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Supramolecular Self-Assembled Nanoparticle for Organelle Targeting in Cancer 

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, sustaining proliferative signaling and deregulation of cellular energetics are 

the imperative hallmarks of cancer which are tightly governed by important sub-cellular 

organelles such as nucleus, mitochondrion and endoplasmic reticulum(ER). Thus specific 

targeting of the organelles in cancer cells is interesting strategy for future cancer therapy. 

However, organelle targeting in cellular milieu is highly challenging task. To address this, we 

have developed self-assembled glycosylated chalcone boronic acid derivatives to target anti-

apoptotic Bcl-2 in mitochondria and showed their anticancer activity. ER is involved in protein 

synthesis/folding and dis-regulation in that mechanism leads to ER-stress. Moreover, ER 

membrane wraps around another important organelle, nucleus and forms double membrane 

nuclear envelop leading to ER-nuclear cross-talk. Hence, we hypothesize that simultaneous 

targeting of ER and nuclear DNA in cancer cells would lead to improved anti-cancer efficacy. To 

achieve this, we have developed triazine based small molecule which supramolecularly self-

assembled into spherical nanoparticle which can induce ER-stress and DNA damage in cancer 

cells. Interestingly, the ER-targeting self-assembled nanoparticle induced autophagy in cancer 

cells, leading to combination therapy with autophagy inhibitor for improved therapeutic efficacy. 

Subsequently, we have engineered lipidic nanoparticle for specific targeting of ER-resident 

chaperon GRP94 to induce ER stress as interesting strategy in cancer therapy. These ER 

localizing GRP94 targeting nanoparticle induced improved anti-cancer effect in cancer cells. 

Finally, we have engineered lipidic nanoparticle to target proteasome which is having cross-talk 

with ER stress through unfolded protein response (UPR) for disruption of ubiquitin proteasome 

system (UPS) as novel strategy for cancer treatment. These lipidic proteasome targeted 

nanoparticles inhibited sub-cellular protein degradation machinery to trigger cancer cell death. 

We anticipate that, here presented unique approaches will extend the concept of supramolecular 

self-assembly of small molecules and lipidic nanoparticles to target multiple sub-cellular 

organelles simultaneously for improved therapeutic effect in anti-cancer therapy in future.  
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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 important sub-cellular organelles such as 

mitochondrion, nucleus & endoplasmic reticulum. Organelle targeting has emerged as novel, 

alternative targets for next generation cancer therapy. However, there are three major 

challenges in targeting organelles (a) selective targeting of major organelles such as 

nucleus, mitochondria and endoplasmic reticulum in cellular milieu, (b) specific targeting 

of these organelles in cancer tissues keeping organelles in healthy cells intact 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 Organelle in cancer cells using chemical biology and nanotechnology 

platforms. 

 

In Chapter 2, we have developed supramolecular self-assembly of glycosylated chalcone 

boronic acid in water and showed anticancer effect. Chalcone and boronic acids are important 

privileged structures in myriads of natural and synthetic products having diverse biological 

activities. However, their therapeutic window is highly narrow due to their hydrophobic 

nature affecting unpredictable biodistribution. To address this, we herein have synthesized a 

novel hybrid glycosylated chalcone−boronic acid library. Cell viability, flow cytometry, 

confocal microscopy, and gel electrophoresis assays demonstrated that one of the library 

members induces cell cycle arrest in the G2/M phase through the activation of p21 and 

decrease levels of cyclin B1 and CDK1. In addition, it also induces apoptosis, primarily due 

to the inhibition of Bcl-2/ Bcl-xl and the augmentation of BAX to prompt mitochondrial 

damage and reactive oxygen species generation. Most interestingly, the lead cytotoxic 
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glycosylated chalcone−boronic acid self-assembled in water into a spherical nanodrug that 

can further entrap another anticancer drug (doxorubicin) to show remarkably improved 

efficacy in breast cancer cells. This novel lead compound has prospective as a vector-free 

nanodrug for combination cancer therapy. 

 

In Chapter 3, we have developed supramolecular self-assembled nanoparticle for selective 

targeting of endoplasmic reticulum in cancer cells. The endoplasmic reticulum (ER) is one of 

the most important organelles controlling myriads of cellular functions including protein 

folding/misfolding/unfolding, calcium ion homeostasis and lipid biosynthesis. Subsequently, 

due to its functional dysregulation in cancer cells, it has emerged as interesting target for anti-

cancer therapy. However, specific targeting of ER in cancer cells remains a major challenge 

due to the lack of ER-selective chemical tools. Furthermore, for performing multiple cellular 

functions ER is dependent on nucleus through complicated cross-talk. Herein, we have 

engineered a supramolecular self-assembled hexameric rosette structure from two small 

molecules: tri-substituted triazine and 5-fluorouracil (5FU). This rosette structure consists of 

ER-targeting moiety with fluorescence tag, ER-stress inducer and nuclear DNA damaging 

drug simultaneously, which further self-assembled into ER-targeting spherical nano-scale 

particle (ER-NP). These ER-NPs internalized into HeLa cervical cancer cells by 

macropinocytosis and specifically localized into ER to induce ER stress and DNA damage 

leading to cell death through apoptosis. Interestingly, ER-NPs initiated autophagy, inhibited 

by a combination of ER-NP and chloroquine (CQ) to augment cancer cell death. This work 

has potential to exploit the concept of supramolecular self-assembly into developing novel 

nano-scale material for specific sub-cellular targeting of multiple organelles for future anti-

cancer therapy. 

 

In Chapter 4, finally, we have developed lipidic nanoparticle which can selectively target 

endoplasmic reticulum in cellular milieu and exerts endoplasmic reticulum stress. So, we 

have synthesized green fluorescent sulfonamide based napthalimide conjugate and prepared 

lipicid nanoparticle with encapsulation of ER stress inducer 17AAG. These ER specific 

nanoparticles can selectively accumulate into ER and induce cell death through ER stress. 

Interestingly, these lipidic ER specific nanoparticles do not accumulate any other organelle 

such as lysosome and mitochondria. These lipidic nanoparticles selectively accumulate in ER 

and induced ER stress which has been detected by overexpression of ER stress marker 

CHOP. Interestingly, lipidic ER-NP initiated autophagy, inhibited by a combination of lipidic 
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ER-NP and chloroquine (CQ) to augment cancer cell death. We envision that the here 

presented unique approaches can be translated into clinics in future as platform technologies 

to inhibit multiple diverse targets concurrently to 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 one of the leading causes of death, accounting for 8.2 million deaths worldwide in 

2012.
1

Over the past several decades, remarkable breakthroughs have been made in 
 

advancing our understanding of how cancer originates and develops, which has in turn led to 

better methods for both diagnosis and treatment.
2
 Although the overall mortality of cancer is 

showing a declining trend for the first time in five decades, it still remains at a high rate of 

20.2%.
3
 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.
4
 

 

Cancer is defined as abnormal growth of cells which tends to proliferate in an uncontrolled 

manner. In normal tissues, number of cells in tissue is determined by the balance between the 

cell division and cell death, whereas in cancer this ratio is altered and leads to formation of 

tumor. (Figure 1) 
5
 Cancer can develop in any part of body and there are more than 200 

different types of cancer can be grouped based on the type of the cell they start growing in.
6-7

 

Cancer starts from DNA damage of the cells and it is called mutation. This damage happens 

when cells duplicate prior to the cell division, make mistakes. Although this damage can be 

repaired before cell division, but some time it may be ignored and transfer to daughter cells. 

If this mutated gene accumulated in cells it may affect the regulation of cell cycle of the cells, 

which leads to faster cell division w.r.t normal cells and result is the formation of tumor. 

Chemical compounds (carcinogens) have an obvious role of forming gene mutations and 

cancer cells. In addition, smoking involves several carcinogenic chemical compounds that 

lead to lung cancer.
8 

Interestingly, environmental chemical substances with carcinogenic 

properties influence directly or indirectly the cytoplasm and nucleus of cells, and lead to 

genetic disorders and gene mutations.
9
 Viruses, bacteria and radiation are other 

carcinogenesis factors, comprising about 7% of all cancers.
10

 In general, cancer disrupts 

cellular relations and results in the dysfunction of vital genes. This disruption is affective in 

the cell cycle, and leads to abnormal proliferation. 
11-12 
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Figure 1: What is cancer & how cancer is different from normal cells. (Image taken from 

Google)  

 

1.2 Therapeutic Targeting of the Hallmarks of Cancer:  

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

Hanahan and R. 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.
13

 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 

function and avoiding immune destruction (Figure 2).
14

 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 major sub-cellular organelles such as nucleus, mitochondrion 

and endoplasmic reticulum.  
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Figure 2: Hallmarks of cancer (adapted from Hanahann et al. Cell 2011, 144, 646-674) 

 

1.3 Organelle Targeting in Cancer Therapy:  

Cellular signaling pathways are complex networks which are highly interconnected with each 

other. There are large number of intracellular signaling pathways receive information from 

different growth factors at the cell surface through the receptor proteins which are embedded 

in the plasma membrane and integrate these information to regulate diverse biological 

processes including protein synthesis, cell growth, differentiation, cell architecture and 

polarity, motility, and programmed cell death (apoptosis). Thus targeted drug delivery is 

essential for several diseases like cancer, which is characterized by groups of cells exhibiting 

properties of uncontrolled and undifferentiated growth, invasion, and sometimes metastasis, 

i.e., spread of cancer to other tissues with the aid of connective tissues like blood and lymph. 

Subcellular delivery involves delivering a drug in its active form to its target site of action 

inside the cell. So an attractive strategy to increase the therapeutic index of a drug is to 

specifically deliver the therapeutic molecule in its active form, not only into target tissue, nor 

even to target cells, but more importantly, into the targeted organelle, i.e., to its intracellular 

therapeutic active site (Figure 3).
15-17
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Figure 3: Cytosolic delivery and targeting of the nucleus, the mitochondrion and the 

endoplasmic reticulum. (Nanomedicine 2015, 10, 1923–1940.)  

 

1.3. a. Role of Nucleus in Cancer:  

The nucleus is the control center of the eukaryotic cell which governs cell physiology by 

controlling replication and transcription processes. The sequestering of genetic material 

within the nucleus of the eukaryotic cell provides the nucleus with a powerful mechanism for 

the regulation of gene expression and other cellular processes through selective translocation 

of proteins between the nucleus and cytoplasm. In fact, the nucleus is responsible for all 

diseases derived from mutation of gene such as cancer, heart dysfunction, muscular 

dystrophy and neurodegenerative disease. There are various drugs which act on DNA to 

prevent replication and transcription of a variety of important genes (Figure 4). However, a 

therapeutic molecule, even if delivered inside the target cell, often fails to reach its 

subcellular target. For instance, only 0.1% of free plasmids from cytosol were able to 

translocate into the nucleus by crossing the nuclear membrane.
18 

Additionally, proliferating 

cells causing disease (such as in tumors) acquire genetic changes which may make them 

resistant to a particular drug, resulting in the production of new daughter cells that are also 

drug-resistant.  
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Figure 4: Schematic illustration of cell nucleus-targeting nanotherapeutics for enhanced 

tumor treatments. (Chem. Soc. Rev. 2018, 47, 6930-6946). 

 

1.3.b. Targeting Nucleus:  

The nuclear membrane is difficult to penetrate.
19-20

 Indeed, the small pore size of the nuclear 

membrane (≈ 10 nm) prevents the passage of molecules larger than 40 kDa even when the 

pores are dilated.
21

 Consequently, large molecules must be actively transported beyond the 

membrane by proteins. The functionalization of nanoparticles with nuclear localization 

signals (NLS), which are characterized by basic amino acid residues, implies the recognition 

of the NLS by its cytoplasmic receptors, such as importins. Subsequently, the NLS peptide 

binds the nuclear-pore complex and the cargo is released into the nucleus via translocation 

through the pores.
22 

Particles modified with the KKKRKV peptide from the Simian virus 40 

large tumor antigene, or peptide KRPAATKKAGQAKKKKL from nucleoplasmin (an 

enzyme involved in nucleosome assembly) accumulated in much larger amounts in the 

nuclear membrane than did unmodified controls.
23-27 

The HIV-1 TAT peptide is a well-

known nuclear membrane translocator, which when applied on the surface of nanoparticles 

enables them to elude endosomal sequestration and to accumulate in the nucleus.
28 

Notably, 

doxorubicin exerted stronger anticancer activity when it was encapsulated in mesoporous 

silica particles whose surface was modified with the TAT peptide.
27 

In other nuclear targeting 

strategies, a positive charge was applied to the particle surface. Cationic polymers such as 
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PEI and poly (l-tartaramidoamine) increased the targeting of particles to the nucleus due to its 

ability to permeabilize the nuclear envelope a process that favors proper delivery of plasmid 

DNA payloads to the nuclei of target cells.
29-30

 

 

1.3.c. Role of Mitochondria in Cancer:  

Mitochondria is a membrane bound organelle found in eukaryotic cells, which is responsible 

for synthesis of adenosine triphosphate (ATP) to the cell by the process of oxidative 

phosphorylation, and hence it is known as the powerhouse of the cell. Mitochondrial 

dysfunction has been linked to many of the hallmarks of cancer cells including their limitless 

proliferative potential, impaired apoptosis, insensitivity to anti-growth signals, enhanced 

anabolism and decreased autophagy.
31

 Mitochondria are involved in apoptotic cell death, 

adenosine triphosphate synthesis, production of reactive oxygen species and calcium 

metabolism. Consequently, mitochondrial dysfunction has been associated with a variety of 

disorders (cancer, neurodegenerative diseases, cardiovascular disease and diabetes)
32

 and 

they have been extensively studied as therapeutic intracellular targets. 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.
33-35

 As a result, mitochondrion has emerged as one 

of the unconventional, alternative targets for next-generation cancer therapy 

 

1.3.d. Targeting Mitochondria:  

Mitochondrial-targeted nanoscale systems are emerging as prime pharmacological strategies 

in the treatment of cancer. Since mitochondria play a major role in executing apoptosis-

mediated cell death, thus targeting mitochondria to initiate apoptosis is likely to be promising 

treatment strategy for curbing cancer. Curbing the mitochondrial ROS production by delivery 

of antioxidants to the mitochondria, activating mitochondrial membrane permeability, 

targeting Bcl-2 proteins to inhibit or down-regulate anti-apoptotic action, delivering 

therapeutic genes for the expression of pro-apoptotic proteins including Bax, Bak are few of 

the effective mitochondrial targeted treatment strategies in cancer.
36

 Considerable efforts are 

being undertaken to discover molecules that target mitochondria (Figure 5).
37

 Mitochondrial 

targeting is achieved by various delocalized lipophilic cations such as small molecule ligands, 

mitochondria-penetrating-peptides (MPP), cationic ‘bolalipid’- based vesicles, mitochondrial 

protein import machineries and molecules targeting mitochondrial inner/outer membranes.  
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Figure 5: Summary of current strategies for mitochondrial targeting. (Adv. Drug Deliv. Rev 

2014, 66, 26–41.)  

 

Sufficient lipophilicity combined with delocalized positive charge is a pre-requisite for 

mitochondriotropic molecules. One of the most important lipophilic cation 

triphenylphosphonium (TPP) has demonstrated selective accumulation in the mitochondria 

upon intracellular delivery.
38

 Mitochondria maintain a constant membrane potential of about 

−180 to −200 mV across their lipid bilayer by using channel pumps and oxidative 

phophorylation pathways.
39

 This high negative membrane potential is not present in any other 

cellular organelle, which offers a unique chemical opportunity for selective accumulation of 

lipophilic cations to the mitochondria. On the other hand Mitochondria-targeted peptides 

were proposed as the alternative to delocalized lipophilic cations for delivering bioactive 

compounds to mitochondria. Among these are peptides based on natural amino acid 

sequences targeting mitochondria and synthetic peptides, typically carrying hydrophobic 

(phenylalanine, tyrosine, isoleucine) and positively charged (arginine, lysine) amino acids. 

Another example of targeting mitochondria is mitochondrial-targeting nano-preparation, 

MITO-Porter, developed by Harashima group holds promise as an efficacious system for the 

delivery of both large and small bioactive molecules into mitochondria.
40

 MITO-Porter is a 

liposome based nanocarrier composed of DOPE/sphingmyelin/Strearyl-R8 (9:2:1) that 

delivers its macromolecular cargo to the mitochondrial interior via membrane fusion.
41

 

Dequalinium is a dicationic amphiphilic compound that self-assembles and forms vesicle-like 
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aggregates referred to as dequalinium liposomes or DQAsomes.
42 

These vesicles translocate 

into cells via endocytosis and fuse with the mitochondrial outer membrane. DQAsomes have 

been evaluated to determine their potential to serve as a mitochondriotropic, non-viral 

transfection vector for delivery of mitochondrial DNA to the mitochondrial membrane. 
43

 

 

1.3.e. Role Endoplasmic Reticulum in Cancer:  

The endoplasmic reticulum (ER) is a specialized organelle that orchestrates the synthesis, 

folding and transport of at least one-third of the proteins in eukaryotic cells. It regulates 

protein homeostasis, termed proteostasis, a process that monitors the biogenesis, folding, 

assembly, trafficking and degradation of all proteins destined for organelles and the 

extracellular space. Many different perturbations can alter the function of this organelle, 

leading to the accumulation of unfolded or misfolded proteins inside the ER, a cellular 

condition referred to as ER stress. ER stress initiates a series of adaptive mechanisms that 

together are known as the unfolded protein response (UPR) (Figure 6).
44

  

 

Figure 6: Sites of action of therapeutic molecules to target ER proteostasis. (Nat. Rev. 2014, 

12, 703-714) 
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Activation of the UPR affects many aspects of the secretory pathway to restore protein-

folding homeostasis. Conversely, if cell damage is sufficiently severe, UPR signaling results 

in cell death by apoptosis.
45

 

1.3.f. Targeting Endoplasmic Reticulum:  

Cellular health depends on the normal function of the endoplasmic reticulum (ER) to fold, 

assemble, and modify critical proteins to maintain viability. When the ER cannot process 

proteins effectively, a condition known as ER stress ensues. When this stress is excessive or 

prolonged, cell death via apoptotic pathways is triggered. Interestingly, most major diseases 

have been shown to be intimately linked to ER stress, including diabetes, stroke, 

neurodegeneration, and many cancers. Thus, controlling ER stress presents a significant 

strategy for drug development for these diseases. Physiologically, protein trafficking to the 

ER is mediated by the KDEL sequence and its receptor (KDEL-R) expressed on this 

organelle. This sequence is an ER localization signal and was used to improve the 

intracellular targeting of these organelles,
46

 Delie and coworkers developed anti-KDEL 

functionalized polymeric nanoparticles loaded with paclitaxel for the treatment of prostate 

cancer
47 

and Pollock et al. demonstrated lipidic nanoparticle of various phospholipid 

compositions can selectively go to ER. They showed that the liposomal system composed of 

phosphatidyl ethanolamine: phosphatidyl choline: phosphatidyl inositol: phosphatidyl serine 

(1.5:1.5:1:1) trafficked directly to the ER, fused with the ER membrane, to deliver 

hydrophobic drugs.
48

  

 

1.4. Fundamentals of Organelle Targeting in Cancer by Nanotechnology:  

Nanomedicine, the application of nanotechnology to medicine, is anticipated to help us move 

toward the selectively targeting organelle in cancer cells. After several decades of 

technological developments, drug-delivery systems based on engineered nanoparticles have 

started to show great promise.
49-50

 As shown in Figure 7, the nanoparticles used for drug 

delivery can be readily fabricated from either soft (organic and polymeric) or hard (inorganic) 

materials, with their sizes being controlled typically in the range of 1–100 nm and 

compositions/ structures being engineered to load anticancer drugs in a variety of 

configurations.
51

 The physicochemical properties of the nanoparticles can also be finely tuned 

by tailoring their chemical compositions, sizes, shapes, structures, morphologies, and surface 

properties. A number of such delivery systems have been approved for cancer therapy in the 
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clinics, with many more currently under clinical trials or preclinical evaluations. 

Nanoparticle-based therapeutics is poised to significantly improve the treatment outcomes for 

oncological diseases, promising to reshape the landscape of the pharmaceutical industry.
52 

 

 

Figure 7: Characteristics of nanoparticles in a nut shell (adapted from Xia et al. Angew. 

Chem. Int. Ed. 2014, 53, 12320-12364.) 

 

The major organelles such as Nucleus, Mitochondria and Endoplasmic Reticulum are 

ubiquitous in the healthy as well as cancer cells. Hence, selective sub-cellular targeting of 

these organelles 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.
53

 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 7) 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 8).
54-55
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1.4.a. 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 

metabolism and phagocytosis. The delivery vehicles are usually grabbed 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.
56-57 

 

1.4.b. 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.
58

 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 

(Figure 8) and is the basis for selectively targeting tumor tissues via passive targeting.
59

 

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.
60
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Figure 8: Schematic representation of passive and active targeting (adapted from Peer et al. 

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

 

1.4.c. 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 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.
61-63 
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1.5. Aim of Thesis:  

Organelle targeting has emerged as novel, alternative targets for next generation cancer 

therapy. However, there are three major challenges in targeting organelles (a) selective 

targeting of major organelles such as nucleus, mitochondria and endoplasmic reticulum in 

sub-cellular milieu, (b) specific targeting of these organelles in cancer tissues keeping 

organelles in healthy cells intact. To address these, we have developed self-assembled 

glycosylated chalcone boronic acid which exhibits anticancer activity through mitochondrial 

impairment (Chapter 2). To target endoplasmic reticulum we have developed triazine based 

p97 inhibitor containing chimeric molecule which self-assembled with DNA damaging drug 

5 Fluoro-uracil to form nanoparticle, that can simultaneously target nucleus and endoplasmic 

reticulum in cancer cells (Chapter 3). Finally, we have developed lipidic nanoparticle which 

can selectively target endoplasmic reticulum in cellular milieu and exerts endoplasmic 

reticulum stress. Herein we developed green fluorescent sulfonamide based napthalimide 

conjugate and prepared lipidic nanoparticle with encapsulation of ER stress inducer 17AAG. 

These ER specific nanoparticles can selectively accumulate into ER and induce cell death 

through ER stress (Chapter 4). We envision that, here presented unique approaches can be 

translated into clinics in future as platform technologies to inhibit multiple diverse organelles 

concurrently to improve the therapeutic efficacy for cancer treatment. 
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2.1. Introduction: 

Breast cancer is one of the most commonly detected cancers and a major cause of death 

among women in the world.
1
 Breast surgery, radiotherapy, hormone therapy, and 

chemotherapy are mainly employed as conventional strategy for treating breast cancer.
2
 In a 

chemotherapy regimen, small-molecule anticancer drugs (paclitaxel, doxorubicin, and 

cisplatin) have been successfully used in clinics for breast cancer.
3−8

 However, treatment with 

highly cytotoxic drugs involves toxicity that leads to a painful life for patients. Moreover, 

prolonged exposure to chemotherapeutic drugs resulted in drug resistance.
9−12

 As a result, the 

development of novel biomaterials with anticancer activity is highly necessary for next-

generation breast-cancer therapeutics. Small molecules have long been explored as attractive 

materials to understand cellular mechanisms, leading to the development of blockbuster drugs 

for cancer therapy.
13−17

 Natural (compound 1, Scheme 1a) as well as synthetic chalcones have 

emerged as one of the interesting privileged structures with diverse biological activities 

including antimalarial, anti-inflammatory, and anticancer activities.
18−22

 Similarly, the 

boronic acid functional group also attracted much attention due to its ability to interact with 

biological targets for development of chemical sensors, probes, and drugs.
23−26

 Bortezomib 

(compound 2, Scheme 1a), a peptide-based boronic acid proteasome inhibitor, is already 

being used in clinics for the treatment of multiple myeloma.
27−30

 Hence, fusing these two 

different chemotypes into a new molecular entity (compound 3, Scheme 1a) for enhanced 

biological effect has gained lots of interest.
31,32

 However, a major limitation for bioactive 

chalcone and boronic acids is poor water solubility, leading to erratic biodistribution, side 

effects, and a small therapeutic window.
22,33−36

 To overcome these limitations, several 

nanoplatforms have been explored for the improvement of their pharmacokinetics.
37−40

 

Nevertheless, most of the nanovectors cause unwanted toxicity through biodegradation and 

metabolism.
41

 Hence, a new concept of direct conjugation of hydrophobic drugs with 

hydrophilic small molecules (peptides or polyethylene glycol oligomers) leading to 

selfassembled nanoscale structures emerged as an interesting strategy.
42−46

 However, the 

vector component remains essential to triggering self-assembly into drug-loaded nanoscale 

platforms. Therefore, vector-less self-assembled pure nanodrugs consisting exclusively of 

anticancer compounds could become the future of cancer chemotherapy.
47−50

 In this work, we 

report the synthesis of a glycosylated chalcone−boronic acid library through aldol 

condensation and Cu (II)-mediated click chemistry as key steps. One of the library members 

was found to induce cell cycle arrest at the G2/M phase by down-regulating cyclin B/CDK1 
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and activating p21. In addition, it also facilitates the mitochondrial damage through the 

inhibition of Bcl-2 and Bcl-xl along with the augmentation of Bax, leading to reactive oxygen 

species (ROS) formation (Scheme 1c). Interestingly, the cytotoxic lead compound (along 

with other library members) selfassembled into sub-200 nm spherical particles in water, 

which can entrap a Food and Drug Administration approved drug for the treatment of breast 

cancer (doxorubicin) to augment breast cancer cell death. This novel glycosylated chalcone− 

boronic acid derivative can act as a potential vector-free nanodrug for future breast cancer 

therapy. 

 

2.2. Results & Discussion: 

2.2.1. Synthesis of Glycosylated Chalcone−Boronic Acid Library:  

Glycosylated chalcone−boronic acids were synthesized in three steps using aldol 

condensation and Cu (II)-mediated click chemistry (Scheme 1b). First, 5-halo-2-

hydroxybenzaldehydes (10a−d) were reacted with 2 azidoethylmethanesulfonate (6) in the 

presence of cesium carbonate as a base at room temperature for 24 h to obtain 2-(2-

azidoethoxy)-5-benzaldehydes (11a−d) in 40−48% yield. 2- Azidoethylmethanesulfonate (6) 

was synthesized starting from 2-bromoethan-1-ol (4) in an overall 91% yield after two 

steps.
51

 2-(2-Azidoethoxy)-5-benzaldehydes (11a−d) were further reacted with (4-

acetylphenyl) boronic acid (12) in the presence of potassium hydroxide (KOH) by aldol 

condensation for 12 h to afford azido chalcone−boronic acids (13a−d) in a 31−40% yield. 

The lower yield in the alkylation of phenolic OH and aldol condensation were attributed to 

the lower conversion of starting materials into products as well as the decomposition of 

compounds into silica gel column chromatography.
52

 Moreover, the aldol condensation of (4-

acetylphenyl) boronic acid (12) was not reported before, and compounds 13a−d were found 

to be difficult to isolate due to their inherent low stability. Finally, all chalcone−boronic acids 

were glycosylated by propargyl alcohol modified acetyl protected or deprotected glucose 

(compounds 8 or 9, respectively) using copper sulfate (CuSO4) in a water/tBuOH (1:1) 

mixture at room temperature for 24 h to synthesize glycosylated chalcone−boronic-acids 

(14a−h) in 78−91% yield (Table 1). We used CuSO4 as a catalyst for the click chemistry to 

avoid any unwanted byproducts generated while using Cu (I) catalysts.
51,53

 Moreover, the 

final compounds (14a−h) were dialyzed to remove any trace of CuSO4 before performing 

any biological studies. The protected or deprotected propargyl alcohol-modified glucoses (8 

or 9) were synthesized from penta-acetyl-protected glucose (7) in 65% and 84% yield, 
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respectively.
54,55

 All of the intermediates and final compounds were characterized by 

combination of nuclear magnetic resonance (NMR; 
1
H, 

13
C, and 

11
B), Fourier transform 

infrared (FTIR), and high-resolution mass spectrometry (HRMS); (Figures S1−S85). 

 

 

Scheme 1. (a) Structures of natural products having chalocone and boronic acid moieties with 

diverse biological activity, (b) Synthetic scheme of glycosylated-chalcone-boronic acid 

library and (c) Mechanism of action of compound 14d in damaging mitochondria in MCF7 

cells. 

 

Table 1: List of Synthesized Compounds.   
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2.2.2 Cytotoxicity of Glycosylated-Chalcone-Boronic Acid Library:  

To evaluate the cytotoxicity effect of the glycosylated chalcone−boronic acid derivatives, 

MCF7 cells were incubated with all of the library members (14a−h) in varying 

concentrations. At 48 h, cell-growth inhibition was determined using 

methylthiazolyldiphenyl-tetrazolium bromide (MTT) reagent. Intriguingly, compounds 

14b−d showed dose-dependent cell-growth inhibition with having IC50 (50% growth 

inhibition) values of 33.5, 46.3, and 21.8 μM, respectively (Figure 1a). However, compounds 

14b−d showed nearly 92.3 ± 1.5%, 85.5 ± 5.3%, and 84.1 ± 5.5% cell growth inhibition at 

100 μM concentration. In contrast, compound 14a showed only 33.0 ± 9.5% cell growth 

inhibition. The rest of the library members (compounds 14e−h) inhibited only 5.5 ± 1.3%, 

25.8 ± 4.7%, 18.5 ± 1.6%, and 36.3 ± 7.9% cell growth, respectively, having a negligible 

cytotoxic effect with IC50 > 100 μM (Figure 1b). To evaluate the toxicity profile of the 

protected glycosylated chalcone−boronic acids in noncancerous cells, we treated MCF10A 

human epithelial mammary gland cells with compounds 14a−d in different concentrations. At 

48 h, cell viability assay showed that, even in a 100 μM concentration, 14a−d induced 78.9 ± 

2.6%, 66.9 ± 1.1%, 63.9 ± 0.9%, and 96.1 ± 1.4% cell viability, respectively (Figure 2). From 

this MTT assay, we deduced that the most cytotoxic compound, 14d, is not at all toxic to the 

noncancerous mammary gland cells. We selected compound 14d for further understanding of 

the growth-suppressive effect due to its lowest IC50 value. 

 

 

Figure 1. Concentration dependent cell growth inhibition assay of glycosylated-chalocone-

boronic acids in MCF7 cells at 48 h post incubation. (a). Compound 14a to 14d, (b). 

Compound 14e to 14h.  
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Figure 2: Dose dependent cell viability assay of compound 14a-d in non-cancerous human 

epithelial breast cells at 48 h post-incubation. 

2.2.3. Cell Cycle Arrest and Apoptosis.  

We further wanted to understand the mechanism of growth inhibition by compound 14d in 

breast cancer cells. To this end, we examined the cell cycle profile of MCF7 cells following 

treatment of compound 14d. MCF7 cells were treated with 20 μM of compound 14d for 24 h, 

and a profile of different phases of cell cycle was analyzed by flow cytometry using 

propidium iodide (PI). Results revealed that cells were specifically arrested at the G2/M 

phase of the cell cycle following treatment of compound 14d (Figure 3a). For example, 

vehicle treated cells have 34% G2/M, whereas 14d-treated cells have 54% G2/M, indicating 

that approximately 50% of G2/M population increased following treatment with 14d. To 

understand how 14d facilitated the G2/M-phase arrest, we checked the levels of cyclin B and 

CDK1, which are associated with the G2/M phase. Immunoblotting data revealed that levels 

of cyclin B and CDK1 (cyclin-dependent kinase 1) were significantly declined by a factor of 

3.2 and 1.3, respectively, following incubation with 14d (Figures 3b and 4a,b). We further 

checked the expression of CDK inhibitor p21, which was increased remarkably after 

treatment with 14d (Figures 3b and 4c). Collectively, our results suggest that 14d potentially 

arrests the cells at G2/M due to decreased levels of mitotic cyclin/CDK and an increased 

level of p21.  
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Figure 3. (a) Flow cytometry analysis showing cell cycle arrest induced by compound 14d in 

MCF7 cells at 24 h post-incubation. (b, c) Western blot analysis of to show the expression of 

CDK1, cyclin B, p21, Caspase-9 and caspase-3 in MCF7 cells after treatment with compound 

14d for 24 h.  

 

Furthermore, we checked whether 14d induces apoptosis to inhibit the growth of cancer cells. 

Hence, the expression levels of initiator caspase-9 and activator caspase-3 were evaluated by 

immunoblotting in the absence and presence of 20 μM of 14d for 24 h. Immunoblotting data 

revealed that total levels of caspase 9 and caspase 3 decreased (Figure 3c). Protein 

quantification (Figure 4d,e) evidently showed that 14d reduced the level of caspase-9 and -3 

by a factor of 1.6 and 2.2, respectively, compared to vehicle (DMSO)-treated cells. The 

immunoblotting data demonstrated that 14d induced death through the induction of apoptosis 

and cell cycle arrest. 
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Figure 4: Quantification of (a) CDK1, (b) Cyclin, (c) p21, (d) Caspase-9 and (e) Caspase-3 

from western blot after treatment of MCF7 cells with compound 14d for 24 h. 

2.2.4. Mitochondrial Damage and Reactive Oxygen Species Generation.  

The induction of apoptosis through an intrinsic pathway is associated with disruption of 

mitochondrial membrane (MOMP).
56,57

 MOMP can be estimated by cyanine-based JC1 dye, 

which shows characteristic fluorescence emission shift from green (∼525 nm) to red (∼590 

nm) by changing from monomeric form (in cytosol) to aggregated form (inside 

mitochondria).
58

 MCF7 cells were treated with 20 μM of 14d for 24 h. Cell were then 

incubated with JC1 dye for 20 min followed by confocal laser scanning microscopy (CLSM). 

Fluorescence confocal microscopy images demonstrated that 14d treatment resulted in 

increased levels of green fluorescence and decreased levels of red fluorescence (Figure 5a). 

An increased level of fluorescent JC1-monomer compared to the level of red-fluorescent JC1-

aggregate was observed, which clearly confirmed that mitochondrial outer membrane was 

permeabilized, leading to the disaggregation of JC1 dye from mitochondria to cytosol. 
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Figure 5: Mitochondrial damage induced by compound 14d. (a) Confocal microscopy 

images of MCF7 cells after treatment with compound 14d for 24 h followed by treatment 

with JC1 dye. Scale bar = 10 μm. (b) Western blot analysis of anti-apoptotic Bcl-2, Bcl-xl 

and pro-apoptotic Bax in MCF7 cells after treatment with compound 14d for 24 h. (c) 

Confocal microscopy images.  

 

Instead, vehicle (DMSO) incubated cells displayed a comparable amount of J-monomer 

(green) and a higher level of J-aggregate (red), indicating undamaged mitochondria in MCF7 

cells. Further quantification from CLSM also validated that 14d amplified green and red 

fluorescence signals by a factor of 1.8 in comparison with control cells (Figure 6d). This JC1 

assay confirmed that 14d induced cell death in MCF7 cells by mitochondrial damage. MOMP 

is cascaded through the down-regulation of antiapoptotic B-cell CLL/lymphoma 2 family 

proteins (Bcl-2 and Bcl-xl) with the simultaneous up-regulation of pro-apoptotic Bcl-2-

associated-X-protein (Bax), leading to the pore formation on mitochondrial membrane.
59−61

 

For the evaluation of the mechanism of MOMP, MCF7 cells were treated with 14d for 24 h, 

and the expression of Bcl-2, Bcl-xl and Bax was measured through Western blot. From the 

blot images (Figure 5b) and protein quantification (Figure 6 a, b, c), it was observed that 14d 

significantly reduced the expression of Bcl-2 and Bcl-xl by 12.5- and 2-fold, respectively, 
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compared to the control cells. However, 14d increased the expression of pro-apoptotic Bax 

by 1.9-fold (Figures 5b and 6c). This Western blot analysis revealed that 14d induced 

mitochondrial damage by inhibiting Bcl-2 and Bcl-xl and up-regulating Bax in MCF7 cells. 

 

Mitochondrial damage through MOMP leads to the ROS generation, which was evaluated 

through dichlorodihydrofluorescein diacetate (H2DCFDA) assay.
56-62

 MCF7 cells were 

incubated with 14d and treated with nonfluorescent H2DCFDA. The subcellular generation 

of green fluorescent dichlorofluorescein (DCF) from H2DCFDA upon reaction with ROS 

was observed by microscopy. The fluorescence images in Figure 5c clearly showed that the 

treatment of 14d resulted in a significantly increased level of ROS compared to that of non-

treated cells. Fluorescence measurement data revealed that 14d increased ROS by a factor of 

25 compared to vehicle-treated control cells (Figure 6e). This H2DCFDA assay exhibited that 

compound 14d mediated mitochondrial damage generated ROS in MCF7 cells. 

 

 

Figure 6: Quantification of (a) Bcl-2, (b) Bcl-xl, (c) Bax, (d) J-monomer/J-aggregate & (e) 

ROS from western blot after treatment of MCF7 cells with compound 14d for 24 h. 

 

 

 



Chapter 2 
 

31 
 

2.2.5 Self-Assembly into Nano-Drug:  

We hypothesized that the glycosylation of chalcone−boronic acid would improve the water 

solubility and self-assembly into pure nanoscale drug for better biodistribution and tumor-

tissue accumulation by passive targeting.
63

 The self-assembly of 14d in water was evaluated. 

To our surprise, dynamic light scattering (DLS) and the Tyndall effect showed that 14d self-

assembled into 158 nm particles (Figures 7a). Further characterization of the shape, size, and 

morphology by copy (FESEM), atomic force microscopy (AFM), and transmission electron 

microscopy (TEM); [Figure 7b−d] unequivocally confirmed that 14d self-assembled into 

spherical sub-200 nm particles in water. We also observed the self-assembly of all of the 

library members by electron microscopy. FESEM images confirmed that all of the 

glycosylated chalcone-boronic acids (14a−h) self-assembled into spherical nanoscale 

particles (Figures 8 & 9). We further evaluated the critical aggregation constant (CAC) of all 

of the library members by using a pyrene encapsulation assay through the monitoring of the 

change in I3 and I1 values in the and hydrophilic environment, respectively.
64

 It was 

observed that acetate protected glycosylated chalcone-boronic acids self-assembled in the 

range of CAC = 0.21−0.26 mg/mL (Figure 10). However, deprotected glycosylated 

chalcone− boronic acids showed much less CAC (0.073−0.13 mg/mL; Figure 11). These 

CAC values demonstrated that unprotected glycosylated chalcone-boronic acids self-

assembled much rapidly compared with the protected analogues. Ideally, being more 

hydrophilic in nature, the unprotected glycosylated chalcone-boronic acids should show 

higher CAC values compared with protected glycosylated chalcone-boronic acids. We 

anticipate that the free OH groups on glucose moiety in unprotected chalcone-boronic acids 

form strong intra- and intermolecular H bonding with boronic acid [B(OH)2] moiety, leading 

to supra-molecular network-like structures.
37,38

 This supra molecular structure might increase 

the overall hydrophobicity of the unprotected compounds to show lower CAC values. 

Nevertheless, this kind of intra- and intermolecular H bonding is much weaker in acetyl-

protected chalcone-boronic acids, leading to higher CAC values. However, the exact reason 

for this reverse CAC phenomena is currently not known and under investigation. These light 

scattering and electron-microscopy data confirmed that all of the library members self-

assembled into nanoscale particles in water.  
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Figure 7: Self-assembly of compound 14d in water was characterized by (a) Dynamic light 

scattering (DLS), (b) FESEM, (c) AFM and (d) TEM. 

 

 

Figure 8: (a-d) FESEM images of nanoparticles from self-assembly of compound 14a, 14b, 

14c and 14d respectively in water.  
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Figure 9: (a-d) FESEM images of nanoparticles from self-assembly of compound 14e, 14f, 

14g and 14h respectively in water.  

 

 

Figure 10. (a-d) Determination of critical aggregation concentration (CAC) of self-assembled 

nanoparticle from compound 14a, 14b, 14c and 14d by pyrene encapsulation method. 
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Fiqure 11: (a-d) Determination of critical aggregation concentration (CAC) of self-

assembled nanoparticle from compound 14e, 14f, 14g and 14h by pyrene encapsulation 

method. 

2.2.6. Doxorubicin-Encapsulated Nano-Drug:  

To explore the potential of our pure nanodrug in combination drug delivery, the Food and 

Drug Association approved anticancer drug doxorubicin (Dox) was encapsulated into self-

assembled nanoparticle generated from 14d. The size and shape of doxorubicin-entrapped 

nanoparticle (14d-Dox-NP) were characterized by FESEM and confocal microscopy. FESEM 

images (Figure 12a) showed that 14d-Dox-NP self-assembled into spherical sub-200 nm 

particles. Further visualization of red fluorescence in CLSM images (Figure 13a) confirmed 

the presence of doxorubicin into the self-assembled nanoparticles. Moreover, a significant 

increase (5-fold) in the fluorescence anisotropy of encapsulated doxorubicin in 14d-Dox-NP 

compared to the free doxorubicin also validated the successful encapsulation of doxorubicin 

in self-assembled nanoparticle (Figure 13b). To be successful in delivering the drugs into 

tumor tissues, the nanoparticles should be able to release its payload a acidic environment 

(mimicking lysosomal compartment).
65

 Hence, we evaluated the release of doxorubicin from 

the nanoparticle at acidic milieu (pH = 5.5) in a timedependent manner using the dialysis 

method.
66

 It was observed that nearly 55.2 ± 1.1% of doxorubicin was released after 96 h 
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from 14d-Dox-NPs (Figure 12b). As a control, 14d- Dox NPs were also incubated in pH = 

7.4 buffer (physiological condition), and the release of doxorubicin was evaluated at different 

time points. Interestingly, only 14.3 ± 1.3% of doxorubicin was released, even after 96 h, 

from the self-assembled nanoparticles (Figure 12b). From these microscopy (electron and 

fluorescence), anisotropy, and release profiles, it was evident that self-assembled compound 

14d can entrap the anticancer drug doxorubicin and release it in a tumor environment slowly. 

Finally, doxorubicin-loaded pure nanodrug was assessed in killing cancer cells. MCF7 breast 

cancer cells were incubated with 14d-Dox-NPs, and viable cells were measured after 48 h. 

The MTT data (Figure 12c) confirmed that 14d-Dox-NP showed much improved efficacy 

with much lower IC50 = 1.59 μM, whereas free doxorubicin showed IC50 = 5.8 μM and 14 

showed IC50 = 23.6 μM. This MTT experiment confirmed that doxorubicin-encapsulated self-

assembled nanodrug engineered from 14d can kill breast cancer cells more efficiently 

compared to free drug. However, to fully realize the potential of this nanodrug in clinics, in 

vivo experiments in murine breast cancer model need to be performed in the future. 

 

 

Figure 12: (a) FESEM images of doxorubicin entrapped self-assembled nano-drug from 

compound 14d. (b) Concentration dependent cell viability assay of doxorubicin loaded self-

assembled nano-drug from compound 14d in MCF7 cells after 48 h post incubation. 
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Figure 13: (a) Confocal laser scanning microscopy (CLSM) of doxorubicin encapsulated 

self-assembled nanoparticle from compound 14d (14d-Dox-NP). (b). Quantification of 

fluorescence anisotropy of doxorubicin in water as well as in encapsulated into self-

assembled nanoparticle from compound 14d. (c). Time dependent release of doxorubicin 

from doxorubicin encapsulated self-assembled nanoparticle from compound 14d (14d-Dox-

NPs) at pH = 5.5.  

2.3. Conclusion: 

In conclusion, using aldol condensation and click chemistry, we have synthesized a small 

library of glycolsylated-chalocone-boronic acid derivatives. Cell viability, flow cytometry 

and western blot analysis revealed that one library member suppresses the growth of cancer 

cells by simultaneous induction of cell cycle arrest and apoptosis through altering the stability 

of molecular players associated with these processes. . This lead cytotoxic glycosylated-

chalcone-boronic acid triggered mitochondrial damage by inhibiting anti-apoptotic Bcl-2/Bcl-

xl and up-regulating pro-apoptotic Bax followed by cleavage of caspase-9/3. Interestingly, all 

the library members self-assembled in water into nano-scale spherical particle. The self-

assembled nanodrug generated from lead molecule can encapsulate anti-cancer drug 

doxorubicin to show improved efficacy in breast cancer cells. We anticipate that this vector 

free self-assembled nano-drug could be translated into clinics in future for next-generation 

combination cancer therapy. 
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2.4. Materials & Methods:  

2.4.1. Materials: Commercially available chemicals and solvents were used without further 

purification and distillation. Chemical reactions were carried out in inert gas (nitrogen gas) 

condition. Pre-coated silica gel aluminum sheets 60F254 are used for analytical thin-layer 

chromatography (TLC), was obtained from EMD Millipore Laboratories. Cell culture media 

(Dulbecco’s modified Eagle’s medium (DMEM)) and 3-(4,5- dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were purchased from HiMedia. Sodium dodecyl sulfate 

(SDS), Hanks’ balanced salts, N-(2 hydroxyethyl)piperazine-N′-ethanesulfonic acid sodium 

salt, propidium iodide, Lab Tek chamber slide 8 wells, 5,5′,6,6′-tetrachloro-1,1′,3,3′ 

tetraethylbenzimidazolylcarbocyanine iodide (JC 1 dye)and 2′,7′-dichlorofluoresceindiacetate 

(DCFH-DA) were obtained from Sigma-Aldrich. All of the primary and secondary antibodies 

were obtained from Cell Signaling Technology, Biolegend, and Abcam. Confocal laser 

scanning microscopy was performed by a Zeiss LSM 710 machine. Flow cytometry analysis 

was performed using a BD FACS Calibur flow cytometer. Each sample was done in triplicate 

 

2.4.2. Experimental Procedure: 

2.4.2.a. General procedure for synthesis of halogenated azo-ethers (11a-d): 

5-halo-salicylaldehyde (1 equiv) and Cs2CO3 (1.3 equiv) were dissolved into 3 mL dry DMF 

at inert atmosphere condition. Followed by 2-azidoethyl methanesulfonate (3) was added 

drop wise and let it allowed to stir at room temperature for 20h. After the completion of the 

reaction, 10 ml water was added and 5 ml ethyl acetate. The organic layer was separated three 

times and combined organic layer was washed thrice with brine (10 ml three times). The 

collective organic layer was dried over Na2SO4 and evaporated. The crude was purified by 

column chromatography with 6% ethyl acetate/hexane.  

2.4.2.b. General procedure for aldol condensation reaction to synthesize chalcone-

boronic acids (13a-d): 

2-(2-azidoethoxy)-5-halobenzaldehyde (1 equiv) and 4-acetylphenylboronic acid (1.2 equiv) 

were dissolved into ethanol. Ethanolic KOH (4 equiv) was added drop wise at 0 °C and the 

reaction mixture was allowed for starring for 20 h at room temperature. The reaction was 

monitored by thin layer chromatography (TLC). After completion, 10 mL water was added 

and the ethanol was evaporated from the reaction mixture. The reaction mixture was 

transferred into a beaker and ethyl acetate was added. The pH of the solution was adjusted by 

adding 1M HCl till pH 3-4. The reaction mixture was separated by ethyl acetate and organic 
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layer was washed by brine (5 mL X 2). The organic layer was dried over anhydrous Na2SO4, 

filtered and evaporated. The crude product was purified by column chromatography using 

25% ethyl acetate/hexane as mobile phase. 

 

2.4.2.c. General procedure of click reaction to synthesize glycosylated-chalcone-boronic 

acid (14a-h): 

Compound 13 (1 equiv) and compound 8 or 9 (1 equiv) were dissolved into 
t
BuOH: H2O 

(1:1), followed by addition of CuSO4 (0.2 equiv) and sodium ascorbate (0.5 equiv) and the 

reaction was stirred for 24 h at room temperature. After the completion of the reaction, 

t
BuOH was evaporated from reaction mixture and organic layer was extracted from ethyl 

acetate/water. The organic layer was dried over anhydrous Na2SO4, filtered and evaporated 

under reduced pressure. The crude product was purified by 60-70% ethyl acetate/hexane by 

silica gel column chromatography.  

 

2.4.3. Determination of size distribution of nanoparticles by dynamic light scattering 

(DLS):  

The mean particle size of compound 14d is determined by dynamic light scattering (DLS) 

method using Zetasizer-Malvern instrument in aqueous medium in triplicate.
67

 

2.4.4. Determination of shape of nanoparticles by Field-emission scanning electron 

microscopy (FESEM): 

Eight microliters of compound 14d in aqueous solution was drop casted in a silicon coated 

chip and dried at room temperature under vacuum desiccators for 24h. The silicon wafer was 

gold coated (30−40 nm thickness) using Quorum, Q150T-E5 after complete evaporation of 

solvent. The images were taken using Carl Zeiss-Ultra plus (FE-SEM) instrument at voltage 

of 4.0 kV.
67

 

 

2.4.5. Determination of shape of nanoparticles by Atomic force microscopy (AFM):  

The aqueous solution of compound 14d drop casted on mica sheet and dried using high 

vacuum pump till complete removal of solvent. Size, shape, morphology and height of 

nanoparticles were measured using Nano-Wizard-AFM.
67

 

2.4.6. Determination of size and shape of nanoparticles by TEM: The aqueous solution of 

14d was drop casted on copper coated TEM grid. The sample was allowed to settle down and 

after one hour the solvent was removed. After removal of the excess solvent from TEM grid, 
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the grid was washed thrice. Finally fresh solution of 0.5% uranyl acetate was placed on the 

TEM grid. After 5 min, the uranyl acetate solution was removed and the sample was washed 

thrice with water. The sample was kept overnight for complete removal of water from TEM 

grid. The sample was imaged using TEM instrument.
67

 

 

2.4.7. Determination of critical aggregation constant (CAC). Pyrene solution of 2×10
5 

M 

was prepared in acetone. Each of the compounds was taken in eight different concentrations 

(0.1, 0.5, 0.25, 0.125, 0.626, 0.03125, 0.0156, 0.0078 mg) and 50 µL of the pyrene stock 

solution was added. Pyrene was added such a way that the final concentration of pyrene 

should be 10
6 

µM. After acetone was evaporated and 1 mL of distilled water was added. The 

samples were sonicated and kept for 1 h to homogenization. In steady state fluorescence the 

sample was excited at 317 nm and emission was recorded at 371 nm (I1) and at 383 nm (I3). 

After this I3/I1 was calculated and a graph was plotted for I3/I1 vs log C. The intersecting 

point depicts the critical aggregation concentration (CAC) in each graph.  

 

2.4.8. Determination of drug release from Dox-14d nanoparticle: 

 The release of doxorubicin from 14d-Dox-NPs was determined at lysosomal pH = 5.5 and 

physiological pH = 7.4 at different time points. The doxorubicin encapsulated 14d sample 

was taken 250 µL and placed in a 500 Da dialysis membrane both for pH= 5.5 and pH= 7.4. 

These bags were placed into 2mL of pH = 5.5 and pH = 7.4 solution at 25
o
C. A 200 μL 

portion of the aliquot was collected from dialysis bag and recorded the absorbance at 

preplanned time intervals by UV-Vis spectroscopy. (λmax = 498 nm).
67

 

 

2.4.9. Determination of Cell viability (MTT Assay):  

Five thousand MCF7 cells were placed in 96-wells plate and incubated overnight at 37
o
C in 

5% carbon dioxide environment. After attachment of cells, the cells were treated with varying 

concentration of 14d drug for 48h time. Next, 5mg/ml solution of MTT in water was added in 

individual wells and incubated for 4h at 37
o
C. Finally, media was removed from 96-well 

plate and 100 µL DMSO was added. After keeping for 5 mins absorbance was recorded at 

540 nm. The cell viability was calculated using absorbance values. 
67

 

2.4.10. Experimental procedure of Cell cycle analysis by FACS:  

5×10
5
 MCF7 cells were seeded in a 6 well plate and kept overnight for attachment. 20 µM 

aqueous solutions of 14d was added into each plate and allowed to keep for 24h. After 24h 
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treatment of this drug, the media was removed and washed with chilled PBS. Next, the cells 

were detached with trypsin and plated down using centrifuge at 1000 rpm for 5mins. The 

supernatant was removed and the plated cells were fixed with 70% ethanol in water. After 

fixation 500 ml RNase-PI solution was added and analyzed the cells by flow cytometry. 
67

 

 

2.4.11. Experimental procedure of Western blot analysis:  

MCF7 cells were seeded one day prior to the treatment. Next day, cells were incubated with 

either 0.1% DMSO (treated as control) or 20 M compound 14d for 24 h. The cells were then 

harvested, washed with ice cold PBS buffer and lysed in lysis buffer (50 mM Tris pH7.4, 5 

mM EDTA, 250 mM NaCl, 10 mM sodium fluoride, 0.5mM sodium orthovanadate and 0.5% 

Triton X100) on ice for 20 minutes. Lysates were then centrifuged at 13000xg for 20 minutes 

at 4 °C.  The supernatants were collected and the protein concentration was estimated using 

Bradford method using bovine serum albumin as a standard. The protein samples were 

prepared in 1X Lamelli Buffer (250 mM Tris HCl pH 6.8, 10% SDS Glycerol 50%, β-

mercaptoetanol 5%, Bromophenol blue 0.12%) and boiled for 5 minutes. The protein samples 

were then resolved in SDS-PAGE and transferred onto polyvinylidene fluoride membrane 

(Merck Millipore, Billerica, MA, USA). Skimmed milk (3%) in TBST was used for blocking 

the membrane for 1 h. The membrane was then washed and incubated with the respective 

primary antibodies [Cyclin A (sc-70896), Cyclin B (Sc-22776), Cyclin E (Sc-481), Cyclin D 

(sc-717), CDK1 (MA5-15824), CDK4 (sc-70832) and Tubulin (Sigma T5168)] at 4 C for 

overnight. The membrane was then washed thrice with TBST and incubated with respective 

HRP conjugated secondary antibody [Goat anti-rabbit IgG-HRP (sc-2004), Goat anti-mouse 

IgG-HRP (sc-2005)]. Immunoblots were developed in Amersham Imager 600, GE using 

chemiluminescence substrate from Thermo Scientific.
67 

 

2.4.12. Determination of mitochondrial outer membrane permeabilization by JC1 assay: 

Ten thousand MCF7 cells were seeded in a Lab Tek chamber and 20µM aqueous solution of 

14d was treated for 24h. After the drug treatment, JC1 dye (10ug/ml) was added at 37
o
C for 

half an hour. Similarly, a control experiment was performed. Finally, the cells were imaged 

using confocal microscopy [Emission= 535 nm green {JC1 monomeric} / 590 nm red {JC1 

aggregate] and showed green/red emission.
68
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2.4.13. Determination of ROS Generation by DCFH-DA Assay: After treatment with 

compound 14d, the cells were then washed with chilled PBS and treated with DCFH-DA for 

30 min. Finally, the cells were washed thrice with PBS (pH 7.4) and visualized by confocal 

microscopy.
68

 

 

2.4.14. Spectroscopic characterization: 

2-(2-azidoethoxy)-5-fluorobenzaldehyde (11a):  

Yield: 42 %  

1H NMR (CDCl3, 400MHz): δ = 10.70 (s, 1H), 7.564 (dd, J = 8.8, 2.4 Hz, 1H), 7.29 (m, 

1H), 6.975 (dd, J = 8.8, 2.4 Hz, 1H), 4.271 (t, J = 4.8 Hz, 2H), 3.694 (t, J = 4.8 Hz, 2H).  

13C NMR (CDCl3, 100MHz): δ = 188.4, 158.6, 156.5, 125.9, 122.6, 114.5, 114.2, 68.2, 

50.3.  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 182.0630.  

 

2-(2-azidoethoxy)-5-cholorobenzaldehyde (11b):  

Yield: 45.0%  

1H NMR (CDCl3, 400MHz): δ = 10.434 (s, 1H), 7.8115 (d, J = 2.8 Hz, 1H), 7.495(dd, J = 

2.8 Hz, 1H), 6.931(d, J = 9.2 Hz, 1H), 4.253 (t, J = 4.8 Hz, 2H), 3.686 (t, J = 4.8 Hz, 2H).  

13C NMR (CDCl3, 100MHz): δ =188.2, 158.9, 135.5, 128.4, 127.4, 126.0, 114.1, 68.0, 

50.3.  

ESI-HRMS: Observed m/z for [M+Na]+ = 248.0211.  

 

2-(2-azidoethoxy)-5-bromobenzaldehyde (11c):  

Yield: 40.4%  

1H NMR (CDCl3, 400MHz): δ = 10.45 (s, 1H), 7.95(d, J = 2.8 Hz, 1H), 7.63 (dd, J = 8.8 

Hz, 2.8 Hz, 1H), 6.877(d, J = 8.8 Hz, 1H), 4.248 (t, J = 4.8 Hz, 2H), 3.686 (t, J = 4.8 Hz, 

2H).  

13C NMR (CDCl3, 100MHz): δ = 188.0, 159.4, 138.4, 131.4, 126.4, 114.5, 67.9, 50.2.  

ESI-HRMS: Observed m/z [M+Na]+ = 291.9697.  
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2-(2-azidoethoxy)-5-iodobenzaldehyde (11d):  

Yield: 43.5%  

1H NMR (CDCl3, 400MHz): δ = 10.37 (s, 1H), 8.12 (d, J = 2.4 Hz, 1H), 7.811(d, J = 8.8 

Hz, 2.4 Hz, 1H), 6.763(d, J = 8.8 Hz, 1H), 4.240 (t, J = 4.8 Hz, 2H), 3.682 (t, J = 4.8 Hz, 

2H);  

13C NMR (CDCl3, 100MHz): δ = 188.2, 160.5, 144.5, 137.7, 127.19, 115.2, 68.1, 50.5.  

ESI-HRMS: Observed m/z [M+Na]+ =339.9559.  

 

(E) -4-(3-(2-(2azidoethoxy)-5-fluorophenyl) acryloyl) phenylboronic acid (13a):  

Yield: 30.5% 

1H NMR (MeOH-d4, 400MHz): δ = 8.20 (m, 3H), 7.818 (d, J = 16.0 Hz, 1H), 7.561 (dd, J 

= 8.8 Hz, 2.4 Hz, 1H), 7.125 (m, 1H), 7.076 (m, 1H), 6.898 (d, J = 8.8 Hz, 2H), 4.236 (t, J = 

4.8 Hz, 2H), 3.720 (t, J = 4.8 Hz, 2H);  

13C NMR (MeOH-d4, 100MHz): δ = 190.9, 163.9, 159.9, 157.5, 155.1, 138.8, 132.4, 

130.9, 126.9, 125.0, 118.9, 118.6, 116.4, 115.9, 115.7, 115.2, 69.3, 51.4.  

11B NMR (MeOH-d4, 128.32 MHz): δ = 18.627  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 328.1101  

 

(E) -4-(3-(2-(2azidoethoxy)-5-chlorophenyl) acryloyl) phenylboronic acid (13b):  

Yield: 29.7%  

1H NMR (MeOH-d4, 400MHz): δ = 8.23 (d, J = 8.8 Hz, 2H), 7.984 (d, J = 16.00 Hz, 1H), 

7.838 (d, J = 16.0 Hz, 1H), 7.775 (d, J = 2.4 Hz, 1H), 7.377 (dd, J = 8.8 Hz, 2.8 Hz, 1H), 

7.082 (d, J = 8.8 Hz, 1H), 6.894 (d, J = 8.8 Hz, 1H), 4.265 (t, J = 4.8 Hz, 2H), 3.742 ( t, J = 

4.8 Hz, 2H).  

13C NMR (MeOH-d4, 100MHz): δ = 190.7, 163.7, 157.3, 138.4, 132.2, 131.9, 130.6, 

129.4, 127.3, 126.9, 125.0, 116.2, 114.9, 68.1, 51.2.  

11B NMR (128.32MHz, MeOH-d4): δ= 18.4  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 366.0624.  

 

(E) -4-(3-(2-(2-azidoethoxy)-5-bromophenyl) acryloyl) phenylboronic acid (13c):  

Yield: 25.6%  
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1H NMR (MeOH-d4, 400MHz): δ = 8.015 (d, J = 8.8 Hz, 2H), 7.955 (d, J = 16.0 Hz, 1H), 

7.881 (d, J = 2.4 Hz, 1H), 7.817 (d, J = 16.0 Hz, 1H), 7.486 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 

6.697 (d, J = 8.8 Hz, 1H), 6.894 (d, J = 8.8 Hz, 2H), 4.235 (t, J = 4.8 MHz, 2H).  

13C NMR (MeOH-d4, 100MHz): δ = 190.8, 163.9, 157.9, 138.5, 135.1, 134.4, 132.6, 

132.4, 131.9, 130.8, 127.5, 125.2, 116.4, 115.5, 114.6, 68.9, 51.3.  

11B NMR (MeOH-d4, 128.32MHz): δ = 19.561  

HR-MS: Observed m/z for [M-N2+H]+ = 456.0540, & [M-N2+H+2]+ = 458.0059.  

 

(E) -4-(3-(2-(2-azidoethoxy)-5-iodophenyl) acryloyl) phenylboronic acid (13d):  

Yield: 27.5%  

1H NMR (MeOH-d4, 400MHz): δ = 8.046 (d, J = 2.4 Hz, 1H), 8.022 (d, J = 8.8 Hz, 2H), 

7.930 (d, J = 16.0 Hz, 1H), 7.820 (d, J = 16.0 Hz, 1H), 7.681 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 

6.897 (dd, J = 8.8 Hz, 3H), 4.247 (t, J = 4.8 Hz, 2H), 3.742(t, J = 4.8 MHz, 2H).  

13C NMR (MeOH-d4, 100MHz): δ = 190.9, 163.9, 158.7, 141.2, 138.8, 138.5, 132.4, 

130.9, 127.9, 125.1, 116.4, 115.8, 84.2, 68.7, 51.3.  

11B NMR (MeOH-d4, 128.32MHz): δ= 22.5. 

HR-MS: Observed m/z for [M-N2+H]+= 436.0169.  

 

Compound 14a:  

Yield: 84%  

1H NMR (CDCl3, 400MHz): δ = 7.963 (d, J = 8.8 Hz, 2H), 7.907 (d, J = 16.0 Hz, 1H), 

7.799 (s, 1H), 7.472 (d, J = 16.0 Hz, 1H), 7.368 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 7.018 (m, 1H), 

6.958 (d, J = 8.8 Hz, 2H), 6.880 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 5.135 (t, J = 9.2 Hz, 1H), 

5.5055 (t, J = 9.2 Hz, 1H), 4.956 (m, 1H), 4.090 (m, 1H), 4.817 (t, J = 4.8 Hz, 2H), 4.771 (d, 

J = 8 Hz, 1H), 4.663 (d, J = 8.00 Hz, 1H), 4.429 (t, J = 4.8 Hz, 2H), 4.167(dd, J = 8.0 Hz, 4.4 

Hz, 2H), 3.701 (m, 1H), 2.054 (s, 5H), 1.973 (s, 7H).  

13C NMR(CDCl3, 100MHz): δ = 189.1, 171.0, 170.3, 169.7, 169.6, 161.4, 156.4, 152.9, 

144.2, 139.4, 137.1, 131.4, 124.7, 118.0, 117.7, 115.8, 114.6, 114.5, 114.1, 113.9, 113.8, 

100.0, 72.9, 71.9, 71.3, 68.5, 67.8, 62.6, 61.9, 50.9, 50.0.  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 714.2300, 715.2332 & [M-N2+Na]+ = 

736.2119, 737.2151.  

 

Compound 14b:  
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Yield: 85.6%  

1H NMR (CDCl3, 400MHz): δ = 7.973 (d, J = 8.8 Hz, 2H), 7.0909 (d, J = 16.0 Hz, 1H), 

7.790 (s, 1H), 7.624 (d, J = 2.4 Hz, 1H), 7.492 (d, J = 16.0 Hz, 1H), 7.280 (dd, J = 8.8 Hz, 

2.4 Hz, 1H), 6.975 (d, J = 8.8 Hz, 2H), 6.791 (d, J = 8.8 Hz, 1H), 5.136 (t, J = 9.6 Hz, 1H), 

5.043 (t, J = 9.6 Hz, 1H), 4.945 (m, 1H), 4.887 (d, J = 12.8 Hz, 1H), 4.829 (m, 2H), 4.768 (d, 

J = 12.8 Hz, 1H), 4.662 (m, 1H), 4.438 (t, J = 4.8 Hz, 2H), 4.235 (m, 1H), 4.169 (m, 2H), 

3.71 (m, 2H), 2.055 (s, 3H), 1.97 (s, 9H).  

13C NMR (CDCl3, 100MHz): δ = 189.3, 171.3, 170.8, 170.6, 169.9, 161.7, 155.5, 144.6, 

137.1, 131.8, 131.7, 131.4, 130.7, 128.3, 127.6, 126.5, 125.0, 124.7, 116.2, 114.0, 100.3, 

73.2, 72.2, 68.8, 67.7, 62.9, 62.2, 50.2.  

ESI-HRMS: Observed m/z for [M+H]+ = 757.2225, 758.2155.  

 

Compound 14c:  

Yield: 86.8%  

1H NMR (CDCl3, 400MHz): δ = 7.973 (d, J = 8.8 Hz, 2H), 7.904 (d, J = 16.0 Hz, 1H), 

7.783 (s, 1H), 7.763 (d, J = 2.4 Hz, 1H), 7.480 (d, J = 16.0 Hz, 1H), 7.421 (dd, J = 8.8 Hz, 

2.4 Hz, 1H), 6.976 (dd, J = 8.8 Hz, 1H), 6.740 (d, J = 8.8 Hz, 1H), 5.131 (t, J = 9.2 Hz, 1H), 

5.039 (t, J = 9.6 Hz, 1H), 4.929 (m, 2H), 4.826 (m,1H), 4.762 (d, J = 12.8 Hz, 1H), 4.656 (d, 

J = 8.0 Hz, 1H), 4.436 (t, J = 4.9Hz, 1H), 4.17 (dd, J = 11.8 Hz, 3.4 Hz, 1H), 3.707 (m, 1H), 

3.39 (t, J = 7.2 Hz, 2H), 2.41 (d, J = 8.1Hz,1H), 2.059 (s, 3H), 2.026 (s, 3H), 1.97 (s, 6H).  

13C NMR (CDCl3, 100MHz): δ = 188.9, 171.0, 170.3, 169.7, 169.6, 161.5, 155.6, 144.3, 

139.4, 136.7, 133.6, 131.5, 130.9, 130.4, 126.7, 124.6, 124.5, 115.8, 114.5, 104.0, 72.9, 71.9, 

71.3, 68.5, 67.3, 62.6, 61.9, 49.8, 49.7.  

ESI-HRMS: Observed m/z for [M-H]+ = 800.1658 and [M-H+2]+ = 802.1651.  

 

Compound 14d:  

Yield: 88.5% 

1H NMR(CDCl3, 400MHz): δ = 7.970 (d, J = 8.8 Hz, 2H), 7.933 (s, 1H), 7.866 (d, J = 15.6 

Hz, 1H), 7.610 (t, J = 8.8 Hz, 1H), 7.472 (d, J = 15.6 Hz, 1H), 6.968 (d, J = 8.8 Hz, 2H), 

6.628 (d, J = 8.8 Hz, 1H), 5.134 (m, 1H), 5.054 (d, J = 5.5 Hz, 1H), 4.951 (t, J = 4.8 Hz, 2H), 

4.825 (m, 2H), 4.761 (d, J = 12.8 Hz, 1H), 4.657 (d, J = 8.0 Hz, 1H), 4.429 (t, J = 4.8 Hz, 

2H), 4.187 (m, 2H), 3.719 (d, J = 9.6 Hz, 1H), 2.507 (s, 4H), 1.976 (s, 8H).  
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13C NMR (CDCl3, 100MHz): δ = 189.0, 171.0, 170.4, 169.7, 169.6, 161.4, 156.4, 140.0, 

139.4, 136.9, 136.7, 131.4, 127.1, 124.6, 124.3, 115.8, 114.5, 114.2, 100.0, 72.9, 71.9, 71.3, 

68.5, 67.2, 62.6, 61.9, 50.9, 49.8.  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 822.1336, 823.1393, [M-N2+Na]+ = 

844.1179, 845.1209.  

 

Compound 14e:  

Yield: 82%  

1H NMR (DMSO-d6, 400MHz): δ = 8.216 (s, 1H), 8.076 (d, J = 8.8 Hz, 2H), 7.893 (d, J = 

16.0 Hz, 1H), 7.797 (d, J = 16.0 Hz, 1H), 7.258 (m, 1H), 7.140 (m, 1H), 6.906 (d, J = 8.8 Hz, 

2H), 6.832 (t, J = 8.8 Hz, 1H), 5.017 (br s, 1H), 4.915 (br s, 1H), 4.852 (m, 2H), 4.619 (d, J = 

12.0 Hz, 1H), 4.511 (t, J = 5.2 Hz, 2H), 4.266 (d, J = 8.0 Hz, 1H), 4.030 (q, J = 7.2 Hz, 1H), 

3.691 (d, J = 8.0 Hz, 1H), 3.465 (m, 1H), 3.119 (m, 2H), 3.021 (t, J = 5.2 Hz, 2H).  

13C NMR (DMSO-d6, 100MHz): δ = 187.0, 162.1, 143.8, 135.6, 131.4, 131.2, 128.9, 

124.6, 123.7, 117.7, 115.3, 115.0, 115.0, 102.1, 76.8, 76.6, 73.3, 70.0, 67.4, 61.4, 61.0, 59.0, 

48.8.  

11B NMR (DMSO-d6, 128.32 MHz): δ = 25.35.  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 546.1447, [M-N2+Na]+ = 568.1701, 

569.1733.  

 

Compound 14f:  

Yield: 80%  

1H NMR (DMSO-d6, 400MHz): δ = 8.199 (d, J = 8.8 Hz, 2H), 7.915 (d, J = 16.0 Hz, 1H), 

7.757 (d, J = 16.0 Hz, 1H), 7.441 (dd, J = 8.8, 2.4 Hz, 1H), 7.265 (dd, J = 8.0, 2.4 Hz, 1H), 

7.191 (d, J = 2.4 Hz, 1H), 7.017 (d, J = 8.8 Hz, 1H), 6.843 (d, J = 8.8 Hz, 2H), 5.042 (dd, J = 

12.4 Hz, 2H), 4.937 (m, 2H), 4.849 (m, 2H), 4.729 (t, J = 4.8 Hz, 2H), 4.643 (d, J = 12.8 Hz, 

1H), 4.380 (t, J = 5.6 Hz, 2H), 4.263 (dd, J = 4.8 Hz, 1H), 4.047 (s, 1H);  

13C NMR (DMSO-d6, 100MHz): δ = 190.2, 163.3, 143.8, 131.5, 131.2, 131.1, 128.8, 

128.3, 125.3, 124.8, 124.6, 124.1, 118.7, 115.3, 102.2, 76.9, 76.7, 73.3, 70.1, 70.0, 67.0, 61.4, 

61.1, 48.7.  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 562.1596, [M-N2+Na]+ = 584.1412, 

586.1394.  
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Compound 14g:  

Yield: 79%  

1H NMR (DMSO-d6, 400MHz): δ = 8.206 (s, 1H), 8.083 (d, J = 8.8 Hz, 2H), 7.907 (d, J = 

16.0 Hz, 1H), 7.750 (d, J = 16.0 Hz, 1H), 7.556 (dd, J = 8.8, 2.4 Hz, 1H), 7.095 (d, J = 8.8 

Hz, 1H), 6.90 (d, J = 8.8 Hz, 2H), 4.999 (m, 1H), 4.916 (m, 2H), 4.851 (t, J = 4.8 Hz, 2H), 

4.613 (d, J = 12.4 Hz, 1H), 4.536 (t, J = 4.8 Hz, 2H), 4.263 (d, J = 8.0 Hz, 1H), 3.691 (m, 

1H), 3.488 (m, 1H), 3.160 (d, J = 4.8 Hz, 1H), 3.114 (br s, 2H), 3.063 (br s, 1H), 2.958 (br s, 

1H).  

13C-NMR (DMSO-d6, 100MHz): δ = 187.0, 162.2, 160.5, 155.7, 143.8, 135.2, 133.8, 

131.2, 130.6, 125.8, 124.6, 123.7, 115.3, 102.2, 76.8, 76.6, 73.3, 70.0, 67.1, 61.4, 61.0, 58.2, 

48.7. 

ESI-HRMS: Observed m/z for [M-N2+H]+ = 606.1093, 608.1071; [M-N2+Na]+ = 

628.6466, 630.0880.  

 

Compound 14h:  

Yield: 77.5%  

1H NMR (DMSO-d6, 400 MHz): δ = 8.28 (d, J = 2.4 Hz, 1H), 8.20 (s, 1H), 8.08 (d, J = 8.8 

Hz, 2H), 7.88 (d, J = 15.6 Hz, 1H), 7.73 (d, J = 15.6 Hz, 1H), 7.69 (dd, J = 8.8, 2.4 Hz, 1H), 

6.96 (d, J = 8.8 Hz, 1H), 6.90 (d, J = 8.8 Hz, 2H), 5.00 (d, J = 2.4 Hz, 1H), 4.92 (m, 2H), 4.85 

(t, J = 4.8 Hz, 2H), 4.61 (d, J = 12.4 Hz, 1H), 4.512 (t, J = 4.8 Hz, 2H), 4.260 (d, J = 8.0 Hz, 

1H), 4.095 (d, J = 2.4 Hz, 2H), 4.027 (m, 2H), 3.682 (m, 1H), 3.448 (br s, 1H), 3.120 (br s, 

1H), 3.061 (br s, 1H), 2.95 (br s, 1H).  

13C NMR (DMSO-d6, 100 MHz): δ = 187.5, 162.6, 156.4, 144.3, 140.2, 135.8, 131.7, 

129.5, 126.6, 125.1, 124.0, 115.9, 115.8, 115.6, 102.7, 77.3, 73.8, 70.5, 67.4, 61.9, 61.5, 49.2, 

49.0.  

ESI-HRMS: Observed m/z for [M-N2+H]+ = 654.0956, [M-N2+Na]+ = 676.0775, 

677.0807. 
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2.5. Appendices:  

 

 

Fig. S1: 
1
H NMR spectra of compound 11a. 

 

 

Fig. S2: 
13

C NMR spectra of compound 11a. 
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Fig. S3: 
13

C DEPT spectra of compound 11a. 

Fig. S4: FT-IR spectra of compound 11a.  
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S5: HR-MS spectra of compound 11a. 

 

 

  

S6: 
1
H NMR spectra of compound 11b.  
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Fig.S7: 
13

C NMR spectra of compound 11b. 

 

 

 

Fig. S8: 
13

C DEPT spectra of compound 11b. 
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Fig. S9: FT-IR spectra of compound 11b. 

 

 

Fig. S10: HR-MS spectra of compound 11b.  
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Fig. S11: 
1
H NMR spectra of compound 11c. 

 

 

Fig. S12: 
13

C NMR spectra of compound 11c.  
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Fig. S13: 
13

C DEPT spectra of compound 11c. 

 

 

Fig. S14: FT-IR spectra compound 11c.  
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Fig. S15: HR-Ms spectra of compound 11c 

 

 

Fig. S16: 
1
H NMR spectra of compound 11d. 
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Fig. S17: 
13

C NMR spectra of compound 11d. 

 

 

Fig. S18: 
13

C DEPT spectra of compound 11d.  
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Fig. S19: FT-IR spectra of compound 11d. 

 

 

Fig. S20: HR-MS spectra of compound 11d.  

 



Chapter 2 
 

57 
 

 

Fig. S21: 
1
H NMR spectra of compound 13a. 

 

 

Fig. S22: 
13

C NMR spectra of compound 13a. 

 



Chapter 2 
 

58 
 

 

Fig. S23: 13C DEPT spectra of compound 13a. 

 

 

Fig. S24: 11B NMR spectra of compound 13a. 
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Fig. S25: FT-IR spectra of compound 13a. 

 

 

Fig. S26: HR-MS spectra of compound 13a.  
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Fig. S27: 1H NMR spectra of compound 13b. 

 

 

Fig. S28: 13C NMR spectra of compound 13b. 
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Fig. S29: 13C DEPT spectra of compound 13b. 

 

 

Fig. S30: 11B NMR spectra of compound 13b. 
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Fig. S31: HR-MS spectra of compound 13b. 

 

 

Fig. S32: HR-MS spectra of compound 13b. 
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Fig. S33: 1H NMR spectra of compound 13c. 

 

 

Fig. S34: 13C NMR spectra of compound 13c. 
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Fig. S35: 13C DEPT spectra of compound 13c. 

 

 

Fig. S36: 11B NMR spectra of compound 13c. 
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Fig. S37: FT-IR spectra of compound 13c. 

 

 

Fig. S38: HR-MS spectra of compound 13c. 
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Fig. S39: 1H NMR spectra of compound 13d. 

 

 

Fig. S40: 13C NMR spectra of compound 13d. 
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Fig. S41: 13C DEPT spectra of compound 13d. 

 

 

Fig. S42: 11B NMR spectra of compound 13d.  
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Fig. S43: FT-IR spectra of compound 13d. 

 

 

Fig. S44: HR-MS spectra of compound 13d.  
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Fig. S45: 1H NMR spectra of compound 14a. 

 

 

Fig. S46: 13C NMR spectra of compound 14a.  

 



Chapter 2 
 

70 
 

 

Fig. S47: 13C DEPT spectra of compound 14a.  

 

 

Fig. S48: FT-IR spectra of compound 14a.  
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Fig. S49: HR-MS spectra of compound 14a. 

 

 

Fig. S50: 1H NMR spectra of compound 14b. 
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Fig. S51: 13C NMR spectra of compound 14b.  

 

 

Fig. S52: FT-IR spectra of compound 14b. 
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Fig. S53: HR-MS spectra of compound 14b. 

 

 

Fig. S54: 1H NMR spectra of compound 14c. 
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Fig. S55: 13C NMR spectra of compound 14c.  

 

 

Fig. S56: 13C DEPT spectra of compound 14c.  
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Fig. S57: FT-IR spectra of compound 14c.  

 

 

Fig. S58: HR-MS spectra of compound 14c.  
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Fig. S59: 1H NMR spectra of compound 14d.  

 

 

Fig. S60: 13C NMR spectra of compound 14d.  
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Fig. S61: 13C DEPT spectra of compound 14d. 

 

 

Fig. S62: FT-IR spectra of compound 14d.  
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Fig. S63: HR-MS spectra of compound 14d. 

 

 

Fig. S64: 1H NMR spectra of compound 14e. 
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Fig. S65: 13C NMR spectra of compound 14e. 

 

 

 

Fig. S66: 13C DEPT spectra of compound 14e.  
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Fig. S67: FT-IR spectra of compound 14e.  

 

 

Fig. S68: HR-MS spectra of compound 14e.  

 



Chapter 2 
 

81 
 

 

Fig. S69: 1H NMR spectra of compound 14f.  

 

 

Fig. S70: 13C NMR spectra of compound 14f.  
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Fig. S71: 13C DEPT spectra of compound 14f.  

 

 

Fig. S72: 11B NMR spectra of compound 14f.  
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Fig. S73: FT-IR spectra of compound 14f. 

 

 

Fig. S74: HR-MS spectra of compound 14f.  
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Fig. S75: 1H NMR spectra of compound 14g. 

 

 

Fig. S76: 13C NMR spectra of compound 14g.  
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Fig. S77: 13C DEPT spectra of compound 14g.  

 

 

Fig. S78: FT-IR spectra of compound 14g.  
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Fig. S79: HR-MS spectra of compound 14g.  

 

 

Fig. S80: 1H NMR spectra of compound 14h.  
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Fig. S81: 13C NMR spectra of compound 14h.  

 

 

 

Fig. S82: 13C DEPT spectra of compound 14h.  
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Fig. S83: FT-IR spectra of compound 14h.  

 

 

Fig. S84: HR-MS spectra of compound 14h.  
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Fig. S85: HR-MS spectra of compound 14h. 
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3.1. Introduction:  

The endoplasmic reticulum (ER), the largest endo-membrane organelle, controls 

myriads of sub-cellular functions, including protein and lipid biosynthesis, sensing, 

ion homeostasis and signaling pathways.
1-4

 ER is also responsible for folding, 

unfolding, misfolding and post-translational modifications of nearly 30 % of total 

cellular protein content.
5,6

 Consequently, dysregulation in ER function leads to the 

undesirable accumulation of unfolded/misfolded proteins (called ER stress) followed 

by stimulation of unfolded protein response (UPR) which ultimately elicits the 

apoptotic cell death machinery.
7-10

 As a result, impairing ER functions in cancer cells 

has materialized as novel next-generation anti-cancer strategy.
11-13

 However, 

exceedingly selective targeting of ER inside cancer cell milieu remains a foremost 

challenge and hence less explored. To address this, we have decided to develop 

supramolecular self-assembled nanoscale material which has prospective to selectively 

home into cancer cells. 

In last couple of decades, supramolecular self-assembly has gained lots of attention as 

powerful tool to engineer functional nano-scale structures by bottom-up approach.
14-19

 

Hence, supramolecular self-assembled nanoscale materials have been explored for 

numerous biomedical applications including regenerative medicine, tissue engineering, 

ion/molecule sensing and drug delivery.
20-28

 However, utilizing designed 

supramolecular self- assembled nano-structure for specific targeting of sub-cellular 

organelles, especially ER in cancer cells still remained in its infancy. Only, few groups 

developedlipid-based micelle,
29

 liposomes
30

 and polymeric nanoparticle
31

 for targeting 

ER. Very recently, Feng et. al. engineered peptide-based enzyme-instructed crescent 

shaped supramolecular self-assembly for selective targeting of ER in cancer cells.
32

 

Moreover, ER membrane wraps around another important organelle, nucleus and 

forms double membrane nuclear envelop leading to ER-nuclear cross-talk.
33

 Hence, 

we hypothesize that simultaneous targeting of ER and nuclear DNA in cancer cells 

would lead to improved anti-cancer efficacy. 
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Scheme 1. (a) Structure of ER-targeted tridentate-triazine (11) and supramolecular 

self-assembly in presence of 5-FU to form hexameric rosette structure (12). (b) 

Formation of ER-NP and its mechanism of action in cancer cells. 

To accomplish this, in this manuscript, we have explored supramolecular self-assembly 

strategy with triazine-based small molecule in presence of 5-fluoro-uracil (5FU) (DNA 

damaging drug). The tridentate triazine molecule formed self-assembled hexameric rosette 

structure through Watson-Crick based H-bonding with 5FU in equimolar mixture in water, 

characterized by diffusion-ordered NMR spectroscopy (DOSY). The hexameric rosette 

structure further lead to the formation of hitherto unobserved spherical nanoparticle by 

hierarchical self-assembly. These supramolecular self-assembled nanoparticles (ER-NPs) 

consists of fluorescent dansyl group as ER targeting moiety, 5-nitrofuran-2-acrylaldehyde as 

p97 inhibitor (ER stress inducer) and 5FU as nuclear DNA damaging drug. A combination of 

fluorescent confocal microscopy and Western blot analysis confirmed that these self-

assembled nanoparticles localized into ER of HeLa cervical cancer cells through 

macropinocytosis followed by simultaneous induction of ER stress and nuclear DNA 

damage. These ER-NP-mediated ER stress triggered apoptosis and generated reactive-oxygen 

species (ROS) to prompt cell death much effectively compared to their building blocks. 

Moreover, ER-NPs initiated autophagy mechanism to overcome the ER-stress and DNA 

damage. Hence, combination treatment of ER-NP with chloroquine (autophagy inhibitor) 

improved the cell death remarkably in HeLa cells. This ER targeting supramolecular self-
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assembled nanoplatform has potential to simultaneously impair multiple organelles for 

improved cancer therapy in future.  

3.2. Result and discussion 

3.2.1. Design and synthesis of tridentate triazine  

To induce stress selectively in ER of the cancer cells, tridentate triazine molecule (11 

in Scheme 1) was designed to contain (a) dansyl group as ER homing as well as 

fluorescent tag which will enable us to sub-cellular visualization,
34

 (b) 5-nitrofuran-2-

acrylaldehyde as p97 inhibitor on ER to induce ER stress
35-36

 and (c) an amine group 

to enable supramolecular self-assembly by H-bonding with DNA damaging drug 5-FU 

to form hexameric rosette structure (12).
37-40

 Synthetic scheme of compound 11 is 

shown in Fig. 1. First the amine group was introduced by reacting cyanuric chloride 

(1) with 1 equivalent of ammonia at 0°C for 24 h to obtain 4,6-dichloro-1,5-triazine-2-

amine (2) in 90 % yield (Figure 1).
41

 Subsequently, dansyl group was tagged with 

triazine core with ethylenediamine linker through the reaction of compound 2 with 

dansyl-ethylenediamine conjugate (5) in presence of diisopropylethyl amine as base to 

obtain amino-triazine-dansyl conjugate (6) in 63% yield. Dansyl-ethyelediamine 

conjugate (5) was synthesized in 93% yield from dansyl chloride (3) reacting with 

ethylelediamine (4) at 0°C for 1 h.
42

 The final chloride group in cyanuric chloride was 

replaced by hydrazine moiety by reacting amino-triazine- dansyl conjugate (6) with 

hydrazine mono-hydrate in refluxing condition for 24 h to afford hydrazine-amine-

dansyl substituted triazine (7) in 84 % yield.
43

 The p97 inhibitor 5-nitrofuran-2-

acrylaldehyde (10) was synthesized from 5-nitrofurfuraldehyde (8) and 

triphenylphosphoranylidene acetaldehyde (9) by Wittig reaction for 6 h in 61% yield.
35

 

Finally, 5-nitrofuran-2-acrylaldehyde (10) was conjugated with compound 7 in 

presence of methanol to obtain the designed tridentate triazine derivative (11) in 71 % 

yield. We characterized all the compounds and intermediates by 
1
H and 

13
C-NMR 

spectroscopy and mass-spectroscopy (HR-MS) (Fig. S1-S23, Appendix).  
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Figure 1: Synthesis of tridentate-triazine (11) and supramolecular self-assembly with 

5FU. 

3.2.2. Supramolecular self-assembly 

To engineer supramolecular self-assembled structure, we blended compound 11 and 5-

FU in a ratio-metric manner in water. We visualized the self-assembly through field-

emission scanning electron microscopy (FE-SEM). Very interestingly, Figure 3 and 

Figure 2a demonstrated a hitherto unobserved well dispersed spherical nanoparticle 

formation in 1:1 mixture of compound 11 and 5-FU (ER-NP). The spherical 

morphology was also further confirmed by transmission electron microscopy (TEM) 

and atomic force microscopy (AFM) (Figure 2b, Figure 4a,b). The dynamic light 

scattering (DLS) experiment revealed that the ER-NP contained 250 nm mean 

hydrodynamic diameter with -2.4 mV zeta potential (Figure 4c,d). To confirm the 

supramolecular self-assembly between compound 11 and 5-FU leading to the 

formation of predicted rosette structure followed by hierarchical self-assembly, we 

performed diffusion-ordered NMR spectroscopy (DOSY). The DOSY spectra (Figure 

2c) of 1:1 mixture of compound 11 and 5-FU demonstrated the formation of single 

remarkably slower diffusion species compared to its each component (Figure 5-7). 

From the DOSY spectra, we also calculated the diffusion coefficient of the predicted 

rosette structure to be 2.05 X 10
-10

 m
2
/s. In contrast, the diffusion coefficients of for 
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tridentate triazine (11) and 5-FU were found to be 3.21 X 10
-10

 m
2
/s and 2.57 X 10

-10
 

m
2
/s respectively (Figure 5-7). Interestingly, 5-FU showed much lower diffusion 

coefficient compared to compound 11, which might be attributed to the intermolecular 

H-bonded supramolecular self-assembled column like structure formed by 5-FU 

observed by FESEM (Figure 8). Further calculation of the molecular weight range of 

the 1:1 mixture of compound 11 and 5-FU was estimated from the diffusion 

coefficients and found consistent with the molecular weight of hexameric rosette 

structure.
38-44

 From these electron microscopy, light scattering and DOSY spectra, it 

was confirmed that tridentate triazine small molecule formed supramolecular 

hexameric rosette structure in presence of 5-FU leading to the development of unique 

spherical nanoparticle (ER-NP) through hierarchical self-assembly.  

 

 

Figure 2: (a,b) FESEM and TEM images of ER-NPs. (c) DOSY spectra of supramolecular 

self-assembled hexameric rosette structure of compound 11 and 5FU in 1:1 mixture.  
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Figure 3: FESEM spectra of mixture of compound 11 and 5FU in different ratios to visualize 

the self-assembly.  

 

 

Figure 4: (a,b) 2D and 3D AFM images of ER-NPs respectively. (c, d) hydrodynamic 

diameter and zeta potential of ER-NPs determined by DLS. 
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Figure 5: DOSY spectra of compound 11. 

 

 

Figure 6: DOSY spectra of 5-FU. 
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Figure 7: Comparison of diffusion coefficients of compound 11, compound 12 and 5-FU by 

DOSY spectra. 

 

 

Figure 8: FESEM images and proposed H-bonding in 5-FU. 

3.2.3. ER Homing:  

The ER localization of tridentate triazine (11) was first evaluated by confocal laser scanning 

microscopy (CLSM). HeLa cells were treated with green fluorescent compound 11 in a time 

dependent manner (1h, 6h and 24h) and co-stained ER by ER-Tracker Red followed by 

visualization by CLSM. The live cell images revealed that green fluorescent compound 11 
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localized into red fluorescently labeled ER of HeLa cells within 1h to yield merged yellow 

regions and retained there for 24h (Figure 9).  The confocal image based quantification by 

Pearson’s and Mander’s coefficients showed that compound 11 produced 55.2 %, 56.1% and 

44.2% volume co-localization in ER at 1h, 6h and 24 h respectively (Table 1). Subsequently, 

we evaluated the ER localization of supramolecular self-assembled ER-NP in HeLa cells. We 

incubated the cells with green fluorescent ER-NPs for 30 min, 1h and 6h followed by co-

staining ER with ER-Tracker Red. The visualization of the live cells under confocal 

microscopy revealed that ER-NPs localized into ER within 30 min and retained there for 6h 

(yellow regions in merged images in Figure 10a). The 3D, z-stacked images (Figure 10b) also 

clearly confirmed the sub-cellular homing of ER-NPs into ER. Quantification from CLSM 

also supported the microscopy data by showing that 68.9%, 60.1% and 52.2% volume co-

localization of green fluorescent ER-NP with red fluorescently labeled ER at 30 min, 1h and 

6h respectively in HeLa cells (Table 2). 

 

 

Figure 9: Confocal laser scanning microscopy (CLSM) images of compound 11 in HeLa 

cells in different time points (1 h, 6 h and 24 h). ER is stained by ER-Tracker Red. Scale bar 

= 10 μm. 
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Table 1: Quantification of co-localization of compound 11 in ER of HeLa cells at 1 h, 6 h 

and 24 h from CLSM. 

 

Figure 10: (a) Confocal laser scanning microscopy (CLSM) images of time dependent 

homing of ER-NPs (green) into ER of HeLa cells stained with ER-Tracker Red dye. 

(b) 3D-z-stacked confocal microscopy images of HeLa cells treated with ER-NP 

(green) and stained with ER-Tracker Red at 1 h. Scale bar = 10 μm. 
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Table 2: Quantification of co-localization of ER-NPs in ER of HeLa cells at 30 min, 1 h and 

6 h from CLSM. 

We further evaluated the mechanism of cellular internalization of ER-NPs through 

endocytosis. ER-NPs localization in ER was visualized in amiloride pre-treated cells (lowest 

panel in Figure 11). Fluorescence microscopy-based quantification also supported the image 

data by showing 54.2% and 44.6% volume co-localization in genistein and chlorpromazine 

treated cells respectively compared to 49.8% co-localization for control cells (Table 3). 

However, amiloride treated cells showed only 22% volume co-localization of ER-NPs in ER. 

These confocal microscopy images and quantification clearly confirmed that genestein and 

chlorpromazine-mediated inhibition of caveolin- and clathrin-based endocytosis respectively 

were not instrumental in ER-NP uptake in HeLa cells. On the other hand, amiloride mediated 

inhibition of macropinocytosis was the operative pathway for the cellular internalization of 

ER-NPs followed by ER homing.  
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Figure 11: CLSM images of HeLa cells pre-treated with endocytosis inhibitors 

followed by ER-NPs (green). ER of HeLa cells were stained with ER-Tracker Red 

dye. Scale bar = 10 μm. 

 

 

Table 3: Quantification of co-localization of ER-NPs into ER in HeLa cells pre-treated with 

different endocytosis inhibitors from CLSM. 
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The sub-cellular localization of ER-NPs was also assessed in other organelles like 

mitochondria and lysosomes. Mitochondria of the HeLa cells were stained with 

MitoTracker Red dye and co-localization of ER-NPs into mitochondria was visualized 

at 24 h post-incubation. The confocal microscopy images (Fig. 12) showed marginal 

overlap of green and red fluorescence signals to yield yellow regions, which was also 

validated by volume co-localization by only 35.5% after 24 h (Table 4). However, 

mitochondria and ER share large amount of common membrane called mitochondria-

associated membranes (MAMs).
46

 As a result, we visualized some amount of ER-NP 

co-localization leading to yellow merged regions in microscopy images. Similarly, 

lysosomal compartments in HeLa cells were stained with LysoTracker Red dye and 

the cells were incubated with ER-NP for 24 h. The confocal images (Figure 13) hardly 

showed any significant merged yellow regions, indicating that ER-NPs did not home 

into lysosomes. Further quantification also revealed that only 21% volume co-

localization of ER-NPs into lysosomes after 24 h (Table 5). These confocal 

microscopy images and quantification evidently exhibited that ER-NPs were homed 

into ER of HeLa cells within 1h through macropinocytosis mechanism. 

 

 

Figure 12: CLSM images of ER-NPs in HeLa cells at 24 h. Mitochondria were stained with 

MitoTracker Deep Red dye. Scale bar = 10 μm. 
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Table 4: Quantification of co-localization of ER-NPs into mitochondria in HeLa cells at 24 h 

from CLSM. 

 

 

Figure 13: CLSM images of ER-NPs in HeLa cells at 24 h. Lysosomal compartments were 

stained with LysoTracker Red dye. Scale bar = 10 μm.  
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Table 5: Quantification of co-localization of ER-NPs into lysosomes in HeLa cells at 24 h 

from CLSM. 

3.2.4. ER stress induction  

After successful accumulation into ER, the supramolecular self-assembled ER-NP 

would induce stress in ER. One of the important markers for ER stress is c/EBP 

homologous protein (CHOP).
47,48

 Hence, we evaluated the expression of CHOP by 

confocal fluorescence microscopy. The HeLa cells were treated with ER-NPs for 24 h 

and stained the nucleus of the cells with blue fluorescent dye DAPI. The cells were 

further incubated with CHOP specific primary antibody followed by treatment with 

red fluorescent Alexa Fluor 594-labelled secondary antibody. The cells were then 

visualized under fluorescence microscopy. Figure 14a evidently showed that ER-NPs 

induced ER stress leading to the remarkable increase in red fluorescence intensity 

compared to control cells which hardly showed any CHOP expression. Also 

quantification of red fluorescence intensity from confocal images revealed that ER-

NPs increased the CHOP expression by 15.1 folds compared to control cells (Figure 

15a). The expression of CHOP was further assessed by Western blot analysis after 

incubating HeLa cells with ER-NPs for 24 h. The gel electrophoresis in Fig. 14b 

unequivocally showed that ER-NP induced stress leading to the 3.3 folds increase in 

CHOP expression compared to non-treated control cells (Figure 15b). From these 

fluorescence imaging and protein expression assays, it was confirmed that ER-NPs 

triggered ER stress in HeLa cells. 
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Figure 14: (a) CLSM images of HeLa cells to visualize CHOP as ER stress marker. 

CHOP was stained with Alexa Fluor 594-labeled antibody (red). Nuclei of HeLa cells 

were stained with DAPI (blue). (b) Western blot image of expression of CHOP in 

HeLa cells. Scale bar = 10 μm. 

 

 

Figure 15: (a, b) Quantification of expression of CHOP in HeLa cells after treatment with 

ER-NPs by CLSM images and Western blot analysis respectively. 
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3.2.5. DNA damage  

We hypothesized that ER-NP would simultaneously induce ER stress and DNA 

damage. To validate this hypothesis, we estimated the expression of γH2AX as one of 

the markers of DNA damage by fluorescence microscopy.
49

 HeLa cells were treated 

with ER-NPs for 24 h followed by staining of nucleus with blue fluorescent dye DAPI. 

The cells were further incubated with γH2AX primary antibody followed by red 

fluorescent Alexa Fluor 594-labelled secondary antibody. The expression of γH2AX 

was visualized by CLSM. Figure 16a demonstrated that, untreated control cells hardly  

 

Figure 16: (a) CLSM images of HeLa cells to visualize γH2AX as DNA damage 

marker. γH2AX was stained with Alexa Fluor 594-labeled antibody (red). Nuclei of 

HeLa cells were stained with DAPI (blue). (b) Western blot image of expression of 

γH2AX and p53 in HeLa cells. Scale bar = 10 μm. 

showed any DNA damage. On the other hand, ER-NP treated cells showed remarkable 

increase in γH2AX expression leading to increase in red fluorescence intensity. 

Moreover, the red fluorescence signals significantly overlapped with the blue 

fluorescently labeled nucleus showing the localization of γH2AX (Figure 16a). Also 

fluorescence microscopy based quantification revealed that ER-NP induced 4.8 folds 

increase in γH2AX expression compared to control cells (Figure 17a). Further 
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assessment of γH2AX and p53 (DNA damage effector) 
50

 by Western blot was also 

performed after treatment of HeLa cells with ER-NPs for 24 h. The gel electrophoresis 

images clearly showed that ER-NPs amplified the expression of γH2AX and p53 by 

9.1 folds and 3.8 folds respectively (Figure 16b, 17b,c). From these microscopy and 

protein expression it was confirmed that ER-NPs triggered DNA damage in HeLa 

cells. 

 

Figure 17: (a,b) Quantification of γH2AX expression in HeLa cells after treatment with ER-

NPs for 24 h determined from CLSM images and Western blot analysis respectively. (c) 

Quantification of p53 expression in HeLa cells after treatment with ER-NPs for 24 h, 

determined by Western blot analysis. 

3.2.6. Apoptosis and cell death 

ER-NP mediated simultaneous induction of ER stress and nuclear DNA damage 

would generate reactive oxygen species (ROS) leading to cell death through 

apoptosis.
51-52

 To evaluate the generation of ROS, HeLa cells were treated with ER-

NPs for 24 h followed by incubation with H2DCFDA.
53

 In sub-cellular environment 

H2DCFDA gets hydrolyzed by esterase and react with ROS to produce green 

fluorescent DCF, which can be visualized by fluorescence microscopy. Figure 18a 

exhibited that non-treated control cells produced negligible ROS, whereas, ER-NP 

induced remarkably increased amount of ROS leading to 19.1 folds increase in green 

fluorescence intensity compared to control cells (Figure 20a). We further evaluated the 

stimulation of programmed cell death (apoptosis) by ER-NPs through flow cytometry. 

HeLa cells were treated with ER-NPs for 24 h followed by incubation with FITC-
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labeled Annexin V (green fluorescence) and propidium iodide (PI, red fluorescence 

dye) to stain cell surface phosphatidyl serine and nuclear DNA in apoptotic and 

necrotic cells respectively. From the flow cytometry data, it was found that ER-NP 

triggered 37.4 % and 51.8 % cells into early and late stages of apoptosis compared to 

control cells (Figure 18b).  

 

 

Figure 18: (a) CLSM images of ROS generation in HeLa cells. Scale bar = 10 μm. (b) 

Flow cytometry analysis in HeLa cells after treatment with ER-NP. Apoptotic and 

necrotic cells were stained with FITC-Annexin V and PI respectively. (c) Cell viability 

assay of ER-NP, 5FU and compound 11 in HeLa cells at 48 h post-incubation. 

Induction of early and late apoptosis would push the cells into death. The cell viability 

assay was performed to evaluate the effect of ER-NPs. HeLa cells were treated with 

ER-NPs in multiple dosages for 48 h and the % of viable cells was measured by MTT 

assay. The cell viability assay showed that ER-NPs prompted 50% cell death (IC50) at 
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23.2 μM concentration with 35.2% cell viability at 50 μM concentration (Figure 18c). 

On the other hand, 5-FU and compound 11 could induce only 70.6% and 58.2% cell 

viability even in highest concentration (50 μM). From the microscopy, flow cytometry 

and cell viability assay it was evident that ER-NPs generated ROS to trigger early/late 

apoptosis to induce cell death. 

3.2.7. Autophagy induction and inhibition  

Cancer cells can overcome ER stress and DNA damage effect by initiating cell 

survival mechanism called autophagy.
54-55

 Hence, we evaluated the induction of 

autophagy by ER-NPs. HeLa cells were treated with ER-NPs for 24 h followed by 

incubation with Beclin-1 primary antibody as one of the markers for autophagy.
56

 We 

visualized the cells after further incubation with red fluorescent Alexa Flour 594 

labeled secondary antibody under fluorescence microscopy. From the CLSM images 

(Figure 19a), it was clear that control cells hardly showed any Beclin-1 expression. On 

contrary, ER-NP treated cells demonstrated significant increase in red fluorescence 

intensity (5 folds, Figure 20b) compared to control cells indicating triggering of 

autophagy. Furthermore, we also assessed the protein level of another autophagy 

marker LC3 (microtubule-associated protein 1 light chain 3)
57

 by Western blot 

analysis. The gel electrophoresis image (Figure 19b) after treating HeLa cells with ER-

NPs for 24 h, showed undoubtedly that, ER-NPs increased the expression of LC3 by 

2.3 folds compared to control cells (Figure 20c). Hence it was evident that ER-NPs 

activated autophagy as one of the cell survival mechanisms under stress.  

 

To inhibit autophagy and trigger augmented cell death, we intended to use ER-NPs in 

combination of chloroquine (CQ) as autophagy inhibitor.
58

 Moreover, it was shown 

recently that CQ can augment the anti-cancer activity of 5FU in cancer cells.
59

 Hence, 

we treated HeLa cells with a cocktail of varying dosages of ER-NP and CQ in 50 μM 

concentration and assessed the generation of ROS by H2DCFDA assay. The 

fluorescence microscopy images (Figure 19c) evidently showed that combination of 

ER-NP and CQ significantly increased the generation of ROS by 36 folds compared to 

control cells (Figure 20a). We finally, assessed the cell killing ability of ER-NPs in 

presence of CQ by MTT assay. We again incubated HeLa cells in different 

concentrations of ER-NP and CQ (50 μM) cocktail and cell viability was measure after 

48 h. From the MTT data, it was observed that, the combination of ER-NP with CQ 
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showed much reduced IC50 = 11.9 μM (20.3 % cell viability in highest concentration) 

compared to IC50 = 23.3 μM for ER-NP only (Figure 19d). Interestingly, only CQ 

showed negligible cell killing even at 50 μM concentration after 48 h (Figure 20d). 

From these ROS and MTT assay, it was confirmed that simultaneous induction of ER 

stress, DNA damage and autophagy inhibition can augment anti-cancer efficacy in 

HeLa cervical cancer cells.  

 

 

Figure 19: (a) CLSM images of HeLa cells to visualize Beclin-1 as autophagy marker. 

(b) Wester blot analysis for the expression of LC-3. (c) CLSM images of HeLa cells to 

visualize ROS. (d) Cell viability assay of ER-NP and ER-NP + CQ combination in 

HeLa cells at 48 h post-incubation. Scale bar = 10 μm. 
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Figure 20: (a, b) Quantification of ROS generated and Beclin-1 expression from CLSM 

images in HeLa cells after treatment with ER-NPs for 24 h. (c) Quantification of expression 

of LC-3 from Western blot in HeLa cells after treatment with ER-NPs for 24 h. (d) Cell 

viability of HeLa cells after treatment with chloroquine (CQ) at 48 h post-incubation.  

3.3. Conclusion 

In conclusion, we have engineered for the first time, a supramolecular self-assembled 

hexameric rosette structure from triazine-based small molecule in presence of an anti-cancer 

drug 5-fluorouracil in water which further lead to the formation of spherical nanoscale 

particle (ER-NP) by hierarchical self-assembly. These ER-NPs simultaneously contained ER-

localization fluorescence moiety, ER stress inducer and nuclear DNA damaging drug. 

Confocal microscopy, gel electrophoresis and flow cytometry revealed that ER-NPs 

accumulated selectively into endoplasmic reticulum of HeLa cells in a time dependent 

manner through macropinocytosis followed by induction of ER stress and nuclear DNA 

damage leading to improved cell death by apoptosis. Interestingly, ER-NPs initiated 

autophagy in HeLa cells which could be overcome by the combination of ER-NPs and 

autophagy inhibitor chloroquine, leading to much augmented cell killing efficacy. We 

anticipate that, this work will extend the concept of supramolecular self-assembly of small 

molecules to target multiple sub-cellular organelles simultaneously for improved therapeutic 

effect in anti-cancer therapy. 
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3.4. Materials & Methods.  

3.4.1. Materials 

Cyanuric chloride, dansyl chloride, ethylenediamine, hydrazine monohydrate, 5-

Nitrofuryladehyde, triphenyl-phosphoranylidene acetaldehyde, 5-fluorouracil, JC1, 

H2DCFDA, MTT, solvents were procured from Sigma-Aldrich. Cell culture media 

was purchased from HiMedia. All the primary and secondary antibodies were obtained 

from Cell Signaling, Biolegend and Abcam. Confocal microscopy was performed by a 

Zeiss LSM 710 machine. Flow cytometry was performed using a BD FACS Calibur 

flow cytometer. 

3.4.2. Experimental Procedure 

3.4.2.a. Synthesis of 4,6-dichloro-1,3,5-triazin-2-amine (2).  

Ammonia (1 equiv) was diluted in 10% ether and added drop wise vigorously stirred 

solution of cyanuric chloride (1 equiv) in 5 ml ether at -15 °C to -10 °C for 1 h. The 

resulting mixture was stirred at 0°C for 24 h. Diethyl ether was evaporated to dryness 

and the residue was treated with 50 mL water. Insoluble solid was filtered off and 

dried over anhydrous P2O5 to obtain compound 2.  

Yield = 90 %.  

1
H NMR (DMSO-d6, 400 MHz): δ = 11.18 (s, 2H).  

13
C NMR (DMSO-d6, 100 MHz): δ = 149.88, 149.78, 148.33.  

ESI-MS: Observed m/z for [M+H]
+ 

= 164.9735. 

3.4.2.b. Synthesis of N-(2-aminoethyl)-5-(dimethylamino) naphthalene-1-

sulfonamide (5).  

Dansyl chloride (3, 1 equiv.) was dissolved in dry dichloromethane and added drop 

wise in excess ethylenediamine (4, 10 equiv.) in dry dichloromethane at 0
 
°C. The 

reaction mixture was stirred at 0 °C for 1 h. Reaction progress was monitored by thin 

layer chromatography (TLC). After completion of reaction the solution was acidified 

with HCl (1N) and 20 mL water was added. The reaction mixture was poured into 10 

mL DCM and the organic layer was extracted. The DCM layer was concentrated and 

dried over Na2SO4, filtered and evaporated. The crude product was purified by silica 

gel colume chromatography using 5% methanol in DCM as mobile phase.  
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Yield = 93%.  

1
H NMR (CDCl3, 400 MHz): δ = 8.54 (s, 1H), 8.30 (d, J = 8.7 Hz, 1H), 7.495(dd, J = 

8.7Hz, 1.2 Hz, 1H), 8.25 (d, J = 7.3 Hz, 1H), 7.54 (ddd, J = 18.9 Hz, 8.5 Hz, 7.5 Hz, 

2H), 7.18 (d, J = 7.1 Hz, 2H), 2.91 (d, J = 5.3 Hz, 2H), 2.89 (s, 6H), 2.70 (m, 2H).  

13
C NMR (CDCl3, 100 MHz): δ = 152.15, 134.77, 130.61, 129.80, 128.55, 123.34, 

118.85, 115.35, 45.55, 40.92.   

ESI-MS: Observed m/z for [M+H]
+ 

= 294.1276. 

3.4.2.c. Synthesis of N-(2-(4-amino-6-chloro-1,3,5-triazin-2-yl)amino)ethyl)-5-

(dimethylamino)naphthalene-1-sulfonamide (6).  

4,6-dichloro-1,3,5-triazin-2-amine (2, 1 equiv.) was dissolved in THF. N-(2-

aminoethyl)-5-(dimethylamino) naphthalene-1-sulfonamide and DIPEA were 

dissolved in 20 mL THF and was added drop wise using dropping funnel into the 4,6-

dichloro-1,3,5-triazin-2-amine (2) solution. Temperature of the reaction was 

maintained at -15 °C for 50 min. The reaction mixture was allowed to run further 30 

min at 0 °C. After completion of the reaction, THF was evaporated and washed with 

water three times. The reaction mixture was filtered and washed with ice water. The 

solid compound was dried over anhydrous P2O5.  

 

Yield = 63 %.  

1
H NMR (DMSO-d6, 400 MHz): δ = 8.92 (s, 1H), 8.47 (d, J = 8.5 Hz, 1H), 8.25 (d, J 

= 8.6 Hz, 1H), 8.09 (dd, J = 11.6 Hz, 6.6 Hz, 2H), 7.60 (dt, J = 18.5 Hz, 8.0 Hz, 2H), 

7.28 (d, J = 7.4 Hz, 1H); 3.67 (s, 2H), 3.27 (d, J = 6.2 Hz, 2H), 2.99 (d, J = 6.2 Hz, 

2H)  

13
C NMR (DMSO-d6, 100 MHz): δ = 170.55, 169.20, 168.27, 165.25, 135.76, 

133.37, 129.40, 129.14, 128.88, 128.77, 128.36, 128.18, 127.181, 127.68, 123.66, 

122.87, 119.25, 117.53, 115.32, 64.94, 45.12, 40.68.  

ESI-MS: Observed m/z [M+Na]
+
 = 422.1180. 

3.4.2.d. Synthesis of N-(2-(4-amino-6-hydrazinyl-1,3,5-triazin-2-yl)amino)ethyl)-

5-(dimethylamino)naphthalene-1-sulfonamide (7).  

Hydrazine monohydrate (5 equiv) was added drop wise to a solution of compound 6 

(in 2 mL ethanol). The reaction mixture was stirred at refluxing condition for 24 h. 

After completion of the reaction solvent was evaporated and reaction mixture was 
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washed with water. The reaction mixture was filtered and washed with ice water. After 

filtration the solid compound was collected and dried over anhydrous P2O5.  

 

Yield = 84%.  

1
H NMR (DMSO-d6, 400 MHz): δ = 8.45 (d, J = 8.5 Hz, 1H), 8.25 (d, J = 8.6 Hz, 

1H), 8.10 (d, J = 7.2 Hz, 7.78 Hz, 1H), 7.78 (s, 1H), 7.59 (m, 2H), 7.24 (d, J = 7.4 Hz, 

1H), 6.64 (s, 1H), 3.23 (s, 2H), 2.91 (s, 2H), 2.82 (s, 6H).  

13
C NMR (DMSO-d6, 100 MHz): δ = 167.26, 151.38, 129.44, 129.04, 128.19, 

127.88, 123.62, 120.20, 119.00, 115.4, 45.10, 42.37.  

ESI-MS: Observed m/z for [M+H]
+
= 418.1773. 

3.4.2.e. Synthesis of (E)-3-(5-nitrofuran-2-yl) acrylaldehyde (10).  

5-Nitrofuryladehyde (8, 1 equiv) and triphenylphosphoranylidene acetaldehyde (9, 1 

equiv) were dissolved in dry toluene. The reaction mixture was refluxed for 6 h. The 

reaction mixture was cooled to room temperature and toluene was evaporated. 20 mL 

dichloromethane and 20 mL water were added into the reaction mixture. The organic 

layer was extracted and dried over anhydrous Na2SO4. The crude product was purified 

by silica gel column chromatography using 25% ethyl acetate/hexane as mobile phase.  

 

Yield = 61%.  

1
H NMR (CDCl3, 400 MHz): δ = 9.76 (d, J = 7.4 Hz, 1H), 7.41 (d, J = 3.8 Hz, 1H), 

7.30 (s, 1H), 6.95 (d, J = 3.8 Hz, 1H), 6.88 (dd, J = 16 Hz, 7.4 Hz, 1H),  

13
C NMR (CDCl3, 100 MHz): δ = 191.84, 151.99, 134.61, 131.02, 116.70, 113.40  

ESI-MS: Observed m/z [M+H]
+
 = 168.0276. 

3.4.2.f. Synthesis of N-(2-((4-amino-6-(2-((1E,2E)-3-(5-nitrofuran-2-

yl)allylidene)hydrazinyl)-1,3,5-triazin-2-yl)amino)ethyl)-5-

(dimethylamino)naphthalene-1-sulfonamide (11).  

Compound 7 and compound 10 were dissolved in dry methanol and the reaction 

mixture was stirred at room temperature for 1 h. Methanol was evaporated and 

compound 11 was purified by silica gel column chromatography using 10 % MeOH in 

DCM as mobile phase.  

 

Yield = 71%.  
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1
H NMR (MeOH-d4, 400 MHz): δ = 11.19 (s, 1H), 8.44 (d, J = 8.5 Hz, 1H), 8.27 (d, 

J = 8.6 Hz, 1H), 8.12 (d, J = 7.3 Hz, 1H), 7.94 (m, 1H), 7.76 (t, J = 4.5 Hz, 1H), 7.60 

(t, J = 8.1 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.21 (d, J = 7.6 Hz, 1H), 7.09 (t, J = 3.5 

Hz, 2H), 6.90 (dd, J = 15.9 Hz, 4.7 Hz, 2H), 3.31 (d, J = 5.9 Hz, 2H), 3.17 (d, J = 5.1 

Hz, 1H), 2.97 (d, J = 5.4 Hz, 2H), 2.80 (s, 6H).  

13
C NMR (MeOH-d4, 100 MHz): δ = 172.03, 168.23, 155.46, 151.38, 151.19, 

142.14, 138.42, 135.70, 131.12, 129.49, 129.06, 128.37, 127.80, 125.90, 123.59, 

121.13, 121.13, 118.96, 115.67, 115.12, 112.81, 48.63, 46.00, 45.07, 44.47.  

ESI-MS: Observed m/z for [M-N2+H]
+
= 567.1888. 

3.4.3. Experimental procedure of Dynamic light scattering (DLS):  

Procedure is discussed in chapter 1.
60

 

3.4.4. Experimental procedure of Field-emission scanning electron microscopy 

(FESEM): 

Procedure is discussed in chapter 1.
60

 

3.4.5. Experimental procedure of Atomic force microscopy (AFM):  

Procedure is discussed in chapter 1.
60 

3.4.6. Experimental procedure of Transmission Electron Microscopy (TEM):  

Procedure is discussed in chapter 1. 
60

 

3.4.7. Experimental procedure of Diffusion-Ordered NMR spectroscopy (DOSY): 

25 mM samples of the 1:1 mixture of compound 11 and 5FU, Compound 11 and 5FU were 

used to obtain DOSY spectra. A 400 MHz NMR spectrometer with a dual broadband probe 

was used to acquire the spectra at 25 °C. The spectra were acquired with DgcsteSL sequence 

using a diffusion delay of 50 ms for 10 values for the diffusion gradient strength from 1 000 

to 30000. A recycle delay of 2 ms was used for the accumulation of 64 scans for each value 

of the diffusion gradient strength.  

3.4.8. Experimental procedure of Live Cells Imaging of ER, mitochondria and 

lysosome:  

10
5
 HeLa cells per well were seeded in a Lab Tek chamber and incubated 12 h for 

attachment. The cells were treated with ER-NPs with (5µg/ml of fluorophore) in different 

time points. After treatment the media was removed and cells were washed with chilled PBS.  
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Followed by the cells were stained with respective organelle staining dye ER-Tracker Red, 

Mito-Tracker Deep Red and Lyso-Tracker Deep Red to stain Endoplasmic Reticulum, 

mitochondria and lysosome respectively. After incubation with organelle staining dye for 1h, 

cells were washed with cold PBS thrice. Finally the cells were imaged with Zeiss LSM 710 

confocal microscope.
 
 

3.4.9. Experimental procedure of Western blotting: 

Procedure is discussed in chapter 1. 
61 

(Primary antibodies are required GADD153/CHOP, 

γH2AX, p53, LC-3 and GAPDH). 
 

3.4.10. Experimental procedure of Immunofluorescence assay:  

2 ×10
4
 HeLa cells were placed on coverslip and kept overnight for attachment. Cells were 

then treated with ER-NPs at 25 µM concentration for 24 h. After the drug treatment the cells 

were washed with chilled PBS, fixed with 4% paraformaldehyde (15mins) and permeabilized 

with permeabilization buffer for 15mins. The permeabilization buffer (PBS containing 0.1–

0.25% Triton X-100) was removed and washed with cold PBS, subsequently the cells was 

incubated with  blocking agent (PBS containing 0.3% tween and 1% BSA) for 1h. Further the 

blocking agent was washed off and the cells was incubated with primary antibody (dilution 

followed according product protocol) for 3h and finally it was incubated with Alexa Fluor-

594 conjugated secondary antibody solution (dilution followed according product protocol) 

for 45mins. Cells were washed with chilled PBS and mounted on a glass slide using DAPI-

Diamond antifade reagent. Cellular imaging was performed by using confocal microscopy.
61 

3.4.11. Experimental procedure of Apoptosis by flow cytometry: 

2 lakh HeLa cells were seeded and allowed overnight for growing. Cells were treated with 

ER-NPs at 25 µM concentration for 24 h. After treatment the cells were washed with PBS 

and trypsinized to collect the cells. After collecting cells 5 μL of Annexin V and 10 µL 

propidium iodide and 400 μL binding buffer was added (followed according to product 

manual). Finally cells were analyzed using flow cytometer.
61

 

3.4.12. Experimental procedure of ROS generation assay: 

Procedure is discussed in chapter 1.
61

 

3.4.13. Experimental procedure of Cell Viability (MTT assay): 

Procedure is discussed in chapter 1. 
61 
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3.5. Appendices:  

 

 

Fig. S1: 
1
H NMR spectra of compound 2. 

 

 

Fig. S2: 
13

C NMR spectra of compound 2. 
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Fig. S3: HR-MS spectra of compound 2. 

 

Fig. S4: 
1
H NMR spectra of compound 5. 
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Fig. S5: 
13

C NMR spectra of compound 5. 

 

 

Fig. S6: 
13

C DEPT spectra of compound 5. 
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Fig. S7: HR-MS spectra of compound 5. 

 

 

Fig. S8: 
1
H NMR spectra of compound 6.  
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Fig. S9: 
13

C NMR spectra of compound 6. 

 

Fig. S10: 
13

C DEPT spectra of compound 6.  
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Fig. S11: HR-MS spectra of compound 6. 

 

Fig. S12: 
1
H NMR spectra of compound 7.  
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Fig. S13: 
13

C NMR spectra of compound 7. 

 

Fig. S14: 
13

C DEPT spectra of compound 7. 
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Fig. S15: HR-MS spectra of compound 7. 

 

Fig. S16: 
1
H NMR spectra of compound 10. 
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Fig. S17: 
13

C NMR spectra of compound 10. 

 

 

Fig. S18: 
13

C DEPT spectra of compound 10. 
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Fig. S19: HR-MS spectra of compound 10. 

 

Fig. S20: 
1
H NMR spectra of compound 11. 
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Fig. S21: 
13

C NMR spectra of compound 11. 

 

 

Fig. S22: 
13

C DEPT spectra of compound 11. 
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Fig. S23: HR-MS spectra of compound 11. 
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4.1. Introduction:  

Endoplasmic reticulum (ER) is an important organelle and functions in folding and 

assembling of cellular proteins, synthesis of lipids and storage of free calcium, which are all 

dependent on the ER internal homeostasis.
1
 ER stress also known as unfolded protein 

response (UPR),
2-4

 a well-studied issue in cell biology, refers to an important cellular self-

protection mechanism which can be activated to counteract the stressed situation when in the 

condition of overloading unfolded proteins or even from direct ER damage.
5
 ER stress 

usually happens for a short-term with provoking a series of transcriptional activities for cell 

survival, but prolonged ER stress activates apoptotic cell death pathways.
6-7 

As a result, 

impairing ER functions in cancer cells has materialized as novel next-generation anti-cancer 

strategy.
8
 However, exceedingly selective targeting of ER inside cancer cell milieu remains a 

foremost challenge and hence less explored.
9-11

 To address this, we have developed lipidic 

nanoscale material which has prospective to selectively home into cancer cells. 

 

There are many nanocarrier are developed to deliver small molecule drugs, genes, siRNAs 
12

 

and proteins successfully into tumor tissues through passive and active targeting. Although 

targeting organelles by nanocarrier remains largely unexplored. Only, few groups developed 

lipid-based micelle, liposomes and polymeric nanoparticle for targeting ER.
13-16

 Very 

recently, Feng et. al. engineered peptide-based enzyme-instructed crescent shaped 

supramolecular self-assembly for selective targeting of ER in cancer cells.
17

 The unfolded 

protein response (UPR) acts as adaptive responses, induces the expression of ER-resident 

chaperones, such as glucoseregulated protein (GRP)-78 and (GRP)-94.
18 

Thus targeting ER-

resident chaperon GRP-94 is an important strategy to induce ER stress.
19-21

 However, 

strategies for selective targeting of ER are critical task due to ER membrane overlap between 

other important organelles such as mitochondria, nucleus and endosome.
10

 Recently we have 

developed supramolecular self-assembly of triazine based small molecule which can 

concurently target ER and nucleus in cancer cells.  

 

To address the leading important issues, herein we have engineered two types of lipidic 

nanoparticles (NPs) in which one lipidic nanoparticle comprised of Tosylated napthalimide 

dodecyl conjugate (Tos-Nap-Docecyl conjugate) and 17AAG (HSP 90 inhibitor), similarly 

other lipidic nanoparticle comprised of Cholesterol napthalimide conjugated (Chol-Nap 

conjugate) and 17AAG(HSP-90 inhibitor). Interestingly the Chol-Nap-17AAGnps were 
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localized into lysosome, whereas the Tos-Nap-17AAGnps were localized in endoplasmic 

reticulum (ER) by caveloae mediated endocytosis within 1 h and homed within 24h in ER. 

These Tos-Nap-17AAGnps induced up-regulation of ER chaperon GRP94 and C/EBP 

homologous protein CHOP/GADD153. This nanoparticle-mediated ER stress triggered the 

nucleus damage leading to increased expression of H2AX and p53. Interestingly, these Tos-

Nap-17AAGnps exhibited improved effects in cervical cancer cells (HeLa) with respect to 

free 17AAG. These nanoparticles could be used as a platform to deliver HSP90 inhibitor into 

ER of cancer cells to impart ER stress which leads to programmed cell death. 

 

 

Scheme 1: Schematic representation of ER targeting lipidic nanoparticle  

4.2. Result and Discussion:  

4.2.1. Engineering of ER targeting Nanoparticles: To target ER resident chaperon 
22

 GRP-

94 specifically we have designed two types of nanoparticles Chol-Nap-17AAGnp and Tos-

Nap-17AAGnp (Scheme 1). These two types of nanoparticle have common fluorophores 1,8-

naphthalimide scaffolds due to their outstanding photophysical characteristics and easy 

preparation. The hydrophobic parts of these nanoparticles are different in one nanoparticle 

contains cholesterol and other contains dodecyl moiety. The ER targeting moiety sulfonamide 

group was attached in Tos-Nap-17AAGnp, whereas other nanoparticle Chol-Nap-17AAGnp 

has no ER targeting moiety. Synthetic scheme of compound Tosylated Napthalimide dodecyl 

conjugate and Cholesterol Napthalimide conjugate is shown in Figure 1. First the 

sulfonamide group was appended with 4-Bromo-1,8-napthalimide through condensation 
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reaction in ethanol at refluxing condition for 6 h to obtained compound 3. Finally the dodecyl 

moiety was tagged with napthalimide core through the reaction of compound 3 and dodecyl 

amine in presence of 2-methoxyethanol as a solvent at 90 
o
C for 12 h to obtain Tosylated 

Napthalimide deodecyl conjugate (compound 5).  

Similarly, N,N`ethylenediamine was tagged with napthalimide through condensation reaction 

in ethanol at 80 
o
C for 6 h to obtained compound 11. The piperazine group was attached with 

napthalimide core of compound 11 through the reaction between compound 11 and 

piperazine in presence of 2-Methoxyethanol at 90 
o
C for 6 h to obtain compound 13. Finally 

the compound 13 was tagged with cholesterol through the reaction of cholesterol succinic 

acid and compound 13 to get Cholesterol Napthalimide conjugate (compound 14). We 

characterized all the compounds and intermediates by 
1
H, 

13
C NMR, DEPT spectroscopy and 

Mass-spectroscopy (HR-MS). These conjugates were used to make two types of 

nanoparticles using lipid-hydration technique with DSPE-PEG and PC (1:2). We have chosen 

17AAG drug for targeting ER resident chaperon GRP-94 for ER stress, encapsulated in these 

two types of nanoparticles to make Tos-Nap-17AAGnp and Chol-Nap-17AAGnp 

respectively. To ensure prolonged blood circulation of this nanoparticle we have taken 

DSPE-PEG and were made lipidic nanoparticle with 200nm size. The size and shape of the 

nanoparticles is one of the key factors to be successfully accumulated into the tumor tissues 

by leaky vasculature which is known as enhanced permeability and retention (EPR) effect. 

The mean hydrodynamic diameter of the Tos-Nap-17AAGnp & Chol-Nap-17AAGnp were 

determined to be 157.87 ± 0.5 nm and 183.74 ± 0.5 nm (Figure 2 a,b) by dynamic light 

scattering (DLS). Further, we visualized the nanoparticles in order to understand the shape of 

the nanoparticle by electron microscopy. The FESEM image (Figure 2) clearly showed that 

Tos-Nap-17AAGnp & Chol-Nap-17AAGnp were spherical in shape and size having  <200 

nm in diameter. The shape and hight of these nanoparticles were also confirmed by AFM 

images (Figure 2 a,b). We evaluated dual drug loading in the nanoparticle via UV-vis at λmax 

= 412 nm of Chol-Nap conjugate , λmax = 455 nm of Tos-Nap-Dodecyl conjugate (Figure 3 

a,c) and λmax= 331 nm of 17AAG. The loading of Chol-Nap conjugate and 17AAG in Chol-

Nap-17AAGnp were 1214.41 μg/mL and 1765.16 μg/mL respectively (Figure 3 d). Similarly, 

the loading of Tos-Nap-Dodecyl conjugate and 17AAG in Tos-Nap-17AAGnp were 2066.5 

µM and 2357.12 µM respectively (Figure 3b). Finally, we evaluated the fluorescence 

emission spectra of Chol-Nap conjugate and Tos-Nap conjugate, and found that 568nm and 

533nm peaks respectively (Figure 3a, c). 
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Figure 1: Synthesis of (a). Tosylated-napthalimide dodecyl conjugate, (b). Cholesterol-

napthalimide conjugate.  
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Figure 2: Characterization of lipidic nanoparticle DLS, AFM & FESEM (a) Tos-Nap-

17AAGnp, (b). Chol-Nap-17AAGnp.  

 

Figure 3: (a) Excitation & Emission spectra of Tos-Nap-17AAGnp, (b) Loading of 17AAG 

& Tos-Nap-Dodecyl conjugate in lipidic nanoparticle, (c). Excitation & Emission spectra of 

Chol-Nap-17AAGnp, (d). Loading of 17AAG & Chol-Nap conjugate in lipidic nanoparticle.  
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4.2.2. Cellular Internalization and ER Homing. In spite of the advancement of nanovectors 

to deliver the chemotherapeutic drugs to different organelle, the actual mechanism of 

endoplasmic reticulum homing of nanovectors is not clearly understood.
23-29

 To address this, 

we have assessed the cellular uptake mechanism of two types of lipidic nanoparticles Chol-

Nap-17AAGnp and Tos-Nap-17AAGnp in HeLa cervical cancer cells using confocal 

microscopy. First HeLa cells were treated with two different types of nanoparticle in a time 

dependent manner (1 h, 3 h, 6 h and 24 h) and co-stained the endoplasmic reticulum with ER-

tracker red followed by visualization by CLSM. The live cells images revealed that the Chol-

Nap-17AAGnp showed minimal co-localization in ER, also validated by volume co-

localization by only 9.78%, 18.06%, 31.78% and 29.32% after 1 h, 3 h, 6 h and 24 h 

respectively (Figure 5 & Table 2). Whereas the Tos-Nap-17AAGnp co-localized in ER 

within 1 h shows percent volume co-localization 48.55% and homing into ER with time 

progress 3 h, 6 h and 24 h volume co-localization 42.24%, 65.13% and 59.24% respectively 

(Figure 4 & Table 1).  

We further evaluated the localization of these two types of nanoparticle in lysosome of HeLa 

cells were stained with lysotracker read followed by the two types of nanoparticles Chol-

Nap-17AAGnp and Tos-Nap-17AAGnp were treated individually in a time dependent 

manner and visualized by CLSM. The confocal images revealed that green fluorescent 

compound Chol-Nap-17AAGnp localized into red fluorescently labeled lysosome of HeLa 

cells in 24h. The confocal image based quantification by Pearson’s and Mender’s coefficients 

shows that Chol-Nap-17AAGnp produced 24.54% and 56.05% volume co-localization in 

lysosome at 1h, and 24h respectively (Figure 7a, Table 5). Similarly, the HeLa cells were 

treated with Tos-Nap-17AAGnp in time dependent manner (1h and 24h) and co-stained 

lysosome by lysotracker red and visualized in confocal microscopy. The confocal images 

showed that marginal overlap of green and red fluorescence signals to yield yellow regions, 

which also validated by volume co-localization by only 11.08% and 21.56% in 1h and 24h 

respectively (Figure 6a, Table 3). We also assessed the localization of these nanoparticles 

Chol-Nap-17AAGnp and Tos-Nap-17AAGnp in mitochondria. Mitochondria of Hela cells 

were stained with Mito-Tracker Red dye and co-localization of individual nanoparticles were 

visualized at 1h and 24h post incubation. The confocal images showed marginal overlap of 

green and red fluorescence signals to yield yellow regions in both the nanoparticles treatment. 

which validated by volume co-localization 14.03% and 25.67% after 1h and 24h respectively 

for Chol-Nap-17AAGnp (Figure 7b, Table 6) similarly volume co-localization 24.55% and 
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35.32% in 1h and 24h respectively for Tos-Nap-17AAGnp (Figure 6b, Table 4). These 

confocal microscopy images and quantification evidently exhibited that Tos-Nap-17AAGnp 

were homed into ER of HeLa cells within 1h.  

We further evaluated the mechanism of cellular internalization of Tos-Nap-17AAGnp 

through endocytosis. Cells can engulf molecules/nanoparticles in different endocytosis 

mechanism
30

 including clathrin, caveolin mediated endocytosis and macropinocytsis. To 

understand the cellular uptake mechanism, we pre-treated the HeLa cells with individual 

endocytosis inhibitors like genistein, chloropromazine and amiloride followed by the 

incubation with Tos-Nap-17AAGnp for 1h and co-stained ER with ER-Tracker Red dye. We 

visualized the live cells under confocal microscopy. Interestingly, amiloride and 

chlorpromazine pre-treated cells showed no significant change in ER homing of Tos-Nap-

17AAGnp compared to control no-inhibitor treated cells evident from the merged yellow 

regions generated from the co-localization of green fluorescent Tos-Nap-17AAGnp and red 

fluorescent signal from ER-Tracker Red (Figure 8). However, a remarkably significant 

reduction of Tos-Nap-17AAGnp localization in ER was visualized in genistein pre-treated 

cells. (Fluorescence microscopy-based quantification also supported the image data by 

showing 60.24% and 44.98% volume co-localization in amiloride and chlorpromazine treated 

cells respectively compared to 55.56% co-localization for control cells. However, genistein 

treated cells showed only 24.61% volume co-localization of Tos-Nap-17AAGnp in ER 

(Table 7). These confocal microscopy images and quantification clearly confirmed that 

amiloride and chlorpromazine-mediated inhibition of macropinocytosis and clathrin-based 

endocytosis respectively were not instrumental in ER-NP uptake in HeLa cells. On the other 

hand, genestein mediated inhibition of caveolin-based endocytosis was the operative pathway 

for the cellular internalization of Tos-Nap-17AAGnp followed by ER homing. 
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Figure 4: Confocal laser scanning microscopy (CLSM) images of lipdic nanoparticle Tos-

Nap-17AAGnp in HeLa cells in different time points (1 h, 3h, 6 h and 24 h). ER is stained by 

ER-Tracker Red. Scale bar = 10 μm. 

 

Table 1: Quantification of co-localization of Tos-Nap-17AAGnp in ER of HeLa cells at 1 h, 

3h, 6h & 24h from CLSM. 
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Figure 5: Confocal laser scanning microscopy (CLSM) images of lipdic nanoparticle Chol-

Nap-17AAGnp in HeLa cells in different time points (1 h, 3h, 6 h and 24 h). ER is stained by 

ER-Tracker Red. Scale bar = 10 μm. 

 

Table 2: Quantification of co-localization of Chol-Nap-17AAGnp in ER of HeLa cells at 1 h, 

3h, 6h & 24h from CLSM. 
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Figure 6: CLSM images of Tos-Nap-17AAGnp in HeLa cells at 1h & 24 h (a) Lysosome 

were stained by Lysotracker Red, (b). Mitochondria were stained with MitoTracker Deep Red 

dye. Scale bar = 10 μm. 

 

Table 3: Quantification of co-localization of Tos-Nap-17AAGnp into lysosomes in HeLa 

cells at 1h & 24h from CLSM. 
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Table 4: Quantification of co-localization of Tos-Nap-17AAGnp into Mitochondria in HeLa 

cells at 1h & 24 h from CLSM. 

 

Figure 7: CLSM images of Chol-Nap-17AAGnp in HeLa cells at 1h & 24 h (a) Lysosome 

were stained by Lysotracker Red, (b). Mitochondria were stained with MitoTracker Deep Red 

dye. Scale bar = 10 μm. 
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Table 5: Quantification of co-localization of Chol-Nap-17AAGnp into lysosomes in HeLa 

cells at 1h & 24h from CLSM. 

 

Table 6: Quantification of co-localization of Chol-Nap-17AAGnp into Mitochondria in HeLa 

cells at 1h & 24 h from CLSM. 

 



Chapter 4 

 

156 
 

 

Figure 8: CLSM images of HeLa cells pre-treated with endocytosis inhibitors 

followed by Tos-Nap-17AAGnp (green) treated for 1h, ER of HeLa cells were stained 

with ER-Tracker Red dye. Scale bar = 10 μm. 

 

 

Table 7: Quantification of co-localization of Tos-Nap-17AAGnp into ER in HeLa cells pre-

treated with different endocytosis inhibitors from CLSM. 

 



Chapter 4 

 

157 
 

4.2.3. ER Stress Induction: After successful accumulation into ER, the lipidic nanoparticle 

Tos-Nap-17AAGnp would induce stress in ER. One of the important markers for ER stress is 

c/EBP homologous protein (CHOP).
31
 Hence, we evaluated the expression of CHOP by 

confocal fluorescence microscopy. The HeLa cells were treated with Tos-Nap-17AAGnps for 

24 h and stained the nucleus of the cells with blue fluorescent dye DAPI. The cells were 

further incubated with CHOP specific primary antibody followed by treatment with red 

fluorescent Alexa Fluor 594-labelled secondary antibody. The cells were then visualized 

under fluorescence microscopy (Figure 9a) evidently showed that Tos-Nap-17AAGnp 

induced ER stress leading to the remarkable increase in red fluorescence intensity compared 

to control cells which hardly showed any CHOP expression.  

 

Figure 9: (a) CLSM images of HeLa cells to visualize CHOP as ER stress marker. 

CHOP was stained with Alexa Fluor 594-labeled antibody (red). Nuclei of HeLa cells 

were stained with DAPI (blue). (b) Western blot image of expression of CHOP in 

HeLa cells. Scale bar = 10 μm. 

 

Also quantification of red fluorescence intensity from confocal images revealed that Tos-

Nap-17AAGnp increased the CHOP expression by 18.6 folds compared to control cells 

(Figure 10a). The expression of CHOP was further assessed by Western blot analysis after 
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incubating HeLa cells with ER-NPs for increase in CHOP expression compared to non-

treated control cells (Figure 9b & 10b). Further we assessed the Glucose Regulatory Protein 

94 (GRP-94) after the treatment of Tos-Nap-17AAGnp and showed upregulation of GRP-94 

with respect to control (Figure 9b & 10c). From these fluorescence imaging and protein 

expression assays, it was confirmed that Tos-Nap-17AAGnp triggered ER stress in HeLa 

cells.  

 

 

Figure 10: (a,b) Quantification of CHOP expression in HeLa cells after treatment with Tos-

Nap-17AAGnp for 24 h determined from CLSM images and Western blot analysis 

respectively. (c) Quantification of GRP94 expression in HeLa cells after treatment with Tos-

Nap-17AAGnp for 24 h, determined by Western blot analysis.  

4.2.4. DNA Damage: We hypothesized that Tos-Nap-17AAGnp would simultaneously 

induce ER stress and DNA damage.
32

 To validate this hypothesis, we estimated the 

expression of γH2AX as one of the markers of DNA damage by fluorescence microscopy. 

HeLa cells were treated with Tos-Nap-17AAGnp for 24 h followed by staining of nucleus 

with blue fluorescent dye DAPI. The cells were further incubated with γH2AX primary 

antibody followed by red fluorescent Alexa Fluor 594-labelled secondary antibody. The 

expression of γH2AX was visualized by CLSM. (Figure 11a) demonstrated that, untreated 

control cells hardly showed any DNA damage. On the other hand, Tos-Nap-17AAGnp 

treated cells showed remarkable increase in γH2AX expression leading to increase in red 

fluorescence intensity. Moreover, the red fluorescence signals significantly overlapped with 

the blue fluorescently labeled nucleus showing the localization of γH2AX (Figure 11a).  
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Figure 11: (a) CLSM images of HeLa cells to visualize γH2AX as DNA damage 

marker. γH2AX was stained with Alexa Fluor 594-labeled antibody (red). Nuclei of 

HeLa cells were stained with DAPI (blue). (b) Western blot image of expression of 

γH2AX and p53 in HeLa cells. Scale bar = 10 μm.  

 

Figure 12: (a). Quantification of H2AX expression in HeLa cells after treatment with Tos-

Nap-17AAGnp for 24 h determined from CLSM images, (b) Quantification of p53 

expression in HeLa cells after treatment with Tos-Nap-17AAGnp for 24 h, determined by 

Western blot analysis.  

Also fluorescence microscopy based quantification revealed that Tos-Nap-17AAGnp induced 

2.5 folds increase in γH2AX expression compared to control cells (Figure 12a). Further 

assessment of p53 (DNA damage effector) 
33

 by Western blot was also performed after 

treatment of HeLa cells with Tos-Nap-17AAGnp for 24 h. The gel electrophoresis images 
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clearly showed that lipidic nanoparticle (Tos-Nap-17AAGnp) amplified the expression of p53 

by 3.7 folds (Figure 11b, 12b). From these microscopy and protein expression it was 

confirmed that Tos-Nap-17AAGnp triggered DNA damage in HeLa cells. 

4.2.5. Apoptosis & Cell Death: Simultaneous ER stress and DNA damage leads to 

cell alteration of cell cycle.
34-35

 To evaluate the effect of nanoparticle mediated ER 

stress induction on cell cycle, we incubated HeLa cells with 5µM of Tos-Nap-

17AAGnp and free 17AAG respectively for 24h and quantified the number of cells 

present in different stages of cell cycle by flow cytometry. It was found that, 51.85%, 

11.51% and 31.70% cells were in G1, S and G2/M phase respectively after treatment 

with Tos-Nap-17AAGnp as compare to 74.95%, 6.42% and 13.08% cells were in G1, 

S and G2/M phase with no treatment control (Figure 13a) On the other hand, in free 

17AAG treatment, 48.82%, 8.20% and 34.17% cells were found in G1, S and G2/M 

phase respectively. Hence, the flow cytometric analysis exhibited that Tos-Nap-

17AAGnp inhibiting cell cycle in similar fashion with free 17AAG treatment. We 

further evaluated the stimulation of programmed cell death (apoptosis) by Tos-Nap-

17AAGnp through flow cytometry. HeLa cells were treated with Tos-Nap-17AAGnp 

for 24 h followed by incubation with FITC-labeled Annexin V (green fluorescence) 

and propidium iodide (PI, red fluorescence dye) to stain cell surface phosphatidyl 

serine and nuclear DNA in apoptotic and necrotic cells respectively. From the flow 

cytometry data, it was found that Tos-Nap-17AAGnp triggered 76.05% cells into late 

stages of apoptosis compared to control cells. Induction of early and late apoptosis 

would push the cells into death. The cell viability assay was performed to evaluate the 

effect of Tos-Nap-17AAGnp. HeLa cells were treated with Tos-Nap-17AAGnp in 

multiple dosages for 48 h and the % of viable cells was measured by MTT assay. The 

cell viability assay showed that Tos-Nap-17AAGnp prompted 50% cell death (IC50) at 

3 μM concentration. On the other hand, Chol-Nap-17AAGnp and free 17AAG showed 

50% cell death (IC50) at 6.25 µM and 5 µM respectively (Figure 14a). From the flow 

cytometry and cell viability assay it was evident that Tos-Nap-17AAGnp generated 

late apoptosis to induce cell death.  
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Figure 13: Treatment of Tos-Nap-17AAGnp and 17AAG in HeLa cells (a) Cell Cycle 

analysis at 24h post-incubation (b) Flow cytometry analysis at 24h post-incubation, 

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

 

 

Figure 14: (a). Cell viability assay at 48h post-incubation in HeLa cells (a). Tos-Nap-

17AAGnp, Chol-Nap-17AAGnp and 17AAG, (b). Tos-Nap-Dodecyl Conjugate & 

Chol-Nap Conjugate.  

4.2.6. Autophagy Induction & Inhibition: Cancer cells can overcome ER stress and 

DNA damage effect by initiating cell survival mechanism called autophagy.
36-38

 

Hence, we evaluated the induction of autophagy by Tos-Nap-17AAGnp. HeLa cells 

were treated with Tos-Nap-17AAGnp for 24 h followed by incubation with Beclin-1 

primary antibody as one of the markers for autophagy. We visualized the cells after 
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further incubation with red fluorescent Alexa Flour 594 labeled secondary antibody 

under fluorescence microscopy. From the CLSM images (Figure 15a), it was clear that 

control cells hardly showed any Beclin-1 expression. On contrary, Tos-Nap-17AAGnp 

treated cells demonstrated significant increase in red fluorescence intensity by 1.97 

folds (Figure 16a) compared to control cells indicating triggering of autophagy. 

Furthermore, we also assessed the protein level of another autophagy marker LC3 

(microtubule-associated protein 1 light chain 3) by Western blot analysis. The gel 

electrophoresis image (Figure 15b) after treating HeLa cells with Tos-Nap-17AAGnp 

for 24 h, showed undoubtedly that, Tos-Nap-17AAGnp increased the expression of 

LC3 by 1.63 folds compared to control cells (Figure 16b). Hence it was evident that 

Tos-Nap-17AAGnp activated autophagy as one of the cell survival mechanisms under 

stress. 

 

Figure 15: (a) CLSM images of HeLa cells to visualize Beclin-1 as autophagy marker. (b) 

Western blot analysis for the expression of LC-3. 
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Figure 16: (a). Quantification of Beclin 1expression in HeLa cells after treatment with Tos-

Nap-17AAGnp for 24 h determined from CLSM images, (b) Quantification of LC3 

expression in HeLa cells after treatment with Tos-Nap-17AAGnp for 24 h, determined by 

Western blot analysis.  

To inhibit autophagy and trigger augmented cell death, we intended to use Tos-Nap-

17AAGnp in combination of chloroquine (CQ) as autophagy inhibitor.
39
 Moreover, it was 

shown recently that CQ can augment the anti-cancer activity of 5FU in cancer cells. Hence, 

we assessed the cell killing ability of Tos-Nap-17AAGnp in presence of CQ by MTT assay. 

We incubated HeLa cells in different concentrations of Tos-Nap-17AAGnp and CQ (50 μM) 

cocktail and cell viability was measure after 48 h. From the MTT data, it was observed that, 

the combination of Tos-Nap-17AAGnp with CQ showed much reduced IC50 = 200 nM (21.4 

% cell viability in highest concentration) compared to IC50 = 3 μM for Tos-Nap-17AAGnp 

only (Figure 17a). On the other hand, IC50 value of 17AAG in combination with CQ is 500 

nM and less effective as compared to combination treatment of Tos-Nap-17AAG and CQ 

(Figure 17b). Interestingly, only CQ showed negligible cell killing even at 50 μM 

concentration after 48 h (Chapter 3, Figure 20d). From these MTT assay, it was confirmed 

that simultaneous induction of ER stress, DNA damage and autophagy inhibition can 

augment anti-cancer efficacy in HeLa cervical cancer cells. 
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Figure 17: Cell viability assay of (a). Tos-Nap-17AAGnp and Tos-Nap-17AAGnp + CQ. (b). 

17AAG & 17AAG + CQ combination in HeLa cells at 48 h post-incubation. Scale bar = 10 

μm. 

4.3. Conclusion: 

In conclusion, we have engineered lipidic nanoparticle containing sulfonamide group in the 

conjugate which selectively goes to ER. These lipidic nanoparticles Tos-Nap-17AAGnp 

induce ER stress which subsequently induces nuclear DNA damage. Confocal microscopy, 

gel electrophoresis and flow cytometry revealed that Tos-Nap-17AAGnp accumulated 

selectively into endoplasmic reticulum of HeLa cells in a time dependent manner through 

caveloae mediated endocytosis followed by induction of ER stress and nuclear DNA damage 

leading to programmed cell death (apoptosis). Interestingly, Tos-Nap-17AAGnp initiated 

autophagy in HeLa cells which could be overcome by the combination of Tos-Nap-17AAGnp 

and autophagy inhibitor chloroquine, leading to much augmented cell killing efficacy. We 

anticipate that, this work will extend the concept of lipidic ER targeting nanoparticle to target 

specific sub-cellular organelle endoplasmic reticulum for improved therapeutic effect in anti-

cancer therapy.  
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4.4. Experimental Methods & Materials: 

4.4.1. Materials:  

Commercially available chemicals and solvents were used without further purification and 

distillation. Chemical reactions were carried out in inert gas (nitrogen gas) condition. Pre-

coated silica gel aluminum sheets 60F254 are used for analytical thin-layer chromatography 

(TLC), was obtained from EMD Millipore Laboratories. Cell culture media (Dulbecco’s 

modified Eagle’s medium (DMEM)) and 3-(4,5- dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were purchased from HiMedia. Sodium dodecyl sulfate 

(SDS), Hanks’ balanced salts, N-(2 hydroxyethyl)piperazine-N′-ethanesulfonic acid sodium 

salt, propidium iodide, Lab Tek chamber slide 8 wells, 5,5′,6,6′-tetrachloro-1,1′,3,3′ 

tetraethylbenzimidazolylcarbocyanine iodide (JC 1 dye)and 2′,7′-dichlorofluoresceindiacetate 

(DCFH-DA) were obtained from Sigma-Aldrich. All of the primary and secondary antibodies 

were obtained from Cell Signaling Technology, Biolegend, and Abcam. Confocal laser 

scanning microscopy was performed by a Zeiss LSM 710 machine. Flow cytometry analysis 

was performed using a BD FACS Calibur flow cytometer. Each sample was done in 

triplicate. 

4.4.2. Experimental Procedure: 

4.4.2.a. Synthesis of N-(2-aminoethyl)-4-methylbenzenesulfonamide (Compound 3):   

p-Tolune sulfonyl chloride (1 eq) was dissolved in dry dichloromethane and added drop wise 

into stirred solution of excess ethylenediamine (10 eq) at 0
o
C over a period of 30mins. The 

reaction mixture was stirred at 0
o
C for 1h, further allowed to stir 18h at room temperature. 

The resulting reaction mixture was diluted with 10ml DCM and neutralized with 1(N) HCl. 

The organic layer was extracted and the aqueous layer basified with 10(N) NaOH (to make 

pH 10). The aqueous layer further extracted with 5ml DCM and concentrated all organic 

layers. The organic layer was dried over Na2SO4 filtered and evaporated. The product was 

pure and no need for column chromatography.  

Yield: 87.45% 

1
H NMR (CDCl3, 400MHz): δ =7.75 (d, 8.29 Hz, 2H), 7.29 (d, 7.96 Hz, 2H), 3.12 (t, 5.2 Hz, 

2H), 2.97 (t, 5.2 Hz, 2H), 2.81 (t, 6.4 Hz, 2H), 2.408 (s, 3H).  

13
C NMR (CDCl3, 100MHz): δ = 143.78, 143.62, 137.11, 136.91, 130.03, 127.31, 45.31, 

41.07, 21.77.  
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ESI-HRMS: Observed m/z for [M+H]
+ 

= 215.0654 

4.4.2b. Synthesis of N-(2-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl)-4-

methylbenzenesulfonamide (compound 3):  

4-Bromo-1,8-Napthalicanhydride (1 eq) was dissolved in dry ethanol and added slowly into 

ethanolic solution of N-(2-aminoethyl)-4-methylbenzenesulfonamide (1.2 eq). The resulting 

mixture was refluxed at 80
o
C and allowed to stir for 6h. After completion the ethanol was 

evaporated and the crude product was concentrated. Finally the crude product was purified by 

column chromatography using 3% MeOH/ DCM as mobile phase.  

Yield: 73.58% 

1
H NMR (CDCl3, 400MHz): δ = 8.58 (m, 2H), 8.32 (d, 7.87 Hz, 1H), 8.05 (d, 7.87 Hz, 1H), 

7.86 (dd, 7.37 Hz, 8.44 Hz, 1H), 7.52 (d, 8.27 Hz, 2H), 6.73 (d, 7.95 Hz, 2H), 5.10 (m, 1H), 

4.27 (t, 4.5 Hz, 2H), 3.49 (t, 4.5 Hz, 2H), 1.95 (s, 3H).  

13
C NMR (CDCl3, 100MHz): δ =164.20, 142.82, 137.30, 133.78, 132.42, 131.56, 131.42, 

131.30, 130.88, 130.72, 129.31, 129.10, 128.30, 126.80, 122.75, 121.84, 42.60, 39.36, 21.28.  

ESI-HRMS: Observed m/z for [M+H]
+ 

= 473.3410 

4.4.2.c. Synthesis of N-(2-(6-(dodecylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)ethyl)-4-methylbenzenesulfonamide (compound 5):  

Compound 3 was dissolved into 2-methoxyethanol and the deodecylamine was added drop 

wise at room temperature. The resulting reaction mixture was refluxed at 90
o
C for 24h. After 

completion of the reaction, the 2-methoxyethanol was evaporated and 10 ml chilled ethanol 

was added. The precipitated product was filtered and washed with chilled water. The crude 

product was purified by column chromatography using 2% MeOH/DCM as mobile phase.  

Yield: 66.95% 

1
H NMR (CDCl3, 400MHz): δ = 8.43 (d, 7.31 Hz, 1H), 8.34 (d, 8.47 Hz, 1H), 8.09 (d, 8.13 

Hz, 1H), 7.59 (t, 7.6 Hz, 1H), 7.53 (d, 8.4 Hz, 2H), 6.74 (d, 8.06 Hz, 2H), 6.69 (d, 8.50Hz, 

1H), 5.47 (t, 4.65 Hz, 1H), 5.39 (t, 4.83 Hz, 1H), 4.24 (dd, 4.58 Hz, 6.23 Hz, 2H), 3.43 (m, 

4H), 1.93 ( s, 3H), 1.26 (s, 2H), 0.87 (s, 3H).  

13
C NMR (CDCl3, 100MHz): δ = 165.20, 164.62, 149.89, 142.59, 134.97, 131.38, 129.93, 

129.22, 126.77, 126.24, 124.72, 122.57, 120.03, 109.44, 109.44, 104.41, 43.57, 43.14, 38.85, 

31.99, 29.71, 29.42, 29.02, 27.25, 22.77, 21.19, 14.20.  

ESI-HRMS: Observed m/z [M+H]+ = 578.3052 
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4.4.2.d. Synthesis of 6-bromo-2-(2-(dimethylamino)ethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (compound 11):  

4-Bromo-1,8-napthalic anhydride (1g, 3.60 mmol, 1 eq.) and N,N`-dimethylethylenediamine 

(381.78 mg, 4.33 mmol, 1.2 eq.) was mixed in ethanol and stirred for 5 mins. The reaction 

mixture was refluxed at 60
o
C to 70

o
C for 8h. After reflux the reaction mixture was filtered 

and washed with chilled ethanol twice. The solid compound was dried over P2O5 and no 

further purification is required.  

Yield: 82.51% 

1
H NMR (CDCl3, 400MHz): δ = 8.65(dd, 7.30 Hz, 1.07 Hz, 1H), 8.56 (dd, 8.52, 1.08, 1H), 

8.40 (dd, 7.87 Hz, 1H), 8.03 (d, 7.87 Hz, 1H), 7.84 (dd, 7.2 Hz, 1.2 Hz, 1H), 4.33 ( t, 6.8 Hz, 

2H), 2.67 (t, 7.2 Hz, 2H), 2.36 ( s, 3H).  

13
C NMR (CDCl3, 100MHz): δ = 163.51, 133.13, 131.92, 131.11, 130.92, 130.47, 130.12, 

128.91, 127.89, 122.92, 122.06, 56.73, 45.53, 38.05.  

ESI-HRMS: Observed m/z [M+Na]+ = 347.0395 

4.4.2.e. Synthesis of 2-(2-(dimethylamino)ethyl)-6-(piperazin-1-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (compound 13):  

Compound 11 was dissolved into 2-methoxyethanol and the piperazine (3 eq.) was added 

drop wise at room temperature. The resulting reaction mixture was refluxed at 90
o
C for 24h. 

After completion of the reaction, the 2-methoxyethanol was evaporated and 10 ml chilled 

ethanol was added. The precipitated product was filtered and washed with chilled water and 

ethanol. The crude product was purified by column chromatography using 5% MeOH/DCM 

as mobile phase.  

Yield: 64.96% 

1
H NMR (CDCl3, 400MHz): δ = 8.57 (dd, 7.27 Hz, 1.10 Hz, 1H), 8.51 (d, 8.06 Hz, 1H), 

8.40 ( dd, 8.42 Hz, 1.06 Hz, 1H), 7.68 (dd, 8.36 Hz, 7.37 Hz, 1H), 7.21 (d, 8.09 Hz, 1H), 4.33 

(t, 6.8 Hz, 2H), 3.24 ( s, 8H), 2.69 (t, 7.20 Hz, 2H), 2.384 (s, 6H).  

13
C NMR (CDCl3, 100MHz): δ = 164.66, 164.17, 156.40, 132.77, 131.31, 130.43, 130.13, 

126.34, 125.81, 123.36, 116.89, 115.15, 57.00, 54.26, 46.18, 45.68, 37.91.  

ESI-HRMS: Observed m/z for [M+H]
+
= 353.4460 
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4.4.2.f. Synthesis of 4-(((8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-

methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-

cyclopenta[a]phenanthren-3-yl)oxy)-4-oxobutanoic acid (Compound 8):  

Cholesterol (500 mg, 1.293 mmol, 1 equiv) and Succinic anhydride (390.66 mg, 3.879 mmol, 

3 eq.) were dissolved in DCM.and slowly triethylamine (392.51 mg, 541 µL, 540.65 mmol) 

was added dropwise, allowed to stir for 24h. The reaction was then quenched with dilute HCl 

and H2O. The compound was extracted from organic layer. Crude product was purified by 

silica gel (100−200 mesh size) column chromatography by using 10% ethylacetate/Hexane as 

mobile phase.  

Yield: 72.50% 

1
H NMR (CDCl3, 400MHz): δ = δ = 5.36 (1H, d, J = 4 Hz), 4.68 – 4.58 (1H, m, J = 11.8 

Hz), 2.68 (2H, t, J = 6.9 Hz), 2.60 (2H, t, J = 6.9 Hz ), 2.31 (2H, d, J = 7.8 Hz), 2.04 – 1.93 

(2H, m), 1.87 (1H, d, J = 2.6 Hz), 1.85 – 1.78 (2H, m), 1.66 – 1.41 (8H, m), 1.40 – 1.23 (5H, 

m,), 1.22 – 1.04 (8H, m), 1.01 (3H, s), 0.91 (3H, d, J = 6.5 Hz), 0.87 (3H, d, J = 1.8 Hz), 0.85 

(3H, d, J = 1.7 Hz), 0.67 (3H, s). 

13
C NMR (CDCl3, 100MHz): δ = δ = 178.2, 171.7, 139.7, 122.9, 77.5, 77.2, 76.8, 74.7, 56.8, 

56.3, 50.1, 42.4, 39.9, 39.7, 38.1, 37.1, 36.7, 36.3, 35.9, 32.0, 29.4, 29.1, 28.4, 28.2, 27.8, 

24.4, 23.98, 22.9, 22.7, 21.2, 19.4, 18.9, 12.0. 

ESI-HRMS: Observed m/z for [M + Na]
+
  = 509.3504 

4.4.2.g. Synthesis of (8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-

2-yl) 2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-

3-yl 4-(4-(2-(2-(dimethylamino)ethyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)-4-oxobutanoate. (Compound 14):  

Cholesterol succinate (200 mg, 0.4109 mmol, 1 equiv) was dissolved in dry DMF. and stirred 

continuously for 5mins at 0 °C in inert atmosphere. In the rection mixture HBTU (270.31mg, 

0.821 mmol, 2 equiv) was added followed by addition of DIPEA (207.89 mg, 287.93 µL, 

0.2.0545 mmol, 5 equiv). The reaction mixture was cooled down and compound 13 (147.52 

mg, 0.4159 mmol, 1.2 equiv) was added to it. The reaction was stirred at room temperature 

for 24 h. The reaction was then quenched with 0.1 N HCl (10 mL) and H2O (40 mL).and the 

compound was separated from organic layer.. Crude product was purified by silica gel 

(100−200 mesh size) column chromatography by using 3% MeOH/DCM as mobile phase.  
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Yield: 69.17% 

1
H NMR (CDCl3, 400MHz): δ = 8.60 (d, 7.26 Hz, 1H), 8.52 (d, 8.06 Hz, 1H), 8.42 (d, 7.68 

Hz, 1H), 7.73 (m, 1H), 7.22 (d, 8.09, 1H), 5.37 (d, 4.66 Hz, 1H), 4.97 (m, 1H), 4.63 (s, 1H), 

4.39 (t, 6.76 Hz, 2H), 3.93 (s, 2H), 3.83 ( s, 2H), 3.24 (m, 5H), 2.86 (t, 6.63 Hz, 3H), 2.70 (s, 

4H), 2.49 (s, 6H), 2.34 (d, 7.82 Hz, 2H), 2.02 (m, 3H), 1.85 (m, 3H), 1.39 (s, 2H), 1.32 (s, 

3H), 1.24 (s, 3H), 1.02 (s, 4H), 0.97 ( m, 4H), 0.87 (m, 6H), 0.85 (m, 6H), 0.67(s, 3H).  

13
C NMR (CDCl3, 100MHz): δ = 172.64, 170.28, 164.61, 164.12, 155.42, 139.80, 139.42, 

132.68, 131.53, 130.09, 130.04, 126.42, 126.25, 124.12, 123.41, 122.81, 117.60, 115.55, 

114.20, 56.84, 56.51, 56.28, 53.13, 50.17, 45.65, 45.02, 42.02, 42.46, 42.46, 42.06, 39.88, 

39.66, 38.26, 37.13, 36.73, 36.33, 35.94, 32.07, 32.00, 31.78, 29.31, 29.10, 28.37, 28.16, 

28.08, 27.93, 24.43, 23.97, 22.96, 22.84, 22.71, 21.18, 19.47, 18.86, 14.26, 12.00.  

ESI-HRMS: Observed m/z for [M-N2+H]
+
= 821.5588 

4.4.3. Dynamic light scattering (DLS):  

Procedure is discussed in chapter 1.
40

 

4.4.4. Field-emission scanning electron microscopy (FESEM):  

Procedure is discussed in chapter 1.
40

 

4.4.5.. Atomic force microscopy (AFM):  

Procedure is discussed in chapter 1.
40

 

4.4.6. Transmission Electron Microscopy (TEM):  

Procedure is discussed in chapter 1.
40

 

4.4.7. Cell viability assay (MTT Assay):  

Procedure is discussed in chapter 1.
40 

4.4.8. Apoptosis by FACS:  

Procedure is discussed in chapter 2. 
 40

4.4.9. Live Cells Imaging of Endoplasmic Reticulum, Mitochondria and Lysosome:  

Procedure is discussed in chapter 2.
40 

4.4.10. Western blotting:  

Procedure is discussed in chapter 1.  
40
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4.4.11. Immunofluorescence Assay:  

Procedure is discussed in chapter 2.
40

 

4.5. Appendices: 

 

Fig. S1: 
1
H NMR spectra of compound 2 

 

 

Fig. S2: 
13

C NMR spectra of compound 2 



Chapter 4 

 

171 
 

 

Fig. S3: DEPT spectra of compound 2 

 

 

Fig. S4:HR-MS spectra of compound 2 
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Fig. S5: 
1
H NMR spectra of compound 3 

 

 

Fig. S6: 
13

C NMR spectra of compound 3 
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Fig. S7: DEPT spectra of compound 3 

 

 

Fig. S8:HR-MS spectra of compound 3 
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Fig. S9: 
1
H NMR spectra of compound 5 

 

 

Fig. S10: 
13

C NMR spectra of compound 5 
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Fig. S11: DEPT spectra of compound 5 

 

 

Fig. S12: HR-MS spectra of compound 5 
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Fig S13: 
1
H NMR spectra of compound 8 

 

 

Fig S14: 
13

C NMR spectra of compound 8 
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Fig S15: DEPT spectra of compound 8 

 

 

Fig S16: HR-MS spectra of compound 8 
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Fig. S17: 
1
H NMR spectra of compound 11 

 

 

Fig. S18: 
13

C NMR spectra of compound 11 
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Fig. S19:DEPT spectra of compound 11 

 

 

Fig. S20: HR-MS spectra of compound 11 
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Fig. S21: 
1
H NMR spectra of compound 13 

 

 

Fig. S22: 
13

C NMR spectra of compound 13 
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Fig. S23: DEPT spectra of compound 13 

 

 

Fig. S24: HR-MS spectra of compound 13 
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Fig. S25: 
1
H NMR spectra of compound 14 

 

 

Fig. S26: 
13

C NMR spectra of compound 14 
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Fig. S27: DEPT spectra of compound 14 

 

 

Fig. S28: HR-MS spectra of compound 14 
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