence was used to detect immune-reactive proteins, and protein abundance was 

quantified based on band intensities using ImageQuant software. 

3a.4.11 Detection of Mitochondrial Topoisomerase 1 (Top1mt) by immunostaining. 5 x 10
4 

MCF7 cells were seeded on a coverslip in a 6 well plate for attachment. Cells were then treated 
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with mt-CNs for 24 h. Cells were washed once PBS followed by treatment with 3.7% 

paraformaldehyde at 37 °C for 15 min. Cells were then washed again with PBS and were treated 

with blocking buffer at room temperature. Cells were then incubated in Top1mt primary 

antibody solution (1:100 dilution) at 37 °C for 3 h. Cells were further washed with blocking 

buffer. Cells were incubated with Alexa Fluor 488-labelled secondary antibody solution (1:500 

dilution) at 37 °C for 40 min in dark. Cells were mounted on a glass slide using SlowFade® gold 

antifade reagent. The slides were visulaized by using a CLSM (Zeiss LSM 710). 

3a.4.12 Determination of mitochondrial outer membrane permeabilisation (MOMP): 

2.0 X 10
4
 MCF7 cells were attached in lab tek chamber slide 8 well and cells were treated with 

mt-CNs for 24 h. 

3a.4.12.1 JC 1 assay. Cells were washed with PBS (pH = 7.4) and incubated with JC1 dye (10 

µg mL
-1

) at 37 °C for 20 min. The excess dye was aspirated and cells are washed thrice with 

PBS.  

3a.4.12.2 TMRM assay. Cells were then washed with PBS and incubated with TMRM dye (10 

µg mL
-1

) for 20 min.  

3a.4.12.3 Calcein AM assay. Cells were then washed twice with PBS and incubated with 1 µM 

Calcein AM and 1 mM CoCl2 in modified Hanks' balanced solution supplemented with 10 mM 

Na-HEPES (pH = 7.4) without phenol red and sodium bicarbonate at 37 °C for 30 min. The cells 

are washed with PBS for the complete removal of Calcein AM and CoCl2.  

Cells were finally subjected to confocal laser scanning microscopy using Zeiss LSM 710.
53

  

3a.4.13 Generation of Reactive Oxygen Species (ROS). 2.0 x 10
4 

MCF7 cells were attached in 

a lab tek chamber slide 8 well. Cells were then treated with mt-CNs for 24 h. Cells were washed 

with PBS and incubated with DCFDA (10 µg mL
-1

) for 20 min. The excess dye was removed 

and cells are washed with PBS. The cells were subjected to fluorescence imaging using a CLSM 

(Zeiss LSM 710).
53

 

3a.4.14 Release of Cytochrome C. 5 x 10
4 

MCF7 cells were attached on a coverslip in a 6 well 

plate. Cells were then treated with mt-CNs for 24 h. Cells were washed with PBS and then 

treated with 3.7% paraformaldehyde for 15 min. Cells were then washed with PBS and were 

permeabilized by incubating in blocking buffer. Cells were then incubated in primary antibody 

solution (cytochrome c in 1:100 dilution) at for 3 h. Cells are washed thrice with blocking buffer 

followed by incubated in Alexa Fluor® 488  secondary antibody solution (1:500 dilution) at 37 
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°C for 40 min in dark. Cells were washed with PBS and mounted on a glass slide using 

SlowFade® gold antifade reagent. The cells were subjected to fluorescence imaging using a 

CLSM (Zeiss LSM 710).
53

 

3a.4.15 Apoptosis detection by flow cytometry. Detection of apoptosis by mt-CNs in MCF7 

cells were performed using previously described method.
53

 In short, 2 X 10
6
 MCF7 cells were 

attached in 6 well plates and treated with mt-CNs for 24 hours. Cells were trypsinized and 

resuspended in 100 µL of Annexin V binding buffer followed by treatment with 5 µL of APC 

Annexin V and 10 µL of propidium iodide solution. The apoptotic cells were quantified by using 

BD FACS Calibur. 

3a.4.16 Caspase 9 activity. For immunostaining assay, 5 x 10
4 

MCF7 cells were attached on a 

coverslip in a 6 well plate. Cells were treated with mt-CN for 24 h. Cells were washed and 

treated with 3.7% paraformaldehyde. Cells were then permeabilized by incubating in blocking 

buffer and incubated in Caspase 9 primary antibody solution (1:100 dilution) for 3 h. Cells are 

washed with blocking buffer incubated in Alexa Fluor 567 conjugated secondary antibody 

solution (1:500 dilution) at 37 °C for 40 min in dark. Cells were washed with PBS and mounted 

on a glass slide using SlowFade® gold antifade reagent. Cells were imaged using a CLSM (Zeiss 

LSM 710). 

For western blot, after 24 h treatment with mt-CNs, cells were lysed and suspended in sample 

buffer. Proteins were separated using SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred onto the membrane (electro-blotting) and the proteins imaged using previously 

described method.
53

 In short, blotted membrane was then blocked in freshly prepared TBS 

containing non-fat dry milk (5%) for 1 h with constant shaking at room temperature. Membrane 

was then rinsed with TBST and incubated in the Caspase-9 antibody (1:1000 dilution, except  

1:2500 or GAPDH) overnight at 4 °C with gentle agitation (except 4 h for GAPDH). Membrane 

was then washed 3 times (15 min each) with TBST and incubated in anti- mouse HRP 

conjugated secondary antibody solution (1:500 dilution) for 45 min at room temperature with 

gentle agitation. Membrane was further washed thrice with TBST (5 min each). Protein detection 

was then performed by using Immobilon Western Chemiluminescent HRP Substrate (membrane 

was incubated in the substrate for 1 min). Images were acquired using GE Healthcare 

Lifesciences ImageQuant LAS 4000. After the acquisition, membrane was boiled in distilled 
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water for 5 min and re-probed for GAPDH protein. Further image processing and intensity 

calculations were performed using ImageJ software.  

3a.4.17 Cell viability assay. 5 x 10
3 

MCF7 cells were attached per well in 96-well plate. Cells 

were then treated with mt-CNs and free drug combinations in different concentrations (0.11, 

0.23, 0.46, 0.92, 1.87, 3.75, 7.5, 15, 30 µM) for 48 h. The cell viability was measured using the 

MTT assay described previously 
52, 53

.The percent cell viability was calculated considering the 

untreated cells as 100 % viability and the effectiveness of mt-CNs was compared with the free 

drug combinations. 
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Chapter 3b: Simultaneous targeting of 

mitochondrial DNA and mitochondrial 

Topoisomerase I by graphene oxide 

nanomaterials 

 

 
 

Sections of this chapter represent the following work in progress: 
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3b.1. Introduction 

In the last few years, graphene and its derivative graphene oxide have been the main focus of 

research and have attracted great interest in nanomedicine because of its intrinsic properties.
1-2

 

Graphene consists of a single layer of sp
2
 hybridized carbon atoms arranged in a honeycomb 2D 

crystal lattice, whereas, Graphene oxide is a highly oxygenated derivative of graphene. It is 

composed of planar graphenes like patches which are separated by sp
3
 hybridized carbon atoms 

bearing –OH,-COOH and epoxy groups. Due to this unique structure and geometry, they possess 

amazing physical and chemical properties like 1) amphiphilicity, 2) negatively charged nature, 3) 

can be easily functionalized due to oxygenated groups, 4) planar surface endows it with 

capability to immobilize large number of materials such as metals, drugs (by Π- Π stacking 

interactions), biomolecules and imaging probes.
3
 Hence, it has great application as drug delivery 

system for water insoluble anticancer drugs, in gene therapy, tissue engineering and in bio-

imaging and sensing system.
4 

Targeting subcellular organelles with graphene oxide has evolved to be an interesting anticancer 

therapeutic strategy in recent years.
5
 Specifically directing graphene oxide to mitochondria has 

been a major challenge in past few years due it's negative charge.
6-7 

The negative charge on GO 

can be converted into mitochondria targeting favorable positive charge by using 

polyethylenimine (PEI), a cationic polymer, generally used for gene delivery.
8-10 

Inspired by the biomedical applications of graphene oxide and the targeting ability of 

polyethyleneimine directing nanomaterials to mitochondria,
11-12

 we have developed 

mitochondria targeting graphene oxide nanomaterial. Due to the aromatic structure and planar 

nature of graphene oxide, we could stack a water-soluble drug, topotecan (Topoisomerase 1 

inhibitor), by Π-Π stacking interaction on its surface.
13

 We further used cisplatin (a nuclear DNA 

damaging drug) which coordinates with the -COOH group of graphene oxide and thereby coated 

with polyethyleneimine to obtain mitochondria targeting graphene oxide nanomaterial. 

Interestingly, it was observed that stacking of topotecan onto graphene oxide maintained its 

sheet-like structure but, on the coordination of cisplatin to it converted its morphology into 

spherical particles of sizes < 200 nm.
14

 The shape of the nanomaterials was retained when coated 

with polyethyleneimine. The spherical shape and the size < 200 nm of the mitochondria targeting 

graphene oxide nanoparticle (GTCP) were confirmed by the FESEM. The presence of topotecan 
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in the mitochondria targeting graphene oxide nanoparticle (GTCP) was confirmed by the 

fluorescence emission quenching when stacked with graphene oxide. The presence of graphene 

oxide in the GTCP nanoparticle was confirmed by Raman spectroscopy through characteristic D 

and G bands. Finally, the presence of cisplatin was confirmed by Energy Dispersive Analysis Of 

X Rays (EDAX) studies. These mitochondria targeting graphene oxide nanoparticles (GTCP) 

damaged the mitochondrial DNA (mt-DNA) and mitochondrial Topoisomerase I (Top1mt) 

leading to mitochondrial outer membrane permeabilization (MOMP) and ROS generation. 

Finally, these GTCP nanoparticles induced enhanced cell death compared to the free drug 

combination. We envision that these GTCP nanoparticles could be translated into clinics in 

future as a platform technology for damaging multiple targets in mitochondria of cancer cells to 

overcome drug resistance. 

 

3b.2. Result and Discussion 

3b.2.1 Synthesis of mitochondria targeting graphene oxide conjugate (GTCP) 

We have chosen Topotecan, a water soluble derivative of camptothecin to inhibit mitochondrial 

Topoisomerase I.  

 

Scheme 1: Schematic diagram of mitochondria targeting graphene oxide conjugate synthesis.  

(1) Graphene oxide, (2) Graphene oxide- topotecan (GT), (3) Graphene oxide-topotecan-cisplatin 

(GTC) and (4) Graphene oxide-topotecan-cisplatin- polyethyleneimine(GTCP) 
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Topotecan was stacked on graphene oxide (1) to obtain graphene oxide- topotecan (GT) 

composite (2) followed by coordination of cisplatin with the -COOH of the graphene oxide to 

form graphene oxide-topotecan-cisplatin (GTC) conjugate (3) (Scheme 1). Finally, GTC was 

coated with polyethyleneimine (PEI) to attain mitochondria targeting graphene oxide conjugate 

(GTCP) (4) (Scheme 1). 

3b.2.2 Characterisation of mitochondria targeting graphene oxide nanoparticle (GTCP 

nanoparticles) The shape, size and morphology of graphene oxide composites (graphene oxide-

topotecan and graphene oxide-topotecan-cisplatin conjugates) and mitochondria targeting 

graphene oxide nanoparticle (GTCP nanoparticle) were determined by field-emission scanning 

electron microscopy (FESEM, Figure 1). The FESEM images (Figure 1) clearly show that 

graphene oxide sheets self-assembleed into spherical nanoparticles on addition of ciplatin having 

size of sub 200 nm diameter. The spherical shape of the graphene oxide-topotecan-cisplatin-NP 

(GTC) was retained after PEI coating confirmed by the FESEM image in Figure 1c. To confirm 

the stacking of topotecan on GO surface, we checked the quenching in fluorescence intensity of 

topotecan in the free-state and when stacked on GO surface. The fluorescence spectra of 

topotecan at room temperature shows a single unstructured band with emission max at 511 nm 

(Figure 2a) originated from the Π-Π* singlet state. When stacked onto GO surface, fluorescence 

of topotecan was quenched as seen from Figure 2a, The quenching of fluorescence of topotecan 

in GT and subsequently GTC and GTCP nanoparticle has occurred at a particular concentration. 

This fluorescence quenching clearly demonstrated that GTCP nanoparticle contained topotecan. 

The presence of GO in the GT, GTC and GTCP nanoparticle was characterized by Raman 

spectroscopy, which is an important and widely used tool for the characterization of carbon 

materials. The Raman spectrum recorded for GT, GTC and GTCP nanoparticle (Figure 2b) 

showed the characteristic D and G peaks for graphene oxide at 1355 cm
-1

 and 1605 cm
-1

 

respectively.
14 

The G band arises due to C-C bond stretching and is common is all sp
2
 hybridized 

carbon materials. The D band in the spectrum arises due disorder is the sp
2
 structure of graphene. 

Similar D and G band peaks are present in the Raman spectra of GT, GTC and GTCP 

nanoparticle, indicating that they contain graphene oxide. To calculate the amount of drugs 

loaded onto graphene oxide UV-Vis spectroscopic measurements were performed. The loading 

of cisplatin and topotecan in GTCP nanoparticle was found to be 514 µg/mL and 600 µg/mL 

respectively (Figure 2c). Drug loadings were determined from concentration vs absorbance 
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calibration graph at characteristic λmax = 706 nm and 387 nm for cisplatin and topotecan 

respectively. Finally, the presence of platinum (Pt) in the nanoparticles was determined by 

energy dispersive X-ray analysis (EDAX) (Figure 2d).  

 

Figure 1: FESEM images of changes in morphology of GO composites from sheet to 

nanoparticle (a) GO-Top (GT), (b) GO-Top-Cis (GTC) and (c) GO-Top-Cis -PEI (GTCP). 

 

Figure 2: (a) Fluorescence spectra of topotecan in GO-Top (GT), GO-Top-Cis (GTC) and GO-

Top-Cis -PEI (GTCP) and free drug kept at a fixed concentration 84.23 µM, 103 µM and 65 µM 

respectively. (b) Resonance Raman spectra of GT, GTC and GTCP respetively (c) Drug loading 

of Top and Cisplatin in GTCP nanoparticle and (d) EDAX of GTCP nanoparticle. 
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For specific localization in mitochondria, the mitochondria targeting graphene oxide (GTCP) 

nanoparticle  should bear high positive surface charge. Thus surface charge of the mitochondria 

targeting graphene oxide (GTCP) nanoparticle was evaluated by DLS measurement.  It was 

found that GTCP nanoparticles has +26.1 mV surface charge. On contrary, graphene oxide and 

the graphene oxide composites such as GT and GTC, the surface charge was found to be -22.6 

mV, -15.9 mV and -10.7 mV respectively (Figure 3). This zeta potential assay also indicated 

that PEI successfully covered the surface of the grapheme oxide-topotecan-cisplatin nanoparticle 

to induce high positive surface charge for mitochondria targeting. 

 

Figure 3: Evaluation of the surface charge by DLS. Zeta potential of (a) GO, (b) GO-Top (GT), 

(c) GO-Top-Cis (GTC) and (d) GO-Top-Cis -PEI (GTCP) 

 

Although the usage of graphene oxide to deliver mitochondria targeting active agents is a novel 

strategy, one of the major problem of this strategy is the erratic distribution of the size of the 

nanomaterials when checked by dynamic light scattering (DLS). Thus the overall stability of 

these graphene oxide based system could not be confirmed. 

The release kinetics data of cisplatin and π- stacked drug has been discussed in a recently 

published work from our group. We expect similar release profile in this case.
14
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3b.2.3 Mitochondrial outer membrane permeabilisation (MOMP): 

3b.2.3.1 JC1 and TMRM assay : As explained in earlier chapters, JC1 and TMRM assay are 

performed to check the mitochondrial outer membrane permeabilisation (MOMP). To investigate 

the MOMP, we treated the HeLa cells with GTCP nanoparticle for 24 h followed by addition of 

JC1 dye. Non-nanoparticle treated HeLa cells were considered as control. The cells were 

visualized by confocal laser scanning microscopy (CLSM). Confocal images in Figure 4a 

clearly showed that there was a homogeneity in staining as red and green fluorescence for the 

control (Jmonomer/ Jaggregate = 1.03). On the other hand, a major florescence shift from red to green 

(Jmonomer/ Jaggregate = 2.08) was observed in GTCP nanoparticles treated cells due to the damaged 

mitochondria (Figure 5a). To visualize the effect of GTCP nanoparticles on the mitochondrial 

membrane potential, we treated HeLa cells with GTCP nanoparticles for 24 h and stained the 

cells with TMRM followed by confocal microscopy. From CLSM images in Figure 4b, we 

observed bright red fluorescence in the control cells due to the accumulation of TMRM in un-

damaged healthy mitochondria which was drastically decreased (nearly 2 fold) after treatment 

with GTCP nanoparticles (Figure 5b). 

3b.2.3.2 Calcein AM assay: Calcein AM assay was performed to check the mitochondrial 

transition pore formation (discussed in earlier chapters). HeLa cells were treated with GTCP 

nanoparticles for 24 h and the cells were treated with Calcein AM in presence of CoCl2. The 

generation of green fluorescenct Calcein after mitochondrial transition pore formation was 

further visualized by confocal microscopy. From CLSM images in Figure 4c, it was clear that 

GTCP nanoparticles increased the formation of green fluorescent Calcein compared to the non-

nanoparticle treated control cells. Further quantification form CLSM, it was observed that GTCP 

nanoparticles increased the fluorescent intensity into the HeLa cells nearly 3 folds compared to 

control cells (Figure 5c). This Calcein AM assay clearly demonstrated that GTCP nanoparticles 

induced mitochondrial transition pore formation after damaging mitochondria in HeLa cells. 
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Figure 4: Mitochondrial damage induced by GTCP nanoparticle in Hela cells was visualized by 

confocal microscopy through (a) JC1 assay (b) Calcein AM assay and (c) TMRM assay. Scale = 

10 μm. 

 

Figure 5: Confocal laser scanning microscopy based quantification of (a) J-monomer/J-

aggregate in JC1 assay, (b) mean fluorescence intensity of Calcein AM and (c) mean 

fluorescence intensity of TMRM from HeLa cells after treatment with GTCP nanoparticle for 24 

h. 

 

3b.2.4. Generation of Reactive Oxygen Species (ROS): Reactive oxygen species are generated 

due to mitochondrial DNA damage.. To observe the generation of ROS, we treated the HeLa 

cells with GTCP nanoparticles for 24 h followed by treatment with DCFDA for 30 min. The 

cells were further visualized by confocal microscopy. From CLSM images in Figure 6(a), it was 

evident that GTCP nanoparticles induced much increased ROS generation compared to non-

nanoparticle treated control cells. Further quantification form confocal images also confirmed 

that GTCP nanoparticles increased the fluorescence intensity nearly 5 folds compared to the 

fluorescence intensity in control cells (Figure 6b).   
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Figure 6: (a) CLSM images of HeLa cells after treatment with GTCP nanoparticle for 24 h to 

visualize generation of reactive oxygen species (ROS) by DCF assay. Scale = 10 μm. (b) 

Quantification of mean fluorescence intensity from confocal microscopy reactive oxygen species 

(ROS) in HeLa cells after treatment with GTCP nanoparticle for 24 h. 

 

3b.2.5 Cell viability assay: We finally evaluated the effect of GTCP nanoparticle mediated 

mitochondrial damage in HeLa cell death. HeLa cells were treated with GTCP nanoparticle in a 

concentration dependent manner for 48 h and the cell viability was measured by MTT assay. The 

cells were treated with the GTCP nanoparticles in ten different concentration in triplicate and 

compared to the to the control after 48 hours using MTT reagent. This similar procedure was 

followed with the free drug combination. After 48 hours, GTCP nanoparticles showed much 

lower IC50= 6.5± 0.54 μm (cell viability= 5.7±0.13% at Topotecan concentration of 30μm) 

compared to IC50= 10±0.78  μm (cell viability= 20.7±0.57% at Topotecan concentration of 

30μm) for free drug combination . From this data, it is quite evident that the GTCP nanoparticles 

had a better cytotoxic effect in the human cervical cancer (HeLa) cell line at a higher 

concentration than the free drug combination after 48 hours. 
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Figure 7: Cell viability of HeLa cells after treatment with GTCP nanoparticle for 48 h by MTT 

assay.  

 

3b.3 Conclusion 

In conclusion, we have successfully developed mitochondria targeting graphene oxide 

nanoparticle of size <200nm which was characterised by electron microscopy and different 

spectroscopic methods. These mitochondria targeting graphene oxide nanoparticles (GTCP) 

damaged the mitochondrial DNA (mt-DNA) and mitochondrial Topoisomerase I (Top1mt) 

leading to mitochondrial outer membrane permeabilization (MOMP) and ROS generation. These 

mitochondria targeting graphene oxide nanoparticles (GTCP) induced enhanced cell death 

compared to the free drug combination. We envision that these GTCP nanoparticles could be 

translated into clinics in future as a platform technology for damaging multiple targets in 

mitochondria of cancer cells to overcome drug resistance. 

 

3b.4. Materials and Methods  

3b.4.1 Material. All commercially obtained compounds were used without further purification. 

Graphene oxide (4mg/ml), polyethyleneimine, JC 1 dye, TMRM, Calcein AM, sodium dodecyl 

sulfate (SDS), and silicon wafer for FE-SEM were bought from Sigma-Aldrich. Cisplatin and 

topotecan were bought from Selleck Chemicals. H2DCFDA was purchased from 

MitoBiogenesis™. DMEM media and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) were purchased from HiMedia. 96 well plates, 6 well plates, 15 mL and 50 mL 
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graduated sterile centrifuge tubes and tissue culture flasks with filter cap sterile were purchased 

from Tarsons Product Pvt. Ltd. HeLa cells were obtained from National Centre for Cell Science 

(NCCS), Pune. The drug loading and cell viability assay were plotted using GraphPad Prism 

software. The laser scanning confocal microscopy was performed by Zeiss LSM 710 machine. 

Each sample was done in triplicate.  

3b.4.2 Synthesis of mitochondria targeting graphene oxide nanomaterial : Graphene oxide 

(4 mg/mL, 250 µL) was dispersed in distilled water (1 mL). Aqueous solution of topotecan (5 

mg) in distilled water (1 mL) was prepared and added to the dispersed graphene oxide solution. 

The reaction was stirred in dark at room temperature overnight. To remove unreacted topotecan, 

the reaction mixture was dialysed against distilled water through dialysis membrane (MWCO= 

1000 Dalton) for 24 hr. Further aquated cisplatin (5 mg/ml) was added to graphene oxide-

topotecan conjugate (GT) and stirred at RT overnight. After completion of reaction, the mixture 

was again dialysed against distilled water through dialysis membrane (MWCO= 1000 Dalton) 

for 7 hr to remove excess of aquated cisplatin. Finally the graphene oxide-topotecan-cisplatin 

(GTC) obtained was coated polyethyleneimine (1mg/ml) by sonicating for 24 hr. The excess 

polyethyleneimine (PEI) was removed by centrifugation to obtain graphene oxide -topotecan-

cisplatin-PEI (GTCP) conjugate.  

3b.4.3 Determination of surface charge and shape of mitochondria targeting graphene 

oxide nanomaterial: 

3b.4.3.1 Dynamic light scattering (DLS): The surface charge (zeta potential) of GT, GTC and 

GTCP was measured by dynamic light scattering (DLS) method using Zetasizer Nano2590 

(Malvern, UK). 50 μl of GT, GTC and GTCP solution was diluted to 1ml using DI water and 3 

sets of 10 measurements each were performed at 90 degree scattering angle to get the average 

particle size. 

3b.4.3.2 Field-Emission Scanning Electron Microscopy (FESEM) of mitochondria targeting 

graphene oxide nanomaterial: GT, GTC and GTCP in water was placed on a silicon chip 

without any dopant and it was allowed to dry at room temperature under vacuum desiccators for 

2 hours. The silicon chip was then gold coated (30-40 nm thickness) using Quorum, Q150T- E5. 

The FESEM measurements were done using Carl Zeiss, Ultra plus, scanning electron microscope 

at an operating voltage of 4.0 KV. 
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3b.4.4 Raman Spectroscopy. Raman spectra were collected using a Lab RAM HR 800 (Horiba 

scientific) 532 nm excitation. 

3b.4.5 Fluorescence Spectroscopy: Steady state fluorescence were recorded using a Flouromax-

4 (HORIBA scientific, USA ). 

3b.4.6 Determination of drug loading: The drug loading of topotecan and cisplatin was 

checked according to the procedures discussed in Chapter 3a.  

3b.4.7 Determination of mitochondrial  outer membrane permeabilisation (MOMP) 

3b.4.7.1 JC 1 assay: The JC1 assay was performed according to the procedures discussed in 

Chapter 3a. 

3b.4.7.2 TMRM assay: The TMRM assay was performed according to the procedures discussed 

in Chapter 3a. 

3b.4.7.3 Calcein AM assay: The Calcein AM assay was performed according to the procedures 

discussed in Chapter 3a. 

3b.4.8 Generation of Reactive Oxygen Species (ROS): The generation of ROS was performed 

according to the procedures discussed in Chapter 3a by H2DCFDA assay. 

3b.4.9 Cell Viability assay: 5 x 10
3 

HeLa cells were seeded per well in 96-well microlitre plate 

and incubated overnight in a 5% CO2 incubator at 37
°
C for attachment. Cells were then treated 

with GTC and GTCP nanoparticles and their corresponding free drug combinations in different 

concentrations (0.11, 0.23, 0.46, 0.92, 1.87, 3.75, 7.5, 15, 30 µM) for 48 h. The cell viability was 

measured using the MTT assay described previously in Chapter 2 and 3a. The percent cell 

viability was calculated considering the untreated cells as 100 percent viability and the 

effectiveness of GTC and GTCP nanoparticles was compared with the free drug combinations. 
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4.1. Introduction 

Current cancer treatment relies on using drug combinations to inhibit multiple targets, 

maximize therapeutic outcomes and overcome drug resistance.
1,2

 As discussed in the earlier 

chapters, mitochondrion has emerged as an important alternative target in cancer therapeutics 

due to its diverse functions including cellular energy production by generating ATP via 

respiration, regulating danger signaling and containing mitochondrial DNA (mtDNA) as 

genomic material.
3,4

 As a result, routing the DNA damaging drugs and kinase inhibitors 

specifically into mitochondria by tagging mitochondria targeting peptides or 

triphenylphosphine (TPP) moiety has become an alternative strategy in cancer therapeutics.
5-8

, 

Recently, Lippard and coworkers developed mitaplatin and vitamin E analogues-Pt(IV) 

complexes as prodrugs for simultaneous targeting of nuclear DNA and mitochondria.
9,10

 

However, targeting mitochondrial function by small molecule drugs would lead to severe side 

effects to the cancer patients considering mitochondria’s critical role in governing cellular 

metabolism in healthy cells as well as diverse interconnected functions like autophagy and 

apoptosis.
11,12

 This challenge could be addressed by nanotechnology based platforms.  

Nanotechnology based platforms have revolutionized cancer therapeutics in last decade by 

delivering small molecule drugs, siRNAs and therapeutic proteins specifically into tumors by 

using unique enhanced permeability and retention (EPR) effect or cancer biomarker driven 

active targeting.
13-16

 The nanovectors having size < 200 nm were found to be most effective in 

cancer therapy and diagnosis due to their preferential accumulation into tumor tissues 

compared to the healthy tissues.
17

 Several nanovectors including polymeric nanoparticles,
18-20

 

nanocell,
21

 layer-by-layer nanoparticles,
22

 graphene oxide,
23

 gel-liposome
24

 and carbon 

nanotubes
25

 have been explored for effective dual drug delivery in cancer tissues to reduce the 

toxic side effects. However, nanoparticle mediated delivery of drugs to the specific sub-cellular 

compartments or organelles remains elusive due to the similarity in the structure and function 

of the organelles between healthy cells and cancer cells. Moreover, nanoparticle mediated 

selective targeting of organelles in cancer cells would lead to minimize the off-target toxicity 

in the healthy cells as well as overcome drug resistance. Recently, Dhar and coworkers 

developed TPP coated biocompatible PLGA-PEG based blended nanoparticles and gold 

nanoparticles to deliver different drugs selectively to mitochondria.
26,27

 Although, specific 
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targeting of mitochondria emerged as an interesting strategy to alter the bioenergetics of cancer 

cells, mitochondria depend on the nucleus and other cellular organelles for most of their 

proteins and lipids as well as their cellular functions.
28,29

 Moreover, nucleus is the most 

important cellular organelle, containing genomic materials (nuclear DNA, RNA and 

chromosomes) and regulates important functions like transcription, cell cycle and cell division 

in healthy cells as well as in cancer cells.
30

 

We hypothesize that dual drug conjugated nanoparticles would preferentially extravasate into 

tumor tissue through EPR effect and mediate simultaneous sub-cellular targeting of 

mitochondria and nucleus leading to more effective therapeutics in cancer. Aiming at this goal, 

we have chosen α-tocopheryl succinate (α-TOS) as mitochondria targeting drug, cisplatin and 

doxorubicin as different clinically approved nuclear DNA damaging drugs and paclitaxel as 

microtubule binding drug to disrupt the shape of the cellular nucleus. α-TOS is a redox silent 

analogue of vitamin E, which induces apoptosis in different types of cancers including prostate, 

breast, lung, colon, cervical, endometrial as well as hematopoietic cancers
31-33

 by targeting the 

mitochondrial complex II and causing conformational changes in the pro-apoptotic protein 

Bak, leading to permeabilization of mitochondrial outer membrane (MOM) and subsequent 

production of cytochrome c.
34-36

 Moreover, α-TOS showed improved therapeutic efficacy in 

combination with cisplatin,
37

 doxorubicin
38

 and paclitaxel.
39

 Although α-TOS shows broad 

antitumor effect without any toxicity to normal tissues,
40,41

 cisplatin, doxorubicin and 

paclitaxel show dose dependent nephrotoxicity, cardiotoxicity and neurotoxicity respectively to 

the patients.
42-44

  

As a proof of concept, in this work, we have directly conjugated α-TOS with cisplatin, 

doxorubicin and paclitaxel without any additional linker (Figure 1a). We engineered sub 200 

nm particles from these dual drug conjugates which were endocytosed into the acidic 

lysosomal compartments of HeLa cervical cancer cells temporally and released the dual drugs 

in a slow and sustained manner to target mitochondria and nucleus simultaneously (Figure 1b 

and Figure 1c). These dual drug conjugated nanoparticles showed cytotoxicity by inducing 

apoptosis through damaging mitochondrial outer membrane (MOM) to release cytochome c as 

well as damaging nuclear DNA and tubulin to arrest the cell cycle.  These dual drug conjugated 

nanoparticles have potential to simultaneous targeting of multiple sub-cellular organelles to 

escalate the therapeutic outcomes in modern cancer treatment.  
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4.2. Results and discussion 

4.2.1 Synthesis and characterization of dual-drug conjugated nanoparticles. 

4.2.1.1 Synthesis of dual-drug conjugates. The free carboxylic acid group of α-TOS (1) was 

directly conjugated with doxorubicin through amide linkage by using HBTU as coupling agent  

 

Figure 1. Schematic diagram of dual drug conjugate synthesis, nanoparticle engineering and 

cellular internalization. (a) Synthesis of dual drug conjugates from α-TOS and doxorubicin, 

paclitaxel and cisplatin by amide, ester and covalent coordinate conjugation respectively. (b) 

Schematic representation of dual drug conjugated nanoparticle synthesis by using 

phosphatidylcholine (PC) and DSPE-PEG. (c) Schematic diagram of internalization of dual 

drug conjugated nanoparticle into lysosomal compartment through endocytosis and target 

mitochondria and nucleus.  
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and DIPEA as base to obtain α-TOS-dox conjugate (2, Figure 1a) in 74% yield. α-TOS was 

conjugated through ester linkage with 2´-OH group of paclitaxel by using EDC as coupling 

agent and DIPEA as base in presence of DMAP as catalyst to obtain α-TOS-paclitaxel 

conjugate (3) (Figure 1a) in 50% yield. Finally, cisplatin (CDDP) was reacted with AgNO3 to 

generate aquated cis-Pt[(NH3)2(OH2)2]
2+

(4)
45

 which was further conjugated with α-TOS in 1:1 

molar ratio by a monocarboxylato bond
46

 to synthesize α-TOS-cisplatin conjugate (5) (Figure 

1a) in 89% yield. The chemical structures of 2, 3 and 5 were characterized by 
1
H, 

13
C nuclear 

magnetic resonance spectroscopy (NMR), high-resolution mass spectroscopy (HR-MS) and 

MALDI-TOF (Figure A1-A10). Moreover, compound 5 showed characteristic 

monocarboxylato O-Pt peak at -1502 ppm in 
195

Pt NMR spectroscopy (Figure A11).
47 

4.2.1.2 Engineering of dual drug conjugated nanoparticles. We engineered nanoparticles 

from α-TOS-drug conjugates (2, 3 and 5) by mixing it with phosphatidylcholine (PC) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-

PEG) in 1:2:0.2 weight ratio using a lipid-film hydration method (Figure 1b).
48, 49

 We chose 

PC as it is biocompatible, biodegradable and a component of cell membrane. The nanoparticles 

were provided “stealth” capability by using DSPE-PEG to reduce opsonisation
50

 and clearance 

by reticuloendothelial system (RES). This is not a spontaneous self-assembly. The TOS-drug 

conjugates were embedded in the PC to obtain a bilayer resulting in the formation of lipidic 

nanoparticles. 

Mean drug loading in different dual drug conjugated nanoparticles was determined by UV-Vis 

spectroscopy to be = 2677.1 μg/mL (α-TOS) and 217.7 μg/mL (cisplatin) in α-TOS-CDDP-NP; 

2116.2 μg/mL (α-TOS) and 291.4 μg/mL (doxorubicin) in α-TOS-Dox-NP; 784.3 μg/mL (α-

TOS) and 84.2 μg/mL (n = 3) (paclitaxel) in α-TOS-Paclitaxel-NP (Figure 2), from a 

concentration vs absorbance calibration graph at characteristic λmax = 480 nm, 271 nm, 706 nm 

and 287 nm for doxorubicin, paclitaxel, cisplatin and α-TOS respectively (Figure 3). The mean 

hydrodynamic diameter of the dual drug conjugated nanoparticles were found to be = 163. 3 

nm, 186.3 nm and 167.9 nm (n = 3) having mean polydispersity index (PDI) = 0.152, 0.154 

and 0.199 (n = 3) for α-TOS-Dox-NP, α-TOS-CDDP-NP and α-TOS-Paclitaxel-NP 

respectively by dynamic light scattering (DLS) (Figure 4a). The size, shape and morphology 

of the dual drug conjugated nanoparticle were characterized by field-emission scanning 

electron microscopy (FESEM, Figure 4b), transmission electron microscopy (TEM, Figure 
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4d) and atomic force microscopy (AFM, Figure 4c). DLS, FESEM, TEM and AFM data 

clearly demonstrated the dual drug conjugated nanoparticles were spherical in shape, having 

sub 200 nm diameter with a membrane thickness ~ 10 nm, which is suitable to accumulate into 

the tumor by EPR effect.  Moreover, we confirmed the presence of Pt metal content in α-TOS-

cisplatin-NP by energy-dispersive X-ray spectroscopy (EDX) measurements (Figure 5).  

 

Figure 2: Loading of different drugs in dual-drug conjugated nanoparticles. 

 

Figure 3: Concentration vs absorbance graph for Doxorubicin, Paclitaxel, α-TOS and Cisplatin 

at λmax = 480 nm, 271 nm, 287 nm and 706 nm respectively. 
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Figure 4: Characterization of dual drug conjugated nanoparticles. (a) Hydrodynamic diameter 

and polydispersity index (PDI) of dual drug conjugated nanoparticles determined by dynamic 

light scattering (DLS). (b) FESEM images of α-TOS-Dox-NP, α-TOS-CDDP-NP and α-TOS-

Paclitaxel-NP respectively. (c) TEM images of α-TOS-Dox-NP, α-TOS-CDDP-NP and α-

TOS-Paclitaxel-NP respectively. (d) AFM images of α-TOS-Dox-NP, α-TOS-CDDP-NP and 

α-TOS-Paclitaxel-NP respectively.  

 

Figure 5: Determination of Pt metal content in α-TOS-CDDP-NP by energy dispersive X-ray 

spectroscopy (EDX). 
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4.2.1.3 Stability of dual drug conjugated nanoparticles. To use these dual drug conjugated 

nanoparticles in clinics, the nanoparticles should be stable for prolonged time at lower 

temperature storage conditions. We evaluated the stability of different nanoparticles by 

measuring the hydrodynamic diameter and PDI values at 4 °C for 14 days by using DLS 

(Figure 6a). α-TOS-Dox-NP showed change in size from 173.7 ± 0.9 nm (PDI = 0.152 ± 

0.005) to 191.4 ± 5.6 nm (PDI = 0.350 ± 0.005) after 14 days. On the other hand, α-TOS-

CDDP-NP demonstrated change in size from 176.3 ± 0.3 nm (PDI = 0.154 ± 0.008) to 197.6 ± 

3.8 nm (PDI = 0.61 ± 0.23) over 14 days. Finally, α-TOS-Paclitaxel-NP increased in size from 

185.0 ± 3.0 nm (PDI = 0.199 ± 0.009) to 175.3 ± 1.7 nm (PDI = 0.275 ± 0.25) in 14 days 

(mean ± SEM, n = 3). Moreover, to be successful in the clinics, these dual drug conjugated 

nanoparticles should be stable inside the blood circulation at 37 °C to reach the tumor by EPR 

effect. Hence, we evaluated the stability of these nanoparticles at 37 °C in water. The 

hydrodynamic diameter of α-TOS-Dox-NP changed from 133.7 ± 0.7 nm to 144.1 ± 1.2 nm 

with a change in PDI value from 0.28 ± 0.04 to 0.47 ± 0.01 over 3 days (Figure 6b). Similarly, 

α-TOS-CDDP-NP changed its size from 152.5 ± 2.0 nm to 140.5 ± 3.4 nm with a change in 

PDI value from 0.37 ± 0.0 to 0.37 ± 0.01 over 3 days. Finally, α-TOS-Paclitaxel-NP 

demonstrated minimal change in size from 173.5 ± 2.0 nm (PDI = 0.11 ±0.02) to 172.3 ± 2.2 

nm (PDI = 0.48 ± 0.06) over 3 days. Further, we evaluated the stability these dual drug 

conjugated nanoparticles in phosphate buffer saline (PBS) at 37 C for 3 days. α-TOS-CDDP-

NP increased in size from 162.8 ± 1.8 nm (PDI = 0.28 ± 0.01) to 180.2 ± 2.8 nm (PDI = 0.54 ± 

0.05) (Figure 7a). On the other hand, α-TOS-Dox-NP showed significant size increase from 

147.2 ± 1.3 nm (PDI = 0.15 ± 0.02) to 190.3 ± 1.5 nm (PDI = 0.37 ± 0.05). Finally, α-TOS-

Paclitaxel-NP also increased in size from 138.1 ± 1.3 (PDI = 0.14 ± 0.01) to 175.8 ± 5.7 nm 

(PDI = 0.31 ±0.01) in PBS at 37°C. We finally, evaluated the stability of these nanoparticles in 

complete DMEM cell culture media with 10% fetal bovine serum (FBS) at 37 °C to mimic the 

blood circulation milieu. α-TOS-CDDP-NP showed a change in size from 152.0 ± 0.9 nm to 

180.9 ± 2.8 nm with change in PDI from 0.51 ± 0.04 to 0.52 ± 0.07 over 48h (Figure 7b). 

Similarly, α-TOS-Dox-NP showed increase in size from 136. 9 ± 1.4 nm to 189.9 ± 1.4 nm 

with the increase in PDI from 0.26 ± 0.02 to 0.46 ± 0.01 over 48 h. On the other hand, α-TOS-

Paclitaxel-NP showed the increment in size from 127. 3 ± 0.01 nm to 154.6 ± 3.0 nm with the 

change in PDI from 0.21 ± 0.01 to 0.31 ± 0.01 over 48 h. However, all three nanoparticles  
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Figure 6: (a) Stability of dual drug conjugated nanoparticles in water over 14 days at 4 °C. (b) 

Stability of dual drug conjugated nanoparticles in water for 3 days at 37 °C determined by size 

and PDI values using DLS. 

 

Figure 7: (a) Stability of dual drug conjugated nanoparticles in PBS over 72 h at 37 °C. (b) 

Stability of dual drug conjugated nanoparticles in DMEM cell culture media with 10% FBS for 

72 h at 37 °C determined by size and PDI values using DLS. 
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showed considerable amount of aggregation at 72 h of incubation in DMEM with 10% FBS at 

37 °C indicated by the huge increase in size of 601.8 ± 43.1 nm (PDI = 0.52 ± 0.07), 425.5 ± 

27.0 nm (PDI = 0.56 ± 0.7) and  381.2 ± 33.1 nm (PDI = 0.47 ± 0.02) for α-TOS-CDDP-NP, α-

TOS-Dox-NP and α-TOS-Paclitaxel-NP respectively. From the stability data, it was clear that 

all the nanoparticles were stable over 14 days at 4 °C as storage temperature. The nanoparticles 

were also stable at 37 °C in water as well as PBS for 3 days. Moreover, all the nanoparticles 

substantial stability in DMEM cell culture media with 10% FBS as blood circulation mimic for 

48h, which was adequate to be accumulated into the tumor tissue through EPR effect. 

4.2.1.4 Release of dual drugs from nanoparticles. To be effective in the clinics, the dual drug 

conjugated nanoparticles should release the drugs in a slow and sustained manner over a period 

of time. We evaluated the release of the drugs by using dialysis method
48

 by incubating the 

nanoparticles in pH = 5.5 solution at 37 °C which mimics the lysosomal compartment in cancer 

cells.
51

 α-TOS-CDDP-NP released 45.9 ± 14.1 % cisplatin and 51.0 ± 5.5 % α-TOS at 72h 

(Figure 8a) whereas α-TOS-Dox-NP showed 58.6 ± 6.2 % release of α-TOS and only 29.5 ± 

4.5 % release of doxorubicin at 72 h (Figure 8b). In the release kinetics experiment, 

doxorubicin was adsorbed in the dialysis membrane as well as precipitated out from the 

solution at pH = 5.5, which we suspected to be the reason for lower release of doxorubicin 

from the nanoparticle (Figure 9a). We solubilized the precipitate from the dialysis membrane 

in DMSO and identified it as doxorubicin by UV-Vis spectroscopy having characteristic max 

= 480 nm (Figure 9b). Finally, α-TOS-Paclitaxel-NP demonstrated 78. 5± 12.6% release of 

paclitaxel at 72 h and 71.9 ± 21.6 % release of α-TOS at 36 h (Figure 8c). As control 

experiment, we also incubated the dual drug conjugated nanoparticles in physiological pH of 

7.4 and quantified the dual drug release. At pH = 7.4, α-TOS-CDDP-NP released only 24.0 ± 

2.4 % of cisplatin and 22.1 ± 2.1 % of α-TOS at 72 h and 48 h respectively (Figure 8d), 

whereas α-TOS-Dox-NP released 15.3 ± 1.0 % doxorubicin and 20.9 ± 3.6 % α-TOS at 72 h 

(Figure 8e). Finally, α-TOS-Paclitaxel-NP also demonstrated 18.8 ± 2.0 % and 26. 4 ± 4.1 % 

release of paclitaxel and α-TOS at 72 h respectively (Figure 8f). We rationalized that amide, 

ester and monocarboxylato linkages in the α-TOS-Dox (2), α-TOS-Paclitaxel (3) and α-TOS-

CDDP (5) conjugates respectively are more labile in pH = 5.5 compared to pH = 7.4 which 

triggered the enhanced dual drug release in acidic pH. We also identified the released free 

doxorubicin and paclitaxel after acidic hydrolysis from α-TOS-Dox-NP and α-TOS-Paclitaxel-
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NP respectively by MALDI-TOF experiment (Figure 10a-b). The release profile data clearly 

showed higher dual drug release from nanoparticles in a slow and sustained manner over 72 h 

at pH = 5.5 compared to physiological pH = 7.4. All the data were evaluated as mean ± SEM 

having n = 3.  

 

Figure 8: (a-c) Release of dual drugs from α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-

Paclitaxel-NP respectively at pH = 5.5 which mimics the lysosomal compartments inside 

cancer cells. (d-f) Release of dual drugs from α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-

Paclitaxel-NP respectively at pH = 7.4 which mimics the blood circulation environment in 

vivo. 

 

Figure 9: (a) Image of the dialysis membrane containing α-TOS-Dox-NP in pH = 5.5. The 

area of interest is showing the free doxorubicin precipitation. (b) UV-Vis spectra of free 

doxorubicin (dissolved in DMSO) precipitated in pH = 5.5 solution at λmax = 480 nm. 
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Figure 10: (a) MALDI-TOF traces of free doxorubicin released from α-TOS-Dox-NP at pH = 

5.5. (b) MALDI-TOF traces of free paclitaxel released from α-TOS-Paclitaxel-NP at pH = 5.5. 

 

4.2.2 In vitro cytotoxicity assay of dual-drug conjugated nanoparticles. 

4.2.2.1 Cell viability assay. To determine the potential of our dual drug conjugated 

nanoparticles as cancer therapeutics, we evaluated the in vitro efficacy of the nanoparticles in 

HeLa cervical cancer cell line by cell viability assay. We incubated the HeLa cells with 

different nanoparticles in a dose dependent manner and evaluated the cell viability by using (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)(MTT) at 48 h post treatment. 

The α-TOS-CDDP-NP showed IC50 = 7.5 μM compared to IC50 = 1.7 μM for free cisplatin and 

α-TOS combination (α-TOS: cisplatin = 6.5: 1) (Figure 11a). The α-TOS-CDDP-NP induced 

93.9% HeLa cell death compared to 57.7% cell death induced by free cisplatin and α-TOS 

combination at 25 μM. On the other hand, α-TOS-Dox-NP demonstrated IC50 = 6.8 μM 

compared to IC50 = 2.7 μM for the free doxorubicin and α-TOS combination (α-TOS: 

doxorubicin = 7.4: 1) (Figure 11b). However, α-TOS-Dox-NP induced 72.6% cell death 

compared to 60.5% induced by free doxorubicin and α-TOS combination at 50 μM. Finally, α-

TOS-Paclitaxel-NP showed IC50 = 28.1 μM by inducing 71.7% cell death at 50 μM compared 

to IC50 = 0.8 μM by inducing 57.4% cell death by free paclitaxel and α-TOS combination (α-

TOS: paclitaxel = 15:1) (Figure 11c). Interestingly, all the different nanoparticles showed 
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improved efficacy in higher doses of drug combinations in contrast to the free drug treatments. 

We anticipate that different free drug combinations with α-TOS render drug resistance to HeLa 

cells.
52

 However, the exact mechanism needs to be explored. To understand the effect of dual 

drugs in cytotoxicity in HeLa cells, we used the Chou-Talalay method
53

 to determine whether 

the drug combination effect was synergistic, additive or antagonistic. α-TOS-CDDP-NP and α-

TOS-Dox-NP showed combination index (CI) values ranging from 0.05 to 0.62, which clearly 

indicated the strong synergistic effect (Figure 12). However, for α-TOS-Paclitaxel-NP showed 

CI values varied from 0.4 to 1.08 suggesting additive effect.  

We also evaluated the effect of dual drug conjugates in HeLa cells. We incubated the HeLa 

cells with α-TOS-Dox (2), α-TOS-Paclitaxel (3) and α-TOS-CDDP (5) conjugates in a dose 

dependent manner and evaluated the cell viability by MTT assay at 48 h post-incubation. As 

controls, we treated the HeLa cells with free cisplatin, doxorubicin, paclitaxel and α-TOS 

individually. α-TOS-CDDP conjugate (5) showed IC50 = 9.5 μM (cell viability = 23.0% at 50 

μM) compared to IC50 = 56 μM (cell viability = 56.1% at 50 μM) and IC50 = 63.4 (cell viability 

= 63.4% at 50 μM) for free cisplatin and free α-TOS respectively (Figure 13a). Similarly, α-

TOS-Dox conjugate (2) showed IC50 = 7.4 μM (cell viability = 23.1% at 50 μM) compared to 

IC50 = 49 μM (cell viability = 34.6% at 50 μM) for free doxorubicin (Figure 13b). Finally, α-

TOS-Paclitaxel conjugate (3) demonstrated IC50 = 50 μM (cell viability = 50% at 50 μM) 

compared to IC50 = 25.9 μM (cell viability = 42.2% at 50 μM) for free paclitaxel (Figure 13c).  

To evaluate the side effect of these dual drug conjugated nanoparticles in healthy cells, we 

treated HEK293 human embryonic kidney cells with different nanoparticles in a dose 

dependent manner for 24 h and 48 h post-incubation and quantified the cytotoxicity by MTT 

assay. At 24 h, α-TOS-CDDP-NP showed very high IC50 = 63.9 μM compared to IC50 = 14.6 

μM and IC50 = 89.9 μM for free cisplatin and free α-TOS respectively (Figure 14a). Similarly, 

α-TOS-Dox-NP also showed high IC50 = 56.6 μM compared to IC50 = 11 μM for free 

doxorubicin (Figure 14b). Finally, α-TOS-Paclitaxel-NP demonstrated IC50 = 99.3 μM 

compared to IC50 = 55.4 μM for free paclitaxel (Figure 14c). However, at 48 h, α-TOS-CDDP-

NP showed IC50 = 6.9 μM compared to IC50 = 7.6 μM and IC50 = 71.4 μM for free cisplatin 

and free α-TOS (Figure 14d). On the other hand, α-TOS-Dox-NP showed IC50 = 7.1 μM 

compared to IC50 = 3.3 μM for free doxorubicin (Figure 14e). Finally, α-TOS-Paclitaxel-NP 

demonstrated IC50 = 29.9 μM compared to IC50 = 11.3 μM for free paclitaxel (Figure 14f).  
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From these cell viability assays, it was clear that the dual drug conjugated nanoparticles 

induced enhanced cell death in a dose dependent manner compared to free drug combinations 

as well as compared to the dual drug conjugates at 48 h. Moreover, the dual drug conjugated 

nanoparticles showed negligible toxicity to the HEK293 non-cancerous embryonic kidney cells 

at 24 h. However, the dual drug conjugated nanoparticles showed toxicity to the HEK293 cells 

as 48 h post incubation, we anticipate that the nanoparticles would be homing specifically and 

selectively into the tumor tissues through the unique leaky vasculature (EPR effect) much 

earlier than 48 h in in vivo milieu.  To evaluate the effect of phophatidylcholine (PC) and 

DSPE-PEG in HeLa cell, we synthesized empty nanoparticles from PC and DSPE-PEG in 

2:0.2 ratios in the same lipid film hydration method. We treated the HeLa cells with empty 

nanoparticle in different concentration and evaluated the cell viability by MTT assay. The 

empty nanoparticle showed no toxicity in HeLa cells at 1 mg/mL concentration (Figure 15). 

4.2.2.2 Apoptosis assay by FACS. To confirm the potential of the nanoparticles in inducing 

apoptosis, we used fluorescence activated cell sorting (FACS) method to quantify the amount 

of cells undergoing apoptosis after treatment compared to the non treated cells. We treated the 

HeLa cells with different dual drug conjugated nanoparticles for 24 h and the cells were 

labelled with Annexin-V-FLUOS, which binds with externalized phosphatidylserine on the 

apoptotic cell surface. We further counterstained the cells with propidium iodide (PI) to 

distinguish between apoptotic and necrotic cells. Indeed, 39% and 47% cells were found in the 

early and late apoptosis stages respectively with 4% cells in necrotic stage with the treatment 

of α-TOS-CDDP-NP (Figure 11d). Similarly, 37% and 0.5% cells were found to be in early 

apoptotic and late apoptotic stages respectively in the treatment with α-TOS-Dox-NP. 

However, α-TOS-Paclitaxel-NP steered 27% and 7% cells into early and late apoptotic stages 

respectively. From this flow cytometric analysis, it was clear that the dual drug conjugated 

nanoparticles showed cytotoxicity into HeLa cells through induction of apoptosis.  

4.2.2.3 Caspase assay. Induction of apoptosis in cells leads to the activation of a family of 

caspases including effector caspase-3 and intitiator caspase-8 and caspase-9.
54-56

 We quantified 

the amount of caspase-3, caspase-8 and caspase-9 as markers of apoptosis by a colorimetric 

protease assay 24 h of post-treatment with different dual drug conjugated nanoparticles. 

Amount of caspase-3 was increased 1.1 ± 0.3, 1.7 ± 0.5 and 3.4 ± 1.2 folds for α-TOS-CDDP-

NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP respectively (Figure 16). Similarly, caspase–8 
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activity was also increased to 2.5 ± 0.2, 5.1 ± 1.3 and 1.5 ± 0.1 folds by α-TOS-CDDP-NP, α-

TOS-Dox-NP and α-TOS-Paclitaxel-NP respectively. Finally, caspase-9 activity was increased 

significantly to 2.8 ± 0.7, 2.9 ± 1.1 and 7.3 ± 0.8 folds by the treatment with α-TOS-CDDP-

NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP respectively. This caspase assay clearly 

demonstrated that different dual drug conjugated nanoparticles induced apoptosis in HeLa 

cells. 

 

 

Figure 11. In vitro cytotoxicity assay of dual drug conjugated nanoparticles. (a-c) Dose 

dependent cell viability assay of α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP 

respectively in HeLa cells for 48 h. (d) Flow cytometric analysis of apoptosis induced by dual 

drug conjugated nanoparticles co-stained by PI and Annexin-V-FLUOS in HeLa cells for 24 h. 

Lower left: healthy cells; lower right: early apoptotic cells; upper right: late apoptotic cells and 

upper left: necrotic cells. The table shows the percentage of cells present in those areas. (e) 
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Cell cycle analysis by staining the DNA in HeLa cells with PI after 24h post incubation with 

different dual-drug conjugated nanoparticles. 

 

4.2.2.4 Cell cycle analysis. To understand the mechanism of action further, we evaluated the 

effect of different dual drug conjugated nanoparticles on cell cycle. We analyzed the cell cycle 

arrest by using propidium iodide (PI)-labelled DNA in HeLa cells after 24 h post-treatment. 

The flow cytometry analysis showed that after α-TOS-CDDP-NP treatment, cells were in G1, 

S and G2-M phase as 67.9%, 32.1% and 0% respectively, whereas, non treated cells were 

found to be as 38.1%, 49.2% and 12.5% respectively (Figure 11e). Similarly, after α-TOS-

Dox-NP treatment, 30.7%, 51.0% and 18.3% cells were found to be in G1, S and G2-M phase 

respectively. Finally, α-TOS-Paclitaxel-NP treated cells were found as 26.2%, 52.9% and 

23.4% in G1, S and G2-M phase respectively. From this cell cycle analysis, it was evident that 

α-TOS-CDDP-NP arrested the cells in G1 phase whereas α-TOS-Dox-NP and α-TOS-

Paclitaxel-NP arrested the HeLa cells in G2-M phase. 

 

 

Figure 12: Chou-Talalay analysis of α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-

Paclitaxel-NP in HeLa cells to determine synergistic, additive and antagonistic effects. 
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Figure 13: (a-c) MTT assay of   α-TOS-CDDP conjugate, α-TOS-Dox conjugate and α-TOS-

Paclitaxel conjugate respectively in HeLa cells at 48 h post treatment compared with free 

CDDP, free Dox, free Paclitaxel and free α-TOS.  

 

Figure 14: (a-c) MTT assay of α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP 

respectively in HEK293 cells at 24 h post treatment compared with free CDDP, free Dox, free 
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Paclitaxel and free α-TOS. (d-f) MTT assay of α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-

Paclitaxel-NP respectively in HEK293 cells at 48 h post treatment compared with free CDDP, 

free Dox, free Paclitaxel and free α-TOS. 

 

Figure 15: MTT assay of empty nanoparticle synthesized from PC and DSPE-PEG to show its 

non-toxic nature. 

 

Figure 16: Quantification of caspase-3, caspase-8 and caspase-9 as makers of apoptosis in 

different dual-drug conjugated nanoparticle treatments at 24 h post-incubation. 
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4.2.3 Cellular internalization of dual drug conjugated nanoparticles. To visualize the 

temporal cellular internalization mechanism of the dual drug conjugated nanoparticles, we  

 

Figure 17. Cellular internalization of α-TOS-Dox-NP in HeLa cells in 1 h, 3 h and 6 h time 

points observed by confocal laser scanning microscopy (CLSM). Lysosomal compartments and 

nuclei were stained with LysoTracker
TM

 Green DND-26 (green) and DAPI (blue) respectively. 

Merged images (yellow) show the internalization of α-TOS-Dox-NP in lysosomal 

compartments. Scale bar = 10 μm.  
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Figure 18: Confocal laser scanning microscopy (CLSM) images of free doxorubicin 

internalization into HeLa cells in 1 h, 3 h and 6 h. Lysosomal compartments and nucleus were 

stained with LysoSensor Green DND-153 (green) and DAPI (blue) respectively. In merged 

images, purple color indicated the localization of free doxorubicin (red) in nucleus in a time 

dependent manner. Scale bar = 30 μm. 

 

Figure 19: Confocal laser scanning microscopy (CLSM) images of α-TOS-CDDP-Rho-NP 

internalization into HeLa cells in 1 h, 3 h and 6 h. Lysosomal compartments and nucleus were 

stained with LysoSensor Green DND-153 (green) and DAPI (blue) respectively. In merged 

images, yellow color indicated the localization of α-TOS-CDDP-Rho-NP (red) in lysosomal 

compartments in a time dependent manner. Scale bar = 10 μm. 
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Figure 20: Confocal laser scanning microscopy (CLSM) images of α-TOS-Paclitaxel-Rho-NP 

internalization into HeLa cells in 1 h, 3 h and 6 h. Lysosomal compartments and nucleus were 

stained with LysoSensor Green DND-153 (green) and DAPI (blue) respectively. In merged 

images, yellow color indicated the localization of α-TOS-Paclitaxel-Rho-NP (red) in lysosomal 

compartments in a time dependent manner. Scale bar = 10 μm. 

Treatment 

Time 

 
1h 3h 6h 

Image 

Channels 

 C2(green)  

C3(red) 

C2(green) 

C3(red) 

C2(green) 

C3(red) 

Pearsons' 

Correlation 

Coefficient 

r 0.445 0.584 0.832 

Manders 

Coefficients 

M1 (fraction 

of C2 

overlapping 

C3) 

0.5214 0.5759 0.9398 

 

M2 (fraction 

of C3 

overlapping 

C2) 

0.5172 0.6396 0.9421 

Percent 

volume 

colocalized 

 18.63% 21.52% 40.70% 

Table 1: Quantification of colocalization of α-TOS-Dox-NP (red) into lysosomal 

compartments stained with LysoTracker Green DND-26 (green) in 1h, 3h and 6h time points. 
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Treatment 

Time 

 
1h 3h 6h 

Image 

Channels 

 C2(green)  

C3(red) 

C2(green) 

C3(red) 

C2(green) 

C3(red) 

Pearsons' 

Correlation 

Coefficient 

R 0.832 0.772 0.815 

Manders 

Coefficients 

M1 (fraction 

of C2 

overlapping 

C3) 

0.781 0.7947 0.8493 

 

M2 (fraction 

of C3 

overlapping 

C2) 

0.5833 0.6525 0.7 

Percent 

volume 

colocalized 

 26.24% 31.85% 31.1% 

Table 2: Quantification of colocalization of α-TOS-CDDP-Rho-NP (red) into lysosomal 

compartments stained with LysoSensor Green DND-153 (green) in 1h, 3h and 6h time points. 

 

Treatment Time 
 

1h 3h 6h 

Image 

Channels 

 
C2(green)  

C3(red) 

C2(green) 

C3(red) 

C2(green) 

C3(red) 

Pearsons' 

Correlation 

Coefficient 

r 0.72 0.763 0.726 

Manders 

Coefficients 

M1 (fraction 

of C2 

overlapping 

C3) 

0.7787 0.7884 0.77 

 

M2 (fraction 

of C3 

overlapping 

C2) 

0.7384 0.7371 0.8229 

Percent volume 

colocalized 
 30.24% 28.02% 29.17% 

Table 3: Quantification of colocalization of α-TOS-Paclitaxel-Rho-NP (red) into lysosomal 

compartments stained with LysoSensor Green DND-153 (green) in 1h, 3h and 6h time points. 

 

treated the HeLa cells with red fluorescent α-TOS-Dox-NP (2 g/mL of doxorubicin 

concentration) for 1 h, 3 h and 6 h time points. We treated the cells with 2 g/mL of free 
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doxorubicin as control. We stained the low pH lysosomal compartments with LysoTracker
TM

 

Green DND-26 (green) and nucleus with 4’,6-diamidino-2-phenylindole (DAPI)(blue) 

respectively and imaged the cells by using high resolution confocal laser scanning microscopy 

(CLSM) (Figure 17 and Figure 18). From Figure 17, it was clear that α-TOS-Dox-NPs were 

internalized into the cells in a time dependent manner over 6 h and homed into the lysosomal 

compartments, which led the colocalization of red and green fluorescence resulting yellow 

color. We also quantified the amount of colocalization of green and red fluorescence through 

Pearsons‘ correlation coefficient and Manders coefficients by CLSM. It was found that the % 

volume of colocalization increased from 1 h to 3 h to 6 h by 18.6% to 21.5% to 40.7% (Table 

1). In contrast, free doxorubicin internalized into the cells within 3 h and directly localized into 

the nucleus, which led the colocalization of red and blue fluorescence resulting purple color 

(Figure 18). Interestingly, in free doxorubicin treatment, no colocalization of green and red 

was observed which clearly demonstrated that free doxorubicin was internalized into the cell 

through diffusion pathway and homed directly into nucleus. 

To further visualize the internalization of α-TOS-CDDP-NP and α-TOS-Paclitaxel-NP, we 

encapsulated a red fluorescent dye rhodamine to synthesize α-TOS-CDDP-Rho-NP and α-

TOS-Paclitaxel-Rho-NP respectively. We incubated the HeLa cells with α-TOS-CDDP-Rho-

NP and α-TOS-Paclitaxel-Rho-NP for 1 h, 3 h and 6 h time points. We stained the lysosomal 

compartment and nucleus with LysoSensor
TM

 Green DND-153 (green) and DAPI (blue) 

respectively. The CLSM images and colocalization quantification (Figure 19 and Table 2) 

clearly showed that α-TOS-CDDP-Rho-NP internalized into the lysosomal compartment 

within 1 h (26.2% colocalization) and retained for 6 h (31.1% colocalization). Similarly, α-

TOS-Paclitaxel-Rho-NP also internalized into lysosomal compartments within 1 h (30.2% 

colocalization) and retained there for 6 h (29.2% colocalization) (Figure 20 and Table 3). The 

CLSM images and colocalization quantification data clearly showed that dual drug conjugated 

nanoparticles were internalized into the HeLa cells through endocytosis into the acidic 

lysosomal compartments in a temporal manner in contrast to the free drugs. 

 

4.2.4 Targeting mitochondria by dual drug conjugated nanoparticles. We hypothesized 

that after internalization of dual drug conjugated nanoparticles into lysosomal compartments, 
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the individual drugs will be released to target mitochondria and nucleus. Hence, we evaluated 

the effect of dual drug conjugated nanoparticles on mitochondrial morphology. We treated  

 

Figure 21. CLSM of mitochondria after treatment with individual dual drug conjugated 

nanoparticles for 24 h. Mitochondria were stained with MitoTracker Red CMXROS (red) and 

biotinylated proteins over-expressed on mitochondria were stained with Streptavidine 

Alexaflour 488 (green). CLSM images show the damage of mitochondrial morphology with 

different dual drug conjugated nanoparticle treatments. Scale bar = 10 μm. 
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Figure 22: Quantification of mitochondrial area as the measure of mitochondrial fragmentation 

after the treatment with dual drug conjugated nanoparticles by CLSM. 

 

HeLa cells with different dual drug conjugated nanoparticles individually for 24 h at their 

respective IC50 drug dosages and stained the mitochondia with red fluorescent MitoTracker 

Red CMXROS (Figure 21). We also co-stained the endogenous biotinylated proteins prevalent 

in mitochondria
57

 by green fluorescent Streptavidin Alexaflour 488 and visualized the 

mitochondrial morphology change by CLSM. From Figure 21, it was clear that the non-treated 

control cells showed nice elongated mitochondrial morphology, which was visibly disrupted, 

leading to the mitochondrial fragmentation in different nanoparticle treated cells. 

Colocalization of MitoTracker Red CMXROS (red) and Streptavidine Alexaflour 488 (green) 

leading to yellow color in the merged images clearly demonstrated the lack of characteristic 

mitochondrial morphology by different nanoparticle treatments. Moreover, we quantified the 

average mitochondrial area by using ImageJ analysis software with the help of Mito-

Morphology macro, which allows to measure mitochondrial elongation, interconnectivity and 

morphology from epifluorescence images of cells stained for mitochondria.
58

 The 
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mitochondrial average area for a non treated cell was found to be 10.1  0.6 m
2
, whereas the 

average fragmented mitochondria area was found to be reduced to 5.7  1.0 m
2
, 3.1  0.6 m

2 

and 4.9  0.9 m
2
 for α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP treated 

cells respectively (n = 5, mean  SEM) (Figure 22). From these CLSM images and 

quantification of the average mitochondrial area, it is clear that α-TOS from different dual drug 

conjugated nanoparticles targeted mitochondria and exhibited mitochondrial fragmentation.  

 

One of the hallmarks of mitochondrial damage is the mitochondrial outer membrane 

permeabilization (MOMP) followed by release of cytochrome c from inter-membrane spaces 

(IMS).
59

 We treated HeLa cells with different dual drug conjugated nanoparticles at their 

respective IC50 drug dosages for 24 h. The cells were then fixed and stained with green 

fluorescent Alexafluor 488 antibody specific for cytochrome c and visualized by CLSM. From 

Figure 23a, it is clear that α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP 

showed highly increased amount of cytochrome c expression in HeLa cells compared to non 

treated control cells. We also determined the expression of cytochrome c by western blot 

analysis using cytochrome c rabbit monoclonal antibody, after treatment of HeLa cells with 

different dual drug conjugated nanoparticles at their respective IC50 drug dosages for 24 h. 

From the Western blot images (Figure 23b), it was clear that all three dual drug conjugated 

nanoparticles increased the expression level of cytochrome c compared to the non treated 

control. Moreover, we also quantified the expression level of cytochrome c from the western 

blot, which clearly showed 1.1 fold, 1.5 fold and 1.5 fold increased expression of cytochrome c 

after the treatment with α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP 

respectively compared to the non treated control (Figure 24). From these CLSM images of 

mitochondrial morphology, cytochrome c release by inducing MOMP, western blot analysis 

and quantification, it was clear that the dual drug conjugated nanoparticles damaged 

mitochondria in the HeLa cancer cells.  
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Figure 23. Characterization of mitochondrial damage by cytochrome c expression. (a) CLSM 

images of dual drug conjugated nanoparticle treated HeLa cells for 24 h at their respective IC50 

drug dosages compared to non-treated control. Cells were stained with cytochrome c-

Alexafluor 488 antibody (green). Scale bar = 10 μm. (b) The expression of cytochrome c in 

HeLa cells after 24 h post incubation with dual drug conjugated nanoparticles determined by 

Western blot analysis.  

 

Figure 24: Quantification of cytochrome c expression from Western Blot analysis as a measure 

of mitochondrial damage after treatment with dual drug conjugated nanoparticles at 24 h post-

incubation.  
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4.2.5 Targeting nucleus and microtubule by dual drug conjugated nanoparticle. Nucleus 

contains the genomic materials (DNA and RNA), regulates the gene expression and controls 

the replication of DNA during cell cycle. Hence damaging the DNA in the nucleus of the 

cancer cells would lead to inhibit the rapid cellular division. The DNA damage in the nucleus 

is followed by the phosphorylation of the histone H2AX in recruiting and localizing the DNA 

damage repairing proteins. Hence, γH2AX has evolved as one of the important biomarkers to 

observe DNA damage.
60

 To determine the effect of dual drug conjugated nanoparticles in 

nucleus we treated the HeLa cells with different dual drug conjugated nanoparticles in their 

respective IC50 drug dosages for 24 h. We stained the cells with green fluorescent Alexafluor 

488 antibody specific for γH2AX and visualized the expression of γH2AX by CLSM. From 

Figure 25a, it was clear that α-TOS-CDDP-NP inflicted high DNA damage in nucleus to 

induce elevated expression of γH2AX compared to non treated control. α-TOS-Dox-NP 

induced lower level of γH2AX expression compared to α-TOS-CDDP-NP treatment. It was 

reported that doxorubicin promoted histone eviction leading to induce lower expression of 

γH2AX.
61

 Finally, we observed minimum expression γH2AX after α-TOS-Paclitaxel-NP, 

which was expected as paclitaxel does not induce DNA damage directly.  

We also evaluated the expression of γH2AX by western blot analysis after 24 h incubation of 

HeLa cells with different dual drug conjugated nanoparticles in their respective IC50 drug 

dosages. From the Western blot image (Figure 25b), it was clear that α-TOS-CDDP-NP 

induced highest level of γH2AX expression compared to α-TOS-Dox-NP, α-TOS-Paclitaxel-

NP as well as non-treated control. We also quantified the relative expression of γH2AX in 

different dual drug conjugated nanoparticle treatments from western blot analysis. We 

observed 9.1 fold, 6.5 fold and 1.4 fold increases in γH2AX expression induced by α-TOS-

CDDP-NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP respectively compared to the non-

treated control (Figure 26). 
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Figure 25: Characterization of nuclear damage by γH2AX as DNA damage marker. (a) CLSM 

images of dual drug conjugated nanoparticle treatments to HeLa cells for 24 h at their 

respective IC50 drug dosages compared to non-treated control. Cells were stained with γH2AX-

Alexafluor 488 antibody (green). Scale bar = 10 μm. (b) The expression of γH2AX in HeLa 

cells after 24 h post incubation with dual drug conjugated nanoparticles determined by Western 

blot analysis. 

 

Figure 26: Quantification of γH2AX expression from Western Blot analysis as a measure of 

DNA damage after treatment with dual drug conjugated nanoparticles at 24 h post-incubation. 
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Nuclear DNA damage triggers poly (ADP-ribose) polymerase (PARP) family of proteins 

which are involved in a number of cellular processes mainly DNA repair and apoptosis. Hence, 

PARP activation has emerged as one of the biomarkers for cellular DNA damage.
62

  

 

Figure 27. Characterization of nuclear damage by PARP as DNA damage repair marker. (a) 

CLSM images of dual drug conjugated nanoparticle treatments to HeLa cells for 24 h at their 

respective IC50 drug dosages compared to non-treated control. Cells were stained with PARP-

Alexafluor 488 antibody (green). Scale bar = 10 μm. (b) The expression of PARP (113 kDa) in 

HeLa cells after 24 h post incubation with dual drug conjugated nanoparticles determined by 

Western blot analysis. 
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Figure 28: Quantification of PARP expression from Western Blot analysis as a measure of 

DNA damage repair after treatment with dual drug conjugated nanoparticles at 24 h post-

incubation. 

 

We treated the HeLa cells with different dual drug conjugated nanoparticles in their respective 

IC50 drug dosages for 24 h followed by staining with green fluorescent Alexafluor 488 

antibody specific to PARP. We visualized the PARP expression by using CLSM. From Figure 

27a, it was clear that interestingly α-TOS-Paclitaxel-NP induced highest PARP expression 

compared to α-TOS-CDDP-NP and α-TOS-Dox-NP. However, all the dual drug conjugated 

nanoparticles induced increased amount of PARP compared to non-treated cells. We further 

treated the HeLa cells with different dual drug conjugated nanoparticles and evaluated the 

expression of PARP by using western blot analysis. The Western blot image (Figure 27b) 

showed improved PARP expression after treatment with different nanoparticles compared to 

control cells. Moreover, the normalized PARP quantification from western blot clearly 

demonstrated that α-TOS-CDDP-NP, α-TOS-Dox-NP and α-TOS-Paclitaxel-NP induced 3.1 

folds, 1.3 folds and 4.8 folds respectively (Figure 28). 

Furthermore, we also observed the effect of different dual drug conjugated nanoparticles on 

morphology of the nucleus. We treated HeLa cells with dual drug conjugated nanoparticles 

with respective IC50 drug dosages for 24 h and stained the nucleus with blue fluorescent 4’,6-

diamidino-2-phenylindole (DAPI). We visualized the morphology of nucleus by CLMS. Only 

α-TOS-Paclitaxel-NP induced the fragmentation of nucleus (Figure 29, indicated by bold 

arrows). On the other hand, α-TOS-CDDP-NP and α-TOS-Dox-NP showed almost negligible 
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clustering of nucleus compared to the control (Figure 29). It was reported that paclitaxel and 

other microtubule binding drugs induce the clustering of nucleus.
63

 Hence, it was clear that free 

paclitaxel released from α-TOS-Paclitaxel-NP was responsible for observed nuclear clustering. 

We also co-stained tubulin with green fluorescent tubulin Alexafluor 488 anitbody and 

visualized the effect of dual drug conjugated nanoparticles. From Figure 29 it was clear that 

only α-TOS-Paclitaxel-NP disrupted the typical elongated morphology of tubulin (indicated by 

thin arrows in Figure 29) into small fragments, whereas α-TOS-CDDP-NP and α-TOS-Dox-

NP showed almost no tubulin damage compared to control. We anticipated this effect of α-

TOS-Paclitaxel-NP compared to α-TOS-CDDP-NP and α-TOS-Dox-NP, as paclitaxel is 

known to bind with mircotubule. From these CLSM, western blot analysis and protein 

expression quantification it was clear that all the dual drug conjugated nanoparticles damaged 

nuclear DNA as well as tubulin in HeLa cancer cells. 

 

 

Figure 29. Characterization of nuclear fragmentation and tubulin damage after treatment with 

dual drug conjugated nanoparticles at 24 h post-incubation in HeLa cells. Nucleus was stained 

with DAPI (blue) and tubulin was stained with tubulin-Alexafluor 488 antibody. Nuclear 
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fragmentation is indicated by bold arrows and tubulin damage is indicated by thin arrows. 

Scale bar = 10 μm. 

 

4.3. Conclusion 

We have sucessfully developed dual drug conjugates by direct attachment of mitochondria 

damaging drug (α-TOS) and clinically approved DNA damaging drugs (cisplatin and 

doxorubicin) or microtubule binding drug (paclitaxel) without any additional linker strategy. 

We engineered sub 200 nm particles from those dual drug conjugates and characterized them 

by different electron microscopy (FESEM, TEM and AFM) techniques. These nanoparticles 

released the dual drugs in a slow and sustained manner over 3 days at pH = 5.5 mimicking the 

lysosomal compartments inside the tumor cells. Indeed these nanoparticles internalized into the 

lysosomal compartments in a time depedent manner through endocytosis in HeLa cervical 

cancer cells visualized by CLSM. These nanoparticles showed cytotoxicity by inducing 

apoptosis through arresting cell cycle. These nanoparticles damaged the mitochondrial 

morphology and released cytochome c. These dual drug conjugated nanoparticles damaged the 

nucleus of HeLa cells and expressed DNA damaging marker γH2AX, DNA repair marker 

PARP. α-TOS-Paclitaxel-NP also damaged the tubulin of the HeLa cells. We anticipate that 

these dual drug conjugated nanoparticle strategy can be used as platform technology to 

conjugate different organelle damaging drugs and target them to illuminate the organelle cross 

talk in a diseased state like cancer. Moroever, these dual drug conjugated nanoparticles can be 

easily translated to the clinics to develop novel next generation multiple organelle damaging 

combination cancer therapeutics which can lead to reduced toxic side effects from the 

individual drugs, thus overcome drug resistance and providing a better quality of life to the 

cancer patients. 

 

4.4. Materials and Methods  

4.4.1 Materials: All reactions were performed under inert conditions unless otherwise 

indicated. All commercially obtained compounds were used without further purification. Ethyl 
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acetate, petroleum ether, dry dichloromethane  (DCM), methanol,  dry dimethyl formamide 

(DMF), alpha-tocopherol succinate,  silver nitrate,  sodium sulphate, sodium chloride, o-

phenylenediamine, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride  (EDC),  

O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU),N, N-

dimethyl amino pyridine (DMAP), hydrochloric acid, chloroform-d (CDCl3), dimethyl 

sulphoxide (DMSO-d6), double distilled water, diisopropyl ethylamine (DIPEA),  L-

phosphatidylcholine, sephadex G-25, sodium dodecyl sulfate (SDS), paraformaldehyde, n-

propyl gallate, glycerol, Triton
TM

 X-100, ethyl alcohol and  silicon wafer for FE-SEM were 

bought from Sigma-Aldrich. Paclitaxel, cisplatin and doxorubicin were bought from Selleck 

Chemicals. 1,2-Distearoyl-sn-Glycero-3–Phosphoethanolamine-N-[Amino(Polythylene 

Glycol)2000] (DSPE-PEG) and the mini handheld extruder kit (including 0.2nm Whatman 

Nucleopore Track-Etch Membrane, whatman filter supports and 1.0 mL Hamiltonian syringes) 

were bought from Avanti Polar Lipids Inc. Analytical thin-layer chromatography (TLC) was 

performed using pre-coated silica gel aluminum sheets 60 F254 bought from EMD 

Laboratories. DMEM media and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), propidium iodide, RNase, MgCl2 and DAPI were purchased from HiMedia. 

96 well plates, 6 well plates, 15 mL and 50 mL graduated sterile centrifuge tubes and tissue 

culture flasks with filter cap sterile were purchased from Tarsons Product Pvt. Ltd. Annexin-V-

FLUOS Staining Kit was purchased from Roche. LysoSensor
TM

 Green DND-153, 

LysoTracker
TM

 Green DND-26, MitoTracker® Red CMXRos, Alexa Fluor® Fluorescent 

Streptavidin Conjugate, SlowFade® Gold Antifade Reagent and caspase-3, 8 and 9 protease 

assay kits were obtained from Life Technologies.  Cytochrome c rabbit mAb, anti-rabbit IgG 

and HRP-linked antibody were obtained from CST. Anti-PARP antibody-clone 7A10, anti-

phospho-histone H2AX (Ser139) antibody- clone JBW301, GAPDH antibody, goat anti-mouse 

IgG antibody, (H+L) HRP conjugate and rabbit anti-chicken IgG antibody. HRP conjugates 

were obtained from Merck Millipore. Alexa Fluor® 488 goat anti-mouse IgG (H+L) antibody 

and alexa fluor® 488 goat anti-rabbit IgG (H+L) antibody were purchased from Life 

technologies. HeLa  and HEK293 cells were obtained from National Centre for Cell Science 

(NCCS), Pune.  Spots on the TLC plates were visualized using alkanine permanganate or 

phosphomolybdic acid hydrate in methanol. 
1
H (400 MHz) spectra were obtained on a Jeol-400 

spectrophotometer. The chemical shifts are expressed in parts per million (ppm) using suitable 
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deuterated NMR solvents with reference to TMS at 0 ppm. The release kinetic data, drug 

loading, nanoparticle size and cell viability assay were plotted using GraphPad Prism software. 

The laser scanning confocal microscopy was performed by Zeiss LSM 710 machine. Each 

sample was done in triplicate. FACS analysis was performed using BD FACS Calibur
TM

 flow 

cytometer. 

4.4.2 Synthesis of α-tocopherol succinate-doxorubicin conjugate (2). α-tocopherol succinate 

(5 mg, 0.009 mmol, 1 equiv.) was dissolved in 1 mL dry DMF. After continuous stirring under 

inert condition at 0˚C for 5 min, HBTU (15 mg, 0.014 mmol, 1.5 equiv) was added followed 

by addition of DIPEA (6 μL, 0.037 mmol, 4 equiv.). The reaction mixture was cooled down for 

10 min at 0°C and doxorubicin (6.55 mg, 0.011 mmol, 1.2 equiv) was added to it. The reaction 

was stirred at room temperature for 24 h. The reaction was then quenched with 0.1N HCl (10 

mL) and H2O (40 mL). The organic layer was extracted with DCM (2 X 20 mL). To remove 

dissolved salts present in the reaction mixture, wash with brine solution was given (2 X 30 

mL). Anhydrous sodium sulphate (Na2SO4) was added to the organic layer to remove the trace 

amount of water present. Organic layer was then concentrated using rotary evaporator. Crude 

product was purified by silica gel (100-200 mesh size) column chromatography by using 1 % 

methanol in DCM to obtain product as a red colored solid. Yield: 7.4 mg (74.34 %). 

Characterization of α-tocopheryl succinate-doxorubicin conjugate (2): 

1
H NMR (400 MHz, CDCl3): δ = 8.05-8.03 (dd, J = 7.6 Hz, 0.8 Hz, 1H), 7.81-7.76 (t, J = 8 

Hz, 1H), 7.40-7.38 (d, J = 8 Hz, 1H), 5.97-5.95 (d, 8Hz, 1H), 5.50-5.49 (d, J = 4 Hz, 1H), 5.30 

(s, 3H), 4.77(s, 2H), 4.17-4.12 (dd, 8Hz, 2H), 4.08 (s, 3H), 3.65 (s,1H), 3.26 (m,1H), 3.05-3.00 

(m, 1H) 2.99-2.94 (m, 1H), 2.91-2.85 (m, 1H), 2.57-2.53 (m, 4H), 2.36-2.32 (m, 2H), 2.19-2.16 

(m, 2H), 2.07-2.05 (s, 3H), 1.96 (s, 3H), 1.92 (s, 4H), 1.82-1.73 (m, 8H),1.55-1.47 (m, 5H), 

1.28-1.21 (m, 19H), 1.15-1.14 (m, 4H), 0.87-0.83 (m, 12H). 

13
C NMR (100 MHz, CDCl3): δ = 214.1, 187.3, 186. 9, 171.9, 170.8, 161.2, 156.35, 155.8, 

149.5, 140.3, 135.9, 135.7, 133.7, 126.7, 125.0, 123.2, 121.1, 120.0, 118.5, 117.5, 111.7, 111.6, 

100.8, 77.5, 77.2, 76.8, 75.2, 69.8, 69.2, 67.3, 65.7, 56.8, 53.6, 45.6, 39.5, 37.6, 37.4, 35.9, 

34.2, 32.9, 32.9, 32.1, 31.2, 29.8, 29.5, 29.3, 28.1, 24.9, 24.6, 22.9, 22.8, 21.2, 20.7, 19.9, 19.8, 

17.0, 14.3, 13.1, 12.3, 11.9, 1.2. 

HRMS (ESI): m/z: for C60H81NO15Na
+
 [M+Na]

+
 : calculated =1078.5504, 

observed=1078.5502. 
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MALDI-TOF: m/z: for C60H81NO15K
+
 [M+K]

+
 : calculated =1094.5243, 

observed=1094.6461. 

4.4.3 Synthesis of α-tocopherol succinate-paclitaxel conjugate (3). α-tocopherol succinate 

(1) (2.5 mg, 0.0047 mmol, 1 equiv.) was dissolved in 1 mL dry dichloromethane (DCM) under 

inert atmosphere and cooled to 0˚C. Subsequently, N-(3- dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC) (0.99 mg, 0.005 mmol, 1.1 equiv), 

diisopropylethylamine (DIPEA) (2.4 μL, 0.014 mmol, 3 equiv) and 4-(dimethylamino) 

pyridine (DMAP) (0.06 mg, 0.00047 mmol, 0.1 equiv) were added to the reaction mixture with 

continuous stirring under inert condition. After 30 min, paclitaxel (4.33 mg, 0.005 mmol, 1.1 

equiv) was added into the reaction mixture. The reaction was monitored by TLC. After 24 h, 

the reaction was quenched with 0.1 N HCl (1mL), water (5 mL) and diluted with DCM (10 

mL). The organic layer was extracted with DCM (2 X 15 mL) and washed with brine solution 

(10 mL). The organic layer was dried over anhydrous sodium sulphate (Na2SO4). Organic 

solvent was then evaporated using rotary evaporator and the crude product was purified using 

silica gel (100-200 mesh size) column chromatography with 30% ethyl acetate in petroleum 

ether to obtain the pure compound. Yield: 3 mg (50.14%). 

Characterization of α-tocopheryl succinate-paclitaxel conjugate (3) 

1
H NMR (400 MHz, CDCl3): δ = 8.15-8.09 (m, 2H), 7.75-7.72 (m, 1H), 7.62-7.60 (m, 1H), 

7.53-7.48 (m, 4H), 7.37 (m, 2H), 7.18 (m, 3H), 6.99-6.97 (m, 1H), 6.77-6.74 (m, 1H) 6.32-6.27 

(m, 2H), 5.87-5.76 (m, 1H), 5.70-5.63 (m, 2H), 5.42-5.25 (m, 2H), 5.02-4.88 (m, 3H), 4.49-

4.38 (m, 1H), 4.33-4.27  (m, 2H), 4.21-4.12 (m, 2H), 3.89-3.79 (m, 1H), 2.95-2.90 (m, 2H), 

2.83-2.75 (m, 1H), 2.61-2.53 (m, 3H), 2.39-2.29 (m, 9H), 2.25-2.23 (m, 4H), 2.08-2.01 (m, 

11H), 1.69-1.61 (m, 14H), 1.33-1.11 (m, 16H),0.89-0.83 (m, 12H). 

13
C NMR (100 MHz, CDCl3): δ = 204.0, 174.7, 173.5, 171.4, 169.9, 167.2, 162.3, 161.3, 

149.6, 147.2, 144.2, 142.9, 140.3, 139.4, 133.8, 132.9, 132.1, 130.4, 129.2, 128.6, 124.6, 123.2, 

119.2, 117.6, 114.2, 95.8, 92.3, 90.5, 86.3, 84.7, 81.1, 79.3, 77.5, 77.2, 76.8, 75.3, 72.3, 71.9, 

67.1, 62.2, 61.7, 58.7, 52.8, 45.6, 43.3, 39.5, 37.6, 34.2, 33.9, 32.9, 32.1, 31.6, 30.3, 29.8, 29.5, 

29.3, 28.1, 27.4, 25.0, 24.6, 22.8, 21.2, 20.7, 19.9, 19.8, 14.6, 14.3, 13.1, 12.3, 11.9, 9.7. 

HRMS (ESI): m/z: for C80H103NO15Na
+
 [M+Na]

+
 : calculated=1388.7073, 

observed=1388.7102.  
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MALDI TOF: m/z: for C80H103NO15K
+
 [M+K]

+
 : calculated=1404.6812, 

observed=1405.0453. 

4.4.4 Synthesis of aquated cisplatin (4). 50 mg of cisplatin was dissolved in 10 mL of water 

and 28 mg of silver nitrate was added to the solution. Reaction mixture was then stirred at 

room temperature under dark conditions for 24 h. Reaction mixture turned milky white and 

was centrifuged for 15 to 20 minutes to precipitate silver chloride. The supernatant is then 

filtered through 0.2 μm filter and compound was obtained for further reaction. 

4.4.5 Synthesis of α-tocopherol succinate-cisplatin conjugate (5). α-tocopherol succinate (1) 

(5 mg, 0.009 mmol, 1 equiv) was dissolved in 1 mL DMF and aquated cisplatin (4)(500 μL = 

2.5 mg, 0.009 mmol, 1 equiv) was added to it. It was kept for stirring for 24 hours. After 24 h, 

solvent was evaporated by rotary evaporator. Yield: 6.5 mg (89.0%). 

Characterization of α-tocopheryl succinate-cisplatin conjugate (5): 

1
H NMR (400 MHz, CDCl3): δ =4.62 (s, 4H), 3.39-3.34 (s, 6H), 2.83-2.75 (m, 2H), 2.59-2.56 

(m, 2H), 2.00 (s, 3H), 1.91 (s, 3H), 1.89 (s, 3H), 1.75-1.71 (m, 2H), 1.54-1.46 (m, 3H), 1.39-

1.35 (m, 4H), 1.24-1.21 (m, 10H), 1.14-1.09 (m, 3H), 1.05-1.02 (m, 4H), 0.84-0.80 (m, 12H). 

13
C NMR (100 MHz, CDCl3): δ = 173.5, 171.1, 162.3, 148.5, 140.3, 126.4, 125.0, 121.7, 

117.3, 74.7, 40.1, 39.9, 39.7, 39.5, 39.3, 39.1, 38.9, 38.8, 32.1, 31.9, 28.8, 28.5, 27.4, 24.2, 

23.7, 22.6, 22.5, 20.3, 19.9, 19.6, 12.7, 11.8, 11.6. 

195
PtNMR: δ = -1502.26. 

MALDI TOF: m/z: for C80H103NO15Na
+
 [M+Na]

+
 : calculated=861.0041, observed=861.1266; 

m/z: for C80H103NO15K
+
 [M+K]

+
 : calculated=876.9703, observed=876.6498. 

4.4.6 General procedure of synthesizing dual drug conjugated nanoparticles and 

rhodamine loaded nanoparticles. 10.0 mg of L-α-phosphatidylcholine (PC), 5.0 mg of dual-

drug conjugates (2, 3 and 5) and 1 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polythylene glycol)2000] (DSPE-PEG) (1 mg of Rhodamine was added for the 

synthesis of α-TOS-CDDP-Rho-NP and α-TOS-Paclitaxel-Rho-NP) were dissolved in 5.0 mL 

DCM. Solvent was evaporated into a thin and uniform film with the help of a rotary 

evaporator. After thorough drying with vacuum pump dual-drug conjugate film was hydrated 

with 1.0 ml H2O for 2 h at 60˚C. It was passed though Sephadex G-25 column and extruded 

through 200 nm Whatmann polycarbonate membrane at 65˚C to obtain sub 200 nm particles. 
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The dual-drug conjugated nanoparticles, α-TOS-CDDP-Rho-NP and α-TOS-Paclitaxel-Rho-

NP were stored at 4˚C for further use. 

4.4.7 General procedure for quantification of drug loading. A Calibration curve was plotted 

in the concentration range of 2.5 to 100 μM (for α-TOS), 10-40 μM (for paclitaxel) and 10-100 

μM (for doxorubicin) by diluting the 1 mM standard stock solution of drugs in dimethyl 

sulfoxide (DMSO). The absorbance was measured at 287 nm, 271 nm and 490 nm for α-TOS, 

paclitaxel and doxorubicin respectively against the corresponding solvent blank. The linearity 

was plotted for absorbance (A) against concentration (C). For drug loading in nanoparticles, 

prepared nanoparticles were dissolved in spectroscopic grade DMSO in 5%, 10% and 15% 

dilution. Absorbance was measured at characteristic wavelength against the corresponding 

solvent blank in 200 μL quartz cuvette and from the calibration curve drug loading was 

measured in triplicate. For the quantification of cisplatin, a different strategy was followed 

since it is not itself UV active. For the calibration curve, 1 mM stock was prepared by 

dissolving cisplatin into 1.2 mg/ mL solution of o-phenylenediamine in DMF and heated at 

100⁰C for 4 h, till the solution turned deep green in colour. Range of further dilutions from 2.5 

μM to 15 μM was obtained by diluting stock solution with DMF. The absorbance was 

measured at 706 nm (which is characteristic λmax for cisplatin) against DMF as blank. Linear 

relationship was obtained by plotting the absorbance values (A) against corresponding 

concentrations (C). For drug loading in nanoparticles, prepared nanoparticles (100 µL) were 

dissolved in 500 µL o-phenylene diamine (1.2 mg /mL of spectroscopic grade DMF). Then it 

was heated at 100⁰C for 4 h until greenish yellow color appears. From the stock of the greenish 

yellow solution, 5%, 10%, 15% dilutions were prepared.  Absorbance was measured at 

characteristic wavelength against the corresponding solvent blank in 200 μL quartz cuvette and 

from the calibration curve drug loading was measured in triplicate in the similar way as the 

above. 

4.4.8 Determination of size distribution of nanoparticles by dynamic light scattering 

(DLS). The mean particle size of the dual-drug conjugated nanoparticles was measured by 

dynamic light scattering (DLS) method using Zetasizer Nano2590 (Malvern, UK). 50 μL of 

nanoparticle solution was diluted to 1mL using DI water and 3 sets of 10 measurements each 

were performed at 90 degree scattering angle to get the average particle size. 
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4.4.9 Field-Emission Scanning Electron Microscopy (FESEM) of dual-drug conjugated 

nanoparticles. 5 μL of dual-drug conjugated nanoparticles in water was placed on a silicon 

chip without any dopant and it was allowed to dry at room temperature under vacuum 

desiccators for 2 hours. The silicon chip was then gold coated (30-40 nm thickness) using 

Quorum, Q150T- E5. The FESEM measurements were done using Carl Zeiss, Ultra plus, 

scanning electron microscope at an operating voltage of 4.0 KV. 

4.4.10 Atomic Force Microscopy (AFM) of dual-drug conjugated nanoparticles. 5 μL of 

dual-drug conjugated nanoparticles in water was placed on mica sheet and dried under the 

vacuum desiccators for 2 h. Shape and size of dual-drug conjugated nanoparticles were 

determined using NanoWizard Atomic Force Microscopy (AFM). 

4.4.11 Transmission Electron Microscopy (TEM) of dual-drug conjugated nanoparticles. 

15 μL of nanoparticles in water was placed on a TEM copper grid. After 30 min, this sample 

drop was wicked off by using filter paper and then 15 µL of freshly prepared 0.25% uranyl 

acetate (2.5 mg uranyl acetate in 1 mL dd water) solution was placed on the TEM copper grid. 

After 1 min, uranyl acetate solution was wicked off and the sample was washed three times 

with 15 µL dd water each time. The sample was dried overnight on a clean dust free surface 

under a funnel. The dual-drug conjugated nanoparticles were imaged using Tecnai T300 HR-

TEM and Tecnai G2 20-Twin LR-TEM instruments. 

4.4.12 Stability of the nanoparticles at 4°C and 37°C by dynamic light scattering (DLS). 

The stability of the nanoparticles was checked at 4°C and 37°C by Dynamic Light Scattering 

method using Zetasizer Nano2590 (Malvern, UK). 200 μL of nanoparticles solution was 

diluted to 1 mL using DI water and 3 sets of 10 measurements each were performed at 90 

degree scattering angle to get the average particle size. This was done for 14 days keeping the 

nanoparticles at 4°C (refrigerator) and 37°C (incubator) to check its stability at shelf (for 

storage purpose) as well as in blood circulation temperature. Similarly, the nanoparticles were 

incubated in DMEM cell culture media containing 10% FBS (or in PBS) at 37°C for 3 days 

and size and PDI values were measured in predetermined time points.  

4.4.13 General procedure for determining the drug release profile. Concentrated 250 μL 

dual-drug conjugated nanoparticles were suspended in 250 μL pH = 5.5 solution (or pH = 7.4 

solution) and sealed in a dialysis membrane (MWCO = 2000 Dalton for cisplatin, paclitaxel 

and doxorubicin release). The dialysis bags were incubated in 10 mL pH = 5.5 solution (or pH 
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= 7.4 solution) at room temperature with gentle shaking. A 400 μL portion of the aliquot was 

collected from the incubation medium at predetermined time intervals and the released dual 

drugs were quantified by UV-VIS spectrophotometer. 

4.4.14 Cell viability assay. 5000 cells (HeLa and HEK293 cells) were seeded per well in 96-

well microtitre plate and incubated overnight in a 5% CO2 incubator at 37
°
C for attachment. 

Cells were then treated with dual-drug conjugated nanoparticles and free drug combinations in 

different concentrations (0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, 50 µM) for 48 h. Free drugs 

were dissolved in DMSO to make a stock solution of 5 mM concentration. Serial dilutions of 

free drugs in DMSO were made from this stock solution and 2μL of each free drug solution 

was added to cells to obtain desired final concentrations. 20 µL of MTT reagent (5 mg/mL) 

was added to each well and incubated for 4 h at 37
°
C. Formazan crystals were then solubilized 

in 100 µL of the solubilization buffer (10 % SDS in 0.01 M HCl) and incubated overnight. 

Absorbance was measured with spectrophotometer at 550 nm. The percent cell viability was 

calculated considering the untreated cells as 100 percent viability and the effectiveness of dual-

drug conjugated nanoparticles was compared with the free drug combinations. 

4.4.15 FACS analysis for apoptosis detection. For apoptosis detection, 2 X 10
6
 HeLa cells 

were incubated in 6 well plates overnight for attachment and then treated with nanoparticles for 

24 hours at their respective IC50 values. After the treatment, media was removed and cells were 

trypsinized and washed twice with PBS by means of centrifugation at 750 rpm for 4 min. Cell 

pellet was then re-suspended in 100 µL of Annexin-V-FLUOS labeling solution (Annexin-V-

FLUOS Staining Kit from Roche) and incubated in 500 µL of incubation buffer at 25
O
C for 15 

mins. Cells were then passed through cell strainer to get uniform cell suspension and analyzed 

using BD FACS Calibur
TM

 to detect the apoptosis. 

4.4.16 Caspase activity assay. Caspase activities for caspase-3, caspase-8 and caspase-9 were 

assayed using Caspase-3, 8 and 9 colorimetric protease assay kit from Life Technologies
TM

.  

Caspase-3, caspase-8 and caspase-9 recognize the amino acid sequence- DEVD (Asp-Glue-

Val-Asp), IETD (Ile-Glu-Thr-Asp) and LEHD (Leu-Glu-His-Asp) respectively. After treating 

the HeLa cells with dual-drug conjugated nanoparticles for 24 h, 3 x 10
6
 cells were centrifuged 

and resuspended in 50 µL chilled cell lysis buffer and incubated in ice for 10 min. Cell lysates 

were then centrifuged at 10,000 x g for 1 min and supernatant was collected for assaying the 

caspase activities. Total protein concentration was estimated using protein estimation kit by 
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bradford protein assay (GeNei
TM

 Merck) and cytosol extracts were diluted to a concentration of 

50 µg protein per 50 µL of cell lysis buffer. 50 µL of 2X reaction buffer was added to each 50 

µL sample followed by addition of 5 µL substrate specific for each caspase and incubated at 

37
°
C in dark for 2 h.  Substrates consist of a chromophore, p-nitroanilide (pNA) and the amino 

acid sequence of the respective caspase cleavage site. Upon proteolytic cleavage of substrate 

by caspase, generated free pNA was measured spectrophotometrically at 405 nm. Fold increase 

in caspase activity was calculated by direct comparison to the level of control absorbance. 

4.4.17 Cell cycle analysis. 2 x 10
6 

HeLa cells were seeded in a 6 well plate and allowed to 

attach overnight in a 5% CO2 incubator at 37
°
C. Cells were treated with dual-drug conjugated 

nanoparticles at a concentration corresponding to the IC50 value of respective drugs for 24 h. 

After the treatment, the cells were harvested and washed with 1 mL PBS (pH = 7.4) and then 

centrifuged at 850 rpm for 4 min. Supernatant was discarded and cells were fixed in 70% ice-

chilled ethyl alcohol  for 30 min at -20
°
C. Fixed cells were centrifuged at 850 rpm for 4 min. 

Fixing solution was aspirated and 1 mL ice-chilled PBS was added. Cells were again 

centrifuged at 850 rpm for 4 min and resuspended in 0.5 mL of the staining solution (50  µL 1 

mg mL
-1

 propidium iodide, 50  µL 1 mg mL
-1

 RNase and 400 µL PBS). Cells were then 

analyzed using BD Accuri
TM

 C6 flow cytometer. 

4.4.18 Confocal laser scanning microscopy (CLSM) studies.  

4.4.18.1 Cellular internalization. 5 x 10
4 

HeLa cells were seeded on a cover slip in a 6 well 

plate and incubated overnight in a 5% CO2 incubator at 37
°
C for attachment. Cells were then 

first washed with PBS (pH = 7.4) and then treated with α-TOS-Dox-NP (at a concentration 

equivalent to 2 µg mL
-1 

of doxorubicin) and free doxorubicin (2 µg mL
-1

) for 1, 3 and 6 h. 

Cells were then washed twice with PBS and fixed with 500 µL of paraformaldehyde (3.7% in 

PBS, pH = 6.9) by incubating for 10 min at 4
°
C. The paraformaldehyde was aspirated and cells 

are washed trice with PBS. Low pH lysosomes were stained with 50 nM LysoTracker
TM

 Green 

DND-26 (Invitrogen) by incubating the cells at 37
°
C for 45 min. The cells were then washed 

three times to remove the unbound LysoTracker
TM

 Green DND-26 followed by staining the 

cells for nuclei with 2 µg mL
-1

 DAPI (HiMedia) by incubating at 37
°
C for 20 min. Then cells 

were washed three times with PBS and mounted on a glass slide using 5 µL SlowFade® Gold 

Antifade Reagent. The slides were subjected to fluorescence imaging using a CLSM (Zeiss 

LSM 710).  
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4.4.18.2 Mitochondrial imaging. 5 x 10
4 

HeLa cells were seeded on a cover slip in a 6 well 

plate and incubated overnight in a 5% CO2 incubator at 37
°
C for attachment. Cells were then 

treated with dual-drug conjugated nanoparticles at a concentration corresponding to the IC50 

value of respective drugs for 24 h. Cells were then washed twice with PBS (pH = 7.4) and 

treated with MitoTracker Red CMXROS at a concentration of 200 nM in PBS and incubated in 

dark at 37
°
C for 25 min. Staining solution was aspirated and cells are washed thrice with PBS 

and then fixed with 3.7%  paraformaldehyde at  37
°
C for 15 min. Fixing solution was discarded 

and cells are permeabilized with PBS containing 0.2% TritonX. 200 µL of Alexa Fluor® 488 

streptavidin conjugate (2 µg mL
-1

) was added to the cells and incubated for 90 min at 37
°
C in 

dark. Cells were washed thrice with PBS and mounted on a glass slide using SlowFade® gold 

antifade reagent. The slides were subjected to fluorescence imaging using a CLSM (Zeiss LSM 

710).  

4.4.18.3 General procedure for immunostaining to visualize cytochrome c, H2AX, PARP 

and tubulin. 5 x 10
4 

HeLa cells were seeded on a coverslip in a 6 well plate and incubated 

overnight in a 5% CO2 incubator at 37
°
C for attachment. Cells were then treated with dual-drug 

conjugated nanoparticles at corresponding IC50 concentration for 24 h. Cells were washed once 

with PBS and then fixed with 3.7% paraformaldehyde at 37
°
C for 15 min. Cells were then 

washed twice with PBS (pH = 7.4) and were permeabilized by incubating in blocking buffer 

(PBS containing 0.3% tween and 5% FBS) at room temperature. Cells were then incubated in 

primary antibody solution (cytochrome c, H2AX, PARP in 1:100 dilution and tubulin in 

1:2500 dilutions) at 37
°
C for 3 hr. Cells are washed thrice with blocking buffer. Then cells 

were incubated in fluorochrome conjugated secondary antibody solution (1:500 dilution) at 

37
°
C for 40 min in dark. Cells were washed thrice with PBS and mounted on a glass slide using 

SlowFade® gold antifade reagent. The slides were subjected to fluorescence imaging using a 

CLSM (Zeiss LSM 710). 

4.4.19 General procedure for Western blot analysis. After 24 hours of dual-drug conjugated 

nanoparticle treatment in their corresponding IC50 concentrations, HeLa cells were lysed and 

suspended in sample buffer. Proteins were separated using SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) and then proteins were transferred onto the membrane 

(electroblotting). Blotted membrane was then blocked in freshly prepared TBS containing 
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nonfat dry milk (5%) for 1 hour with constant agitation at room temperature. Membrane was 

then rinsed once with TBST and then incubated in the primary antibody solution (1:1000 

dilution, except 1:2500 gor GAPDH) overnight at 4
O
C with gentle agitation (except 4 hours for 

GAPDH). Membrane was then washed 3 times (15 min each) with TBST and then incubated in 

HRP conjugated secondary antibody solution (1:500 dilution) for 45 min at room temperature 

with gentle agitation. Membrane was again washed thrice with TBST (5 min each). Protein 

detection was then followed by using Immobilon Western Chemiluminescent HRP Substrate 

(membrane was incubated in the substrate for 1 min). Images were acquired using GE 

Healthcare Lifesciences ImageQuant LAS 4000. After the acquisition, membrane was boiled in 

distilled water for 5 min and again was re-probed for GAPDH gene. Further image processing 

and intensity calculations were performed using ImageJ software. 

 

4.5. Appendices 

 

 

Figure A1: 
1
H NMR spectra of α-TOS-Doxorubicin conjugate (2) 
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Figure A2: 
13

C NMR spectra of α-TOS-Doxorubicin conjugate (2). 

 

 

 

Figure A3: HR-MS and MALDI-TOF (inset) spectra of α-TOS-Doxorubicin conjugate (2). 
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Figure A4: 
1
H NMR spectra of α-TOS-Paclitaxel conjugate (3). 

 

 

 

 

Figure A5: 
13

C NMR spectra of α-TOS-Paclitaxel conjugate (3). 

 

 



Chapter 4 

156 

 

 

 

Figure A6: HR-MS and MALDI-TOF (inset) spectra of α-TOS-Paclitaxel conjugate (3). 

 

 

 

Figure A7: 
1
H NMR spectra of α-TOS (1). 
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Figure A8: 
1
H NMR spectra of α-TOS-cisplatin conjugate (5). 

 

 

 

Figure A9: 
13

C NMR spectra of α-TOS-cisplatin conjugate (5). 
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Figure A10: HR-MS spectra of α-TOS-cisplatin conjugate (5). 

 

 

 

 

 

Figure A11: 
195

Pt NMR spectra of α-TOS-cisplatin conjugate (5). 
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