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ABSTRACT 

Endoplasmic Reticulum (ER) is a vital organelle involved in the synthesis and folding of 

proteins. Upon excessive cellular demands, this machinery escalates its production resulting in 

accumulation of several unfolded and misfolded proteins inside ER lumen. This condition is 

termed as Endoplasmic Reticulum Stress. To overcome this, a cytoprotective mechanism 

known as Unfolded Protein Response (UPR) is launched by the cell. However, upon prolonged 

ER stress, it morphs into terminal UPR and cells undergo apoptosis. Baseline activity level of 

ER stress response system is elevated in cancer cells than normal cells. ER stress is now found 

to be closely associated with several hallmarks of cancer and therefore it bears the potential to 

emerge as the new Achilles’ heel in cancer. However, there are two specific challenges: (a) 

development of sub-cellular ER targeting tools and (b) development of ER stress inducers. 

To address these, we have engineered ER specific nanoparticles and spatially targeted anti-

apoptotic Bcl-2 present there to induce ER stress in HeLa cells. Cellular internalization studies 

revealed that these nanoparticles internalized into the ER. Western blot analysis and cell 

viability studies revealed that ER stress induction was followed by autophagy. We then studied 

the location-function-relationship of Bcl-2 on ER and mitochondria. Subsequently, we 

explored graphene oxide (GO) and doxorubicin and cisplatin as ER stress inducers to engineer 

ER-GO-NPs. Fluorescence confocal microscopy revealed that these ER targeting GO-NPs 

successfully localized into ER in HeLa cervical cancer cells. Concomitant increase in ER stress 

marker CHOP indicated that these nanoparticles successfully induced ER stress and induced 

autophagy in HeLa cells. Combinatorial treatment with chloroquine (autophagy inhibitor) 

further improved the cell killing ability of the ER targeted nanoparticles. These ER-GO-NPs 

exhibited excellent cell killing ability over other cancer cell lines as well. Finally, to develop 

novel small molecule-based ER stress inducers, we synthesised a library of sulfonohydrazide-

hydrazone based molecules and screened them against HeLa cell lines. Four molecules were 

identified as novel potential ER stress inducers, one of them being fluorescent. Further studies 

with the fluorescent derivative revealed its localization in ER within 3 h. Cell viability studies, 

immunofluorescence and western blot assays revealed that the fluorescent molecule induced 

ER stress in HeLa cells that was accompanied by autophagy induction. We anticipate that here 

presented approaches can serve as a tool to exploit ER stress as an alternative in future cancer 

therapy. 
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SYNOPSIS 

Endoplasmic reticulum (ER) is an important organelle found in the eukaryotic cells. It performs 

multitude of subcellular functions like synthesis and proper folding of proteins, lipid biogenesis 

and maintaining calcium homeostasis. Despite performing these crucial roles, the organelle has 

been largely unexplored. Endoplasmic reticulum can be regarded as the protein factory of the 

cell as it is the site where majority of proteins mature. Upon increased cellular demands, this 

factory escalates its production rate. However, this increased production comes with the price 

of accumulation of unfolded ad misfolded proteins in ER lumen leading to a condition called 

Endoplasmic Reticulum Stress (ER Stress). This stress if not mitigated can lead to cell death. 

In order to relieve the cells from this stress, the organelle launches an adaptive program termed 

as Unfolded Protein Response (UPR) with the primary aim of resolving the cellular stress. But, 

if the stress is intensified and cannot be resolved then this very adaptive program turns 

destructive and lead to cell death. Recently, ER stress and UPR have discovered to be linked 

with cancer and its hallmarks. ER stress thus can emerge as the new Achilles heel in cancer 

therapy. However, targeting ER stress is a daunting task due to limited availability of bio tools. 

Though significant progress has been made in exploiting the potential of ER stress and UPR as 

a promising strategy in cancer therapy (Chapter 1), a lot remains to be explored. In this thesis, 

we have tried to address these challenges by amalgamating the principles of organic synthesis, 

nanotechnology and chemical biology. 

In Chapter 2, we have engineered lipid based ER specific nanoplatforms that selectively 

accumulate in the subcellular ER of HeLa cells. These nanoparticles encaplsulated obatoclax a 

pan BCL-2 inhibitor. Upon their accumulation in ER, the ER specific nanoparticles (ER-Obt-

NP) successfully inhibited the associated Bcl-2 protein and induces ER stress mediated 

apoptosis. We further observed that inhibition of ER associated Bcl-2 lead to induction of 

autophagy that enabled cell survival. Simultaneous inhibition of autophagy and Bcl-2 lead to 

improved efficacy of ER-Obt-NPs. We then studied the location-function relationship of Bcl-

2 at ER and mitochondria. To accomplish that, we engineered mitochondria specific lipidic 

nanoparticles encapsulating obatoclax (Mito-Obt-NP) that selectively accumulated in 

mitochondria of HeLa cells and induced apoptosis. Interestingly, apoptosis induced in case of 

Mito-Obt-NPs was greater than ER-Obt-NPs. We thus established that mitochondrial Bcl-2 is 

more apt as a target in cancer therapy than its counterpart in ER.  
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Scheme: Chemical tools to induce ER stress in Cancer Cells. 

Graphene Oxide (GO) has revolutionized the field of cancer therapy due to its biocompatible 

and biodegradable properties. GO and GO based platforms are extensively being used as drug 

carriers to treat several malignancies. In our previous study, we had observed the self-assembly 

of GO sheets into 3D spherical nanoparticles of sub 200 nm diameter in presence of cisplatin. 

In Chapter 3, we have utilised this approach to engineer ER specific GO based nanoparticles 

encompassing two popular chemotherapeutic drugs, doxorubicin and cisplatin (ER-GO-NPs). 

These nanoparticles escaped the lysosomal pathway to localize in the ER and induced ER stress 

mediated apoptosis in HeLa cells. Furthermore, we observed induction of autophagy as an 

adaptive response to the induced ER stress. Combinatorial treatment of HeLa cells with ER-

GO-NPs and chloroquine improved the cell killing efficacy of these nanoparticles. 

Interestingly, the nanoparticles exhibited remarkable efficacy over other cancer cell lines like 

MCF-7, A549 and MDA-MB-231.   

Lastly, in Chapter 4 we have used a concise and robust synthesis strategy to develop a library 

of 66 novel small molecules based on sulfonohydrazide- hydrazone based scaffold. Out of 

these, 4 molecules were identified as the potential ER stress inducers. Further studies with the 

lead molecule demonstrated its localization in ER within 6 h and induction of ER stress. The 

lipid accumulation in the HeLa cells and combinatorial treatment with 4- phenyl butyric acid 

established that the apoptosis induced by the molecule was indeed ER stress mediated. ER 

stress induction also lead to triggering of autophagy. Cotreatment of HeLa cells with the 
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molecule and chloroquine improved the apoptotic outcome. Interestingly the compound 

exhibited three fold high IC50 in the non-cancerous HEK-239 cell line. We also screened other 

cancer cell lines like MCF-7, A549 and MDA-MB-231 against the lead molecule. The 

molecule was found efficient over these cell lines as well. 

We envision that the nanoplatforms and small molecules we presented here can be utilised in 

deciphering the location-function relationship of proteins at ER and mitochondria as well as in 

impairing multiple targets in ER and exploring ER biology for an improved cancer therapy.  
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1.1 Endoplasmic Reticulum 

Endoplasmic Reticulum (ER) is one of the vital organelles found in the eukaryotic cells.1 

Porter et.al. for the first time in 1945 using electron microscopy described ER as a 

membrane network of tubules and flattened sacs.2 ER occupies almost 50% of the 

cytoplasm and is in contact with several important subcellular organelles like mitochondria 

and nucleus. 3-6 ER performs a plethora of essential subcellular functions. It is the central 

player in protein biogenesis and is involved in the synthesis, folding and post-translational 

modification of proteins. About one- third of all the cellular proteins are produced and 

modified in ER before they traverse to their final cellular or extracellular locations.7-13 

Certain molecular machines which consists of chaperones, foldases and quality control 

proteins are also found compartmentalized in the ER. These machines assist in the 

productive folding of the newly synthesized nascent proteins and modify them to their 

exportable forms. Apart from this, ER has a crucial role to play in lipid biosynthesis, 

maintaining calcium homeostasis, detoxification and regulating intracellular signalling 

pathways. 13-19 It is noteworthy, that in the due course of the process of protein synthesis in 

this machinery, a significant proportion of unfolded and misfolded proteins also exists. 

These proteins fail the ER quality control criteria and so they are addressed to the ER- 

associated degradation (ERAD) system which then guides these proteins to the cytosol for 

ubiquitinylation and proteasomal degradation.20-22 Thus, not only ER is concerned with the 

biogenesis of proteins but also with the disposing off of the misfolded proteins. Apart from 

these, ER is also involved in the major cross talks with nucleus and mitochondria.23,24 The 

regions of ER- mitochondria contact are of special importance. These are termed as 

mitochondria- associated membranes (MAMs) and are known to play crucial role in 

calcium homeostasis.25-28  

 

1.1.1 Endoplasmic Reticulum Stress 

Oxidative environment in the ER lumen is essential for optimum protein folding.29,30 ER 

homeostasis is influenced by a multitude of cellular and extracellular parameters. Cellular 

stress like reduced glucose availability (hyperglycemia), limited oxygen supply (hypoxia) 

or changes in the cellular microenvironment like pH, hyperthermia or imbalance in calcium 

levels can disturb the ER homeostasis (Fig. 1.1).31-33 Once the ER homeostasis gets 

perturbed it disrupts the protein translation machinery.34 Under such conditions, to cope up 

with the increased cellular demands the protein synthesis gets escalated. As a result, several 
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unfolded and misfolded proteins that fail to comply with the ER protein quality control 

criteria start accumulating inside the ER lumen giving rise to a condition termed as 

Endoplasmic Reticulum Stress (ER stress).32,35,36 

 

Figure 1.1: Causes of ER Stress. (Adapted from Trends Endrocrinol. Metab. 2011, 22, 

266-274)33  

1.1.2 Unfolded Protein Response 

Accumulation of these unfolded and misfolded proteins in the ER lumen presents a serious 

challenge to cell survival. To combat this situation, an adaptive response is launched by the 

cell to get rid of this baggage of unwanted proteins. This adaptive response is termed as 

Unfolded Protein Response (UPR) and it aims at restoring the fine-tuned balance of ER. 

Unfolded Protein Response operates through three distinct signalling pathways that are 

governed by pancreatic ER kinase- like ER kinase (PERK), Inositol - requiring enzyme 1α 

(IRE-1α), and activating transcription factor 6 (ATF6). These three different pathways 

work together to re-establish ER balance. 37-41 UPR is launched by the cell with the aim of 

restoring normalcy in ER functions by relieving it of the stress. This is achieved via 

blocking of further protein synthesis and increasing the production of chaperones that assist 

in protein folding. Glucose Regulated Protein 78 (GRP78) is an ER chaperone that plays 

an important role in UPR cascading pathway. Upon sensing the unfolded and misfolded 

proteins in the ER lumen, GRP78 dissociates from the three ER stress sensors: PERK, IRE-

1α and ATF6. This triggers a series of events downstream the pathway (Fig. 1.2).41-43 
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Figure 1.2: Mechanism of UPR. (Adapted from Nat. Rev. Drug Discov, 2013, 12, 703-

719)41 

Upon dissociation of GRP78, PERK homo- dimerizes and auto-phosphorylates, which in 

then followed by the phosphorylation of eukaryotic initiation factor-2α (eIF-2α). This 

decreases the influx of proteins in the ER lumen thereby limiting the load of accumulated 

proteins. Simultaneously, phosphorylation of eIF-2 α also results in activating transcription 

factor 4 (ATF 4) which activates genes responsible for protein metabolism.44 

Dissociation of GRP78 from ER- membrane bound IRE-1α also results in its homo-

dimerization and auto-phosphorylation. This activates IRE-1α which then assists the 

splicing of 26- base fragment of an mRNA that encodes for X-box binding protein 1 (XBP-

1) resulting in spliced X- box binding protein (XBP-1s). The XBP-1s formed regulates the 

expression of various genes that are involved in ERAD and protein folding. Under ER stress 

condition, the ER membrane expands in order to contain the accumulated proteins in its 

lumen. XBP-1s also monitors the synthesis of phospholipids that are essential for the 

expansion of ER membrane. IRE- 1α arm of the UPR thus ensures to maintain ER folding 

capacity at par with the protein folding demands.45-47 

ATF6, upon dissociation of GRP78 from its membrane, translocate to Golgi apparatus 

where it gets cleaved by site-1 protease (S1P) and site-2 protease (S2P). This S1P and S2P 

mediated proteolysis activates ATF6 which then migrates to the nucleus and regulate 

prominent ER chaperones like GRP94 and GRP78 and X-box binding proteins and protein 

disulphide isomerase (PDI) to enable protein folding and secretion.48,49 The three branches 
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of UPR pathway thus work in coordination to resolve the ER stress by limiting the stock of 

accumulated unfolded proteins, enhancing protein folding capacity by regulating genes 

responsible for the same and directing the protein load beyond repair to the ERAD pathway, 

thus relieving cells from the burden of unfolded and misfolded proteins in ER lumen. 

1.1.3 UPR and Cell Fate 

Initially, UPR originates as an adaptive mechanism of the cell. However, the outcome of 

the UPR pathway depends upon the severity and duration of ER stress (Fig. 1.3). If the ER 

stress is excessive and cannot be resolved or if the UPR exists for a prolonged period of 

time but fails to restore the normalcy then under such conditions the proapoptotic module 

of the UPR gets activated and the cell is pushed towards apoptosis. UPR thus can evolve 

from its pro-survival form to proapoptotic form depending upon the cellular conditions.50-

52, 84The proapoptotic arm of UPR is led by CHOP, the master regulator of ER assisted 

apoptosis, encoded by ATF4. Excessively high levels of CHOP can tip the balance off 

towards apoptosis to eliminate the stressed cells. UPR therefore serves two opposing 

functions: to mitigate the ER stress and support cell survival and ensure systematic 

destruction of cells when the ER stress threatens the existence of the organism as a whole.53-

55 However the mechanisms via which UPR performs these functions are still not 

completely understood. 

 

Figure 1.3: Outcome of ER stress (Adapted from Science, 2011, 334, 1081).52 
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1.1.4 ER stress and Autophagy 

Additionally, it is now becoming quite evident that ER stress can also trigger onset of 

autophagy.55-57 Activation of autophagy upon ER stress induction comes as no surprise 

since ER is known to have physical contact sites with endosomes, lysosomes and 

mitochondria. Omegasome is a specialized ER structure that form contact sites with 

phagophore which later matures into autophagasomes.58,59 ER therefore, in coordination 

with other organelles governs the execution of autophagy. Autophagy is an intrinsic 

cytoprotective mechanism.60 The word autophagy implies self-eating (auto: self, phagy: 

eating). It enables cells to endure detrimental conditions of low nutrient supply and other 

cellular insults by generating energy via recycling of cell’s very own components. Of late, 

autophagy has begun to be recognized as an important player in life and death decision 

making of ER stress response system. Recent studies have demonstrated that ER stress and 

autophagy bear a reciprocal relationship to each other i.e. ER stress can trigger autophagy 

and blocking the autophagy can result in intensified ER stress.32  

 

1.2   ER Stress, UPR and Cancer 

ER coordinates with several other cell organelles and controls the major physiological 

processes in the cell. It is the hub of various signalling pathways and therefore ER stress 

finds its implications in the development of several human diseases. ER stress and UPR 

have begun to be recognized associated with a diverse range of diseases including diabetes, 

neurodegenerative disorders like Alzheimer’s and Parkinson disease, cardiovascular 

diseases, cancer and autoimmunity.61,62 Cancer, being the second leading cause of the death 

worldwide, becomes really important in this regard. Despite witnessing colossal 

advancements in the field of medicine, cancer still remains one of the deadly causes 

claiming 9.6 million lives worldwide.63 Cancer cells continuously divide and proliferate 

and therefore conditions like limited nutrient and oxygen supply pose a serious challenge 

to tumor progression. To satisfy the demand of growing cells of surplus nutrients, an 

increased load is exerted by the cancer cells on the protein factory i.e. ER. As a result, 

cancer cells are subjected to high levels of ER stress. To combat the intrinsic perturbations 

that they experience, elevated levels of UPR are demonstrated in order to enhance protein 

folding and restore balance in ER functions. UPR thus acts as an adaptive mechanism that 
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enables cancer cells to acquire several characteristics to endure and survive the stress 

conditions. Lately, evidences have emerged that link UPR to many hallmarks of cancer 

including cell proliferation, invasion, angiogenesis, cell dormancy and cell death resistance. 

At least one of the three arms of UPR has been found to be elevated in cancer cells (Figure 

1.4).37 For example, PERK signalling pathway is illustrated to be involved in the initiation 

and progression of tumor types. PERK is also shown to negatively regulate the expression 

levels of cyclin D1 and induce cell cycle arrest in G1 phase leading to dormancy in 

tumors.64 Likewise, the IRE- 1α branch of the UPR is believed to be implicated in tumor 

progression. Recently, it has been demonstrated in a glioblastoma model that this arm of 

UPR signalling pathway is crucial for tumor growth, angiogenesis and invasion.65,66 

Moreover, this IRE- 1α signalling axis is considered as potential cancer driver when 

mutated and is also linked to metastasis and chemotherapy resistance in cancer cells.67 In 

fact, tumor dormancy has also been associated with their enhanced ATF6 levels. Dormant 

cells reactivate into full-fledged cancer tumor once they are in the optimum environmental 

conditions. These recurrent tumors exhibit high levels of ATF6. In human squamous 

carcinoma models, ATF6 is found active in the dormant cells.68-70 These findings suggest 

that UPR is also one among the underlying causes of cancer recurrences. Thus, UPR and 

cancer progression are closely associated. 

 

Figure 1.4: UPR and Hallmarks of Cancer (Adapted from Trends Cancer 2016, 2, 941- 

953) 
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However, there is another side to the coin too. Under circumstances when the ER stress 

cannot be subdued, its terminal arm dominates and proapoptotic effect of CHOP-the master 

regulator of ER associated apoptosis emerges. CHOP launches an apoptosis program 

wherein the proapoptotic BH3 proteins are enhanced and anti-apoptotic Bcl-2 proteins are 

repressed. In fact, ER stress has been deciphered in inducing apoptosis in B cell chronic 

lymphocytic lymphoma.71 Additionally, recent studies have shown that inflammatory 

responses induced as an outcome of ER stress can inhibit tumor growth. Thus depending 

upon the intensity and the duration of ER stress, the UPR can morph itself from pro-survival 

to terminal. However, the mechanisms involved in this transition are not yet completely 

understood.52 

1.3   ER stress as a Target in Cancer Therapy. 

A remarkable point to be noted is that contrary to normal cells, majority of cancer types 

exhibit chronically elevated ER stress levels.72 For example, overexpressed levels of 

GRP78 in cancer cells enable them to grow and survive in their sub optimal 

microenvironments and bestows them chemoresistance. These elevated levels of GRP78 in 

cancer cells represents a “chronic ER stress” condition which is opposite to the “no ER 

stress” condition of the normal cells.32 Thus, while a large window is available for the 

normal cells to accommodate excess ER stress, the margin for already stressed cancer cells 

remains very small. As a result, cancer cells will reach the threshold value of ER stress 

easily and apoptosis will be triggered.73 This very fact can be utilized in generating 

opportunities of therapeutic intervention specifically aimed at this stress response system. 

ER stress and UPR thus undoubtedly has the potential to emerge as the new Achilles heel 

in cancer therapy.74 

Role of UPR in cancer prognosis has been suggested since mid-1990s but it was in 2004 

when Ma and Henderson formally proposed it. With ER stress earning recognition of being 

associated with cancer and with new molecular mechanisms underlying their relationship 

being deciphered, new targets for drug development and new strategies of targeting ER 

signalling pathway have started emerging and the field has already witnessed some exciting 

developments.41 For instance, KDEL peptide sequence is believed to be an ER localization 

signal and mediate protein trafficking to ER. Using this to their advantage Acharya et.al. 

reported the development of gold nanoparticles conjugated to KDEL peptide for siRNA 

delivery to ER. This was proven to be an efficient strategy in transfecting differentiated 
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myotubes.75 On similar lines, Feng et.al. developed supramolecular self-assemblies of short 

peptides that specifically target ER and induce cell death in cancer cells selectively. These 

enzymatically prepared self-assemblies disrupted the plasma membrane, accumulated in 

ER and induced apoptosis via ER stress.76 Ghosh et. al have also engineered supramolecular 

assembled hexameric rosette structure from a trisubstituted triazine and 5- fluorouracil 

molecules. These self-assembled nanostructures specifically target the ER of HeLa cervical 

cancer cells and induce ER stress mediated cell death.77    

Nanotechnology is also being implored to develop ER targeting tools. Cancer therapy has 

already witnessed a paradigm shift due to the development of several nanomaterials for its 

diagnosis, drug-delivery and treatment. ER targeting is also witnessing new advancements 

with advent of lipid and polymer based nanotools.78 Wang et.al. engineered PEGylated 

phospholipid micelles and employed them to induce ER dependent apoptosis in cancer cells 

but not in normal cells.79 Sneh-Edri et. al. has reported PLGA based polymeric 

nanoparticles that are targeted to ER.80 Small molecule-based approach to target and 

understand ER physiology are also emerging. For instance, Zhang et.al. developed ER 

targeted ratiometric probe for sensing hydrogen sulphide in living cells. This probe can 

provide insights in understanding physiological role of H2S in ER and ER-related 

diseases.81 Similarly, zinc ions are crucial for normal functioning of ER. Watkinson et.al. 

have synthesised ER localized fluorescent Zn2+ probes. These probes have been useful to 

detect mobile Zn2+ changes upon ER stress induction by tunicamycin and thapsigargin.82 

Such probes can provide a better understanding of mechanisms involved in progression of 

ER associated diseases.  

Exploiting UPR in cancer therapy via development of ER stress inducers and UPR 

inhibitors is promising as the ER signalling pathway provides ample opportunities for the 

same. Thapsigargin is already established as an ER stress inducer. ERAD pathway clears 

the unwanted protein load and is activated in cancer cells so developing proteasome 

inhibitors seems to be a favourable strategy as proteasome activation is the main pathway 

for ERAD. Bortezomib is the first proteasome inhibitor approved for the treatment of 

multiple myeloma (MM). It is believed to induce caspase mediated apoptosis via intrinsic 

mitochondrial pathway and extrinsic death receptor pathway and interestingly, ER stress 

activates both of these. 32,41,73. 
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Another interesting approach to manipulate ER stress is by modulating its markers or one 

or more arms of the UPR pathway. Cancer cells exhibit resistance to chemotherapy which 

is attributed to elevated levels of GRP78: a key ER stress marker. Knockdown of GRP78 

increases the sensitivity of cancer cells against existing therapeutics and so developing 

GRP78 inhibitors is an attractive strategy.71 Epigallocatechin gallate, for example is an 

inhibitor of ATP domain of GRP78 that blocks its UPR prosurvival feature and sensitize 

glioma cells against chemotherapeutic agents.71 Very recently, Rocchi et.al. developed 

small molecule that target GRP78 and enable melanoma cells to overcome resistance to 

BRAF inhibitors and showed anticancer activity.83 Additionally, combination therapy for 

inhibiting GRP78 and regulating tumor growth is also promising.73 Apart from GRP78, the 

three branches of UPR also seem to be an alluring target for developing ER stress 

inducers.39,41 A decent progress is made in this context with the identification of several 

molecules as inhibitors of mediators of UPR signalling pathway (Fig. 1.5).41 In conclusion, 

a good start has been made in the direction of targeting ER proteostasis in cancer by 

blocking one or more aspects of UPR.  

 

 

Figure 1.5: Pharmacological Modulators of (a) PERK signalling pathway (b) IRE-1α 

pathway. (Adapted from Nat. Rev. Drug Discov, 2013, 12, 703-719).41 
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While discussing the therapeutic potential of ER stress in cancer, simultaneously targeting 

autophagy deserves a mention. As elaborated in the chapter earlier, Autophagy like ER 

stress follows the yin-yang principle. Since it is both cytoprotective as well as destructive, 

initially this dual behaviour generated a lot of confusion in the community and still the 

process to exploit it for therapeutic benefit is not clear. But as they are inter-related 

simultaneously targeting both, ER stress and autophagy seems a promising strategy for 

improved therapeutic outcomes.84 

1.4   Aim of thesis 

Despite significant progress made in exploiting ER stress as a therapeutic target in cancer, 

the field is still in its infancy due to limited chemical tools. The main challenges that need 

to be addressed in this context are (i) development of subcellular ER targeting tools (ii) 

development of ER stress inducers.  

To address these challenges, first we developed a novel lipid based nanoplatform to 

specifically target ER in cancer cells. We engineered oleic acid-based nanoparticles 

encapsulating obatoclax, a Bcl-2 inhibitor to spatially target the anti-apoptotic Bcl-2 at ER 

in HeLa cervical cancer cells. These nanoparticles successfully inhibited Bcl-2 and induced 

ER stress mediated apoptosis as well as autophagy in HeLa cells. Combinatorial treatment 

with chloroquine, an autophagy inhibitor significantly enhanced the efficacy of the 

nanoparticles. We also utilized these lipid based nanotools to study the location-function 

relationship of Bcl-2 at ER and mitochondria. 

Subsequently, we developed an easy and robust synthesis of GO- based nanoplatform for 

selective targeting of ER in cancer cells. We capitalized upon the well-established 

chemotherapeutic drugs, doxorubicin and cisplatin that are already in clinics to treat several 

malignancies and engineered ER-GO-NPs. These nanoparticles were found to selectively 

accumulate in the subcellular ER of HeLa cells and induce ER stress mediated apoptosis 

along with induction of autophagy. Concomitant inhibition of autophagy improved the cell 

killing ability of these nanoparticles. Furthermore, the nanoparticles showed remarkable 

cell killing efficacy in different cancer cell lines including the drug resistant MDA-MB-

231 breast cancer cells. 

Finally, using a concise and robust synthetic scheme, we have developed a library of small 

molecules comprising of 66 molecules based on sulfonohydrazide-hydrazone based 

scaffold. The molecules were screened against HeLa cells at a concentration of 30 μM and 
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four molecules were identified as potential ER stress inducers. One of the hit molecules 

was fluorescent and therefore was explored for further studies. Confocal microscopy 

established that the molecule accumulated in the ER of HeLa cells within 6 h. 

Immunofluorescence and gel electrophoresis successfully demonstrated the onset of ER 

stress mediated apoptosis in HeLa cells along with autophagy upon treatment with the small 

molecule. Furthermore, the small molecule demonstrated improved therapeutic outcome 

upon co-treatment of cells with chloroquine and was effective on different cancer cell lines 

as well. We anticipate that these small molecules will be beneficial in understanding ER 

biology and development of future ER targeted therapeutics. 

In summary, this thesis aims at design, development and validation of ER targeted 

nanoplatforms and small molecules to induce ER stress mediated apoptosis in cancer cells. 
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2.1   Abstract 

The presence of the same proteins at different sub-cellular locations with completely different 

functions adds to the complexity of signalling pathways in cancer. Subsequently, it becomes 

indispensable to understand the diverse critical roles of these proteins based on their spatial 

distribution for the development of improved cancer therapeutics. To address this, in this work, 

we report the development of endoplasmic reticulum (ER) and mitochondria targeted nanoscale 

particles to spatially impair anti-apoptotic Bcl-2 protein in these organelles in HeLa cervical 

cancer cells. Confocal microscopy and gel electrophoresis confirmed that these nanoparticles 

selectively home into ER and mitochondria and inhibited Bcl-2 localized there. Interestingly, 

Bcl-2 inhibition in ER induced ER stress leading to autophagy, whereas inhibition of Bcl-2 in 

mitochondria leads to mitochondrial damage and programmed cell death (apoptosis) in HeLa 

cells. These nanoscale platforms can be further explored as chemical biology tools to decipher 

the location–function relationship of proteins towards next generation cancer therapeutics. 

 

2.2   Introduction 

Cancer is a dynamic disease and is regarded as the second leading cause of death globally.1–

3 Despite the rapid advances made in the field of cancer biology and its therapeutic 

development, carcinogenesis still remains a very complex phenomenon, which can be 

attributed to the intricate cellular signalling networks involved in the process.4,5 A plethora of 

proteins constitute the architecture of these pathways. These signalling proteins that serve as 

nodes to generate different responses in the cell have been explored as the potential targets for 

cancer therapy.6–8 Increasing evidence suggests that the spatial location of these signalling 

proteins is crucial in deciding and regulating the outcome of the signalling pathway and thus 

the cellular behaviour.8,9 For instance, Park and co-workers showed that apoptozole, an 

inhibitor of Hsp 70, induced cell death via distinctly different pathways depending upon its 

localization in the lysosomes or mitochondria.10 Apoptozole localized in lysosomes induced 

apoptosis and disrupted autophagy. On the other hand, apoptosis was induced without affecting 

autophagy when it localized into the mitochondria of cancer cells. Thus, it becomes imperative 

to understand the behaviour at their spatial localization for a better understanding of the outputs 

of the signalling pathway. Not only will it lead to exploring their individual potential as a 

https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit1
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit1
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit4
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit6
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit8
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit10
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therapeutic target but it will also lead to the development of novel rational strategies for cancer 

therapy and improving the efficacy of the existing ones. 

The Bcl-2 family is one such family of spatially different proteins that has garnered a lot of 

attention as a potential target in cancer treatment.11,12 These gatekeepers of apoptosis have 

diverse intracellular locations and are found residing in cytosol, endoplasmic reticulum, 

mitochondria and nucleus.12–15 The functions of Bcl-2 localized at the endoplasmic reticulum 

(ER) and mitochondria are entirely different. Bcl-2 in ER is known to mitigate ER stress, which 

leads to the unfolded protein response (UPR).16,17 However, Bcl-2 in mitochondria initiates 

apoptosis by permeabilization of mitochondrial outer membrane (MOMP) followed by 

cytochrome c release.18–21 Evasion of apoptosis is one of the critical hallmarks of cancer and it 

is not surprising that increased levels of pro-survival proteins are a common phenomenon in 

many cancer types.22–26 Deregulation of the Bcl-2 proteins has thus paved the way for the 

development of pro-survival Bcl-2 inhibitors.27 Hence, spatial targeting of pro-survival Bcl-2 

proteins in different sub-cellular locations can give rise to different therapeutic outcomes 

towards cancer therapeutics. However, developing the chemical tools to target diverse 

organelles in cellular milieu is highly challenging and less explored until now. 

Genetic tags with small molecule dyes, fluorescent proteins and quantum dots have been 

developed for the spatial targeting of proteins. However, the significant limitations associated 

with them are the lack of specificity, high background staining, restrictions in the usage of 

targeting in live cells and the exorbitant cost associated with their development.28 Hence, there 

is a severe need to develop cost-effective, easily synthesizable chemical probes that can 

localize into the specific organelles having our protein of interest. Spatial targeting will be 

beneficial in understanding the importance of the spatial location of the protein for future 

cancer therapeutics. To address this, herein, we have amalgamated the principles of synthetic 

chemistry and nanoparticle engineering to selectively target the anti-apoptotic Bcl-2 at the 

endoplasmic reticulum (ER) and mitochondria respectively in cancer cells. We have developed 

ER and mitochondria specific oleic acid-based lipophilic molecules and engineered self-

assembled spherical nanoparticles containing Obatoclax, a pan-Bcl-2 inhibitor. These 

nanoparticles internalized specifically into mitochondria and ER through lysosomes in HeLa 

cervical cancer cells within 3 h and 6 h, respectively, generated reactive oxygen species (ROS) 

and inhibited Bcl-2 in the respective organelles. The ER targeted nanoparticles (ER-Obt-NPs) 

induced ER stress followed by triggering early and late apoptosis. This ER stress induction led 

to autophagy, which can be inhibited by a combination treatment with chloroquine (autophagy 

https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit11
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit12
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit16
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit18
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit22
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit27
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit28
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inhibitor). In contrast, mitochondria targeted nanoparticles (Mito-Obt-NPs) inhibited anti-

apoptotic Bcl-2/Bcl-xL and led to a high amount of late apoptosis through caspase-3/9 cleavage 

in HeLa cells. We have thus shown that nanoparticle-mediated spatial targeting of Bcl-2 

produces different outcomes in cancer cells. Furthermore, the localization of the inhibitor in 

the correct organelle resulted in its improved efficacy. We anticipate that this approach can be 

explored to study the therapeutic potential of various spatially and functionally different 

proteins residing in different organelles in cancer cells. 

 

2.3   Results and Discussion  

2.3.1 Engineering Nanoparticles for Spatial Targeting of Endoplasmic Reticulum and 

Mitochondria. To selectively target the nanoparticles for ER, we took advantage of the lipid 

flux present there. Lipophilic molecules are known to home into ER, so we chose the 

biocompatible oleic acid (1) (Scheme 1a).29 We reacted ethylenediamine with oleic acid in 

presence of O-(benzotriazol-1-yl)- N,N,N′,N′-tetramethyluronium hexafluorophosphate 

(HBTU) and diisopropyl ethylamine (DIPEA) as coupling agents to synthesize oleic acid-

ethylenediamine conjugate (2) in 60% yield.30 We further reacted dansyl chloride (3) with 

compound 2 to obtain an oleic acid-ethylenediamine-dansyl conjugate (4) in 45% yield. 

Sulphonamide linkage in the probe (4) aided its binding to the sulphonamide receptors present 

in the ER.31–34 On the other hand, mitochondrial membrane is known to have a large negative 

membrane potential, which allows positively charged lipophilic cations to easily pass through 

it and accumulate in the mitochondrial matrix.35,36 Hence, we reacted (4-carboxybutyl) 

triphenylphosphonium bromide (5) with conjugate 2 in the presence of HBTU and DIPEA as 

coupling agents to obtain the oleic acid-ethylenediamine-TPP conjugate (6) in 70% yield 

(Scheme 1).37 We characterized all the compounds using 1H/13C NMR and MALDI-TOF 

spectra (Appendix-A; Figure A1-6). We also characterized compound 6 using 31P NMR 

spectroscopy (Appendix-A; Figure A7). 

https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#sch1
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit29
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit31
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit35
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#sch1
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit37
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Scheme 2.1: (a) Synthetic scheme of oleic acid-dansyl and oleic acid-TPP conjugates and ER-

Obt-NPs and Mito-Obt-NPs. (b) Schematic representation of mechanism of action of ER-Obt-

NPs and Mito-Obt-NPs in HeLa cervical cancer cells.       

We then engineered ER and mitochondria targeted, obatoclax loaded nanoparticles from 

conjugates 4 and 6 respectively, by thin lipid film hydration-extrusion technique.38 Obatoclax, 

a small molecule, acted as the Bcl-2 inhibitor and also enabled monitoring of the subcellular 

localization of the nanoparticles due to its intrinsic red fluorescence.39 Dynamic light scattering 

revealed the hydrodynamic diameter of ER-Obt-NPs and Mito-Obt-NPs to be 89 nm and 136 

nm, respectively (Fig. 2.1a and b) with a polydispersity index (PDI) of 0.151 and 0.385, 

respectively. This suggested that the nanoparticles were monodispersed and within the suitable 

size range of sub-200 nm to home into the tumor tissues by the enhanced permeability and 

retention (EPR) effect.40 The surface charge of Mito-Obt-NPs was evaluated by zeta potential 

analysis and found to be +29.8 mV (Fig. 2.1c), which was suitable for mitochondria 

localization.41 Interestingly, we also found the zeta potential of ER-Obt-NPs to be +10.4 mV 

https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit39
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#fig1
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit40
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#fig1
https://pubs.rsc.org/en/content/articlelanding/2020/tb/d0tb00408a#cit41
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(Fig. 2.1d). Although the same lipid was used to synthesize both the nanoparticles, the 

difference in size could be attributed to a huge difference in the steric bulk of the TPP moiety 

compared to the dansyl moiety, which increases the size of Mito-ER-NPs compared to ER-

Obt-NPs. Moreover, the dansyl moiety can be involved in π–π stacking interaction leading to 

a more compact and smaller size of ER-Obt-NPs compared to Mito-Obt-NPs. FESEM and 

AFM images also confirmed the spherical morphology of the nanoparticles (Fig. 2.1e-h).  

 

 

Figure 2.1: (a, b) Hydrodynamic diameter of ER-Obt-NPs and Mito-Obt-NPs from DLS. (c, 

d) Zeta potential of Mito-Obt-NPs and ER-Obt-NPs by DLS. (e, g) FESEM images of ER-Obt-

NPs and Mito-Obt-NPs. (f, h) AFM images of ER-Obt-NPs and Mito-Obt-NPs. 
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Loading of obatoclax was evaluated by UV-Vis spectroscopy at the characteristic λmax = 488 

nm. The loading was estimated to be 785 μM (loading efficiency = 54.1%) and 500 μM 

(loading efficiency = 34.4%) for ER-Obt-NPs and Mito-Obt-NPs, respectively (Fig. 2.2a). 

Further, the weight% of obatoclax in the solid lipid particles was calculated to be 30.3% and 

59.2% in Mito-Obt-NPs and ER-Obt-NPs, respectively. We also evaluated the stability of the 

nanoparticles at 37 °C in PBS for 6 days by using DLS, which clearly showed marginal changes 

in hydrodynamic diameter (Fig. 2.2b). To understand the stability in biological fluid, we 

incubated both the nanoparticles in DMEM cell culture media with 10% Fetal Bovine Serum 

(FBS) at 37 °C for 6 days and evaluated the hydrodynamic diameter. We observed that the size 

of ER-Obt-NPs increased from 88.9 nm to 168.7 nm on day 4. However, the size dramatically 

reduced to 123.5 nm on day 6 (Fig. 2.2c). On the other hand, the size of Mito-Obt-NPs changed 

marginally from 137.8 nm to 134.0 nm over 4 days. Again, the size of Mito-Obt-NPs on day 6 

reduced to 97.6 nm (Fig. 2.2c). This stability assay demonstrated that both the nanoparticles 

are stable in cellular milieu for 4 days. This experiment confirmed that the nanoparticles 

retained their sub-200 nm size for over a week in a physiological medium and for 4 days in 

biological medium. 

 

Figure 2.2: (a) Drug loading of ER-Obt-NP and Mito-Obt-NP calculated at λmax= 488 nm 

using UV-Vis spectroscopy. (b,c) Stability of the nanoparticles in PBS and in DMEM cell 

culture media with 10% FBS at 37oC respectively. 

 

2.3.2 Subcellular Localization of Nanoparticles. We first evaluated the localization of the 

organelles targeted nanoparticles in HeLa cervical cancer cells by fluorescence confocal 

microscopy. We incubated the HeLa cells with the red fluorescent ER-Obt-NPs in a time-

dependent manner (3 h, 6 h and 24 h) and co-stained ER with ER-Tracker Green dye followed 
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by visualization by confocal microscopy. Live cell images revealed that the ER-Obt-NPs began 

to accumulate into the ER within 3 h and retained there for 24 h (Fig. 2.3). Confocal image-

based quantification using Pearson’s and Mander’s coefficient confirmed that ER-Obt-NPs 

localised into ER with 0.71, 0.83 and 1.0 of Mander’s coefficients (M2) for 3 h, 6 h and 24 h 

time points respectively (Table A1, Appendix-A). These confocal images evidently showed 

that the ER targeted nanoparticles home into the ER in a time-dependent manner. 

 

Figure 2.3: Confocal microscopy images of HeLa cells treated with red fluorescent ER-Obt-

NPs at 3 h, 6 h and 24 h. ER were stained with green fluorescent ER Tracker Green. Scale bar 

=10 μm. 

We further evaluated the cellular uptake mechanism of ER-ObtNPs in HeLa cervical cancer 

cells using confocal microscopy. We hypothesised that ER-Obt-NPs would internalize in the 

lysosomes first. To substantiate this hypothesis, we stained the lysosomes with Lyso-Tracker 

Green DND-26 and counter stained the nuclei with Hoechst 33342 (blue) dye. We incubated 

the HeLa cells with ER-Obt-NPs at different time points 1 h, 3 h and 6 h and visualized the 

cells under fluorescence confocal microscopy. Merging of red and green images leading to 

yellow colour in confocal images confirmed that the nanoparticles localized into the lysosomes 
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within 1 h (Fig. 2.4). Further quantification revealed the change in Mander’s coefficients (M2) 

from 0.57 to 0.72 to 0.67 at 1h, 3h and 6h respectively (Table A2, Appendix-A). This confocal 

imaging indicated that ER-ObtNPs internalized into lysosome slowly within 1 h and escaped 

from the lysosomes over a period of 6 h. This confocal microscopy confirmed that ER-Obt-

NPs localized into the lysosomes within 1 h and escaped to further localize into ER within 6 h 

and remained there for 24 h.  

 

Figure 2.4: Confocal microscopy images of HeLa cells treated with red fluorescent ER-Obt-

NPs at 1 h, 3 h and 6 h. Lysosomes were stained with LysoTracker Green. Scale bar = 10 μm. 

 

To evaluate the trafficking of Mito-Obt-NPs, we incubated the HeLa cells with the 

nanoparticles for 3 h, 6 h and 24 h and costained mitochondria with MitoTracker Green dye 

followed by imaging through confocal microscopy. The merging of green and red fluorescence 

to yield yellow fluorescence signals in confocal images confirmed that the Mito-Obt-NPs 

homed into mitochondria within 3 h and retained there for 6 h with less intensity at 24 h (Fig. 
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2.5). The confocal microscopy-based quantification also corroborated that the Mito-Obt-NPs 

localized in the mitochondria with 0.93, 0.86 and 0.47 Mander’s coefficients at 3 h, 6 h and 24 

h respectively (Table A3, Appendix-A). In our previous study, we have shown that 

mitochondria-targeted nanoparticles after cellular uptake would localize in the lysosomes 

within 1 h but after 6 h managed to escape the lysosomes and localized into mitochondria.41 

Hence, these confocal microscopy studies demonstrated that both the nanoparticles home into 

their desired organelles in a time dependent manner and retained there for 24 h. 

 

Figure 2.5: Confocal microscopy images of HeLa cells treated with red fluorescent Mito-Obt-

NPs at 3 h, 6 h and 24 h. Mitochondria were stained with green fluorescent MitoTracker Green. 

Scale bar = 10 μm. 

We have now observed that the ER-Obt-NPs first localized into acidic lysosomes. Also, our 

previous study showed that TPP coated nanoparticles localized into lysosome before homing 

into mitochondria. Hence, we evaluated the release of obatoclax from both the nanoparticles at 

pH = 5.5 to mimic lysosome environment. We incubated both the nanoparticles in pH = 5.5 

buffer in a time-dependent manner and quantified the amount of free obatoclax released by 

dialysis method using UV-Vis spectroscopy at λmax = 488 nm. We observed that at pH = 5.5 

only 7.2% and 17.0% of obatoclax was released from ERObt-NPs and Mito-Obt-NPs even 
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after 72 h (Fig. 2.6a). As a control experiment, we also assessed the release of obatoclax at 

physiological pH = 7.4. Interestingly, both the nanoparticles released nearly 41.2% of 

obatoclax after 72h at pH = 7.4 (Fig. 2.6b). This data is accordance with our previous 

observation.41 However, the exact mechanism of obatoclax release is still elusive. Hence, from 

this release study, it was obvious that very less amount of obatoclax was released from both 

the nanoparticle in lysosomes even after 3 days. 

 

Figure 2.6: (a,b) Release of obatoclax from ER-Obt-NPs and Mito-Obt-NPs at pH = 5.5 and 

pH = 7.4 over 72h respectively. 

2.3.3 Induction of ER stress and autophagy. Once ER-Obt-NPs internalized in the ER of the 

HeLa cervical cancer cells they are expected to release their payload (obatoclax) and inhibit 

the Bcl-2 homologue. We evaluated the expression of Bcl-2 protein by western blot analysis. 

The western blot image showed a reduction of the expression of Bcl-2 compared to non-treated 

control cells (Fig. 2.7a, b). Inhibition of the antiapoptotic Bcl-2 at ER is expected to induce ER 

stress in the cells. So we evaluated the expression of ER stress-related proteins by Western blot 

analysis. We observed an increment in the expression of ER stress markers IRE1-α and CHOP 

which indicated the onset of ER-associated stress and apoptosis (Fig. 2.7a).42-44 Quantification 

from the Western blot also revealed that ER-Obt-NPs increased the expression of IRE1-α and 

CHOP by 4.2 and 2.7 folds respectively compared to the control cells (Fig. 2.7c and d).  
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Figure 2.7: (a) Western blot images showing the expression of Bcl-2, IRE-1α and CHOP after 

treatment of HeLa cells with ER-Obt-NPs. (b) Quantification of (a) Bcl-2 (b) IRE1-α (c) CHOP 

from western blot analysis. 

An increase in ER stress leads to the generation of the reactive oxygen species (ROS).45 We 

evaluated the ROS generation by 2,7-dichlorodihydrofluorescein (H2DCFDA) assay.46 HeLa 

cells were treated with ER-Obt-NPs followed by incubation with H2DCFDA. We then 

visualized the cells by confocal microscopy. Control cells hardly generated any green 

fluorescence signal indicating negligible ROS generation. However, cells treated with the ER-

Obt-NPs showed a remarkable increment in the green fluorescence signal (4-fold) confirming 

the generation of subcellular ROS (Fig. 2.8a and b). Inhibition of the anti-apoptotic Bcl-2 

should induce programmed cell death. So we evaluated the apoptosis induced by ER-Obt-NPs 

by flow cytometry analysis. We treated HeLa cells with 10 µM concentration of the ER-Obt-

NPs and stained the apoptotic cells and the necrotic cells with APC labelled Annexin V and 7-

AAD respectively followed by flow cytometric analysis to count cells at different stages. We 

observed that after 24 h ER-Obt-NPs were able to induce 28% cells into early and 52% cells 
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into late apoptosis compared to only 1.25% and 0.18% cells into early and late apoptotic stages 

in control cells (Fig. 2.8c).  

 

Figure 2.8: (a) Confocal images showing the ROS generation (b) Confocal microscopy-based 

quantification of green fluorescence intensity after incubation with H2DCFDA in ER-Obt-NPs 

treated HeLa cells. (c) Flow cytometry to show the induction of apoptosis by staining by APC-

Annexin V and 7-AAD. 

We also evaluated the cell killing efficacy of the ER-Obt-NPs by cell viability assay. We treated 

HeLa cervical cancer cells with the ER-Obt-NPs in a dose-dependent manner for 48 h and 

estimated the cell viability by MTT assay. The nanoparticles exhibited an IC50 of about 20 μM 

which was comparable with the IC50 of free Obatoclax (Fig. 2.9a). We also evaluated the 

toxicity of oleic acid and oleic acid-dansyl conjugate (4) in HeLa cells in a dose-dependent 

manner by MTT assay. We observed absolutely no toxicity for oleic acid even at 50 μM 

concentration (Fig. 2.9b). Conjugate 4 also showed negligible toxicity with 66.0% cell viability 

at 50 μM (Fig. 2.9c). 
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Figure 2.9: (a) Dose-dependent viability of HeLa cells after treatment with ER-Obt-NPs at 48 

h post-incubation.(b, c) Viability of HeLa cells after treatment with oleic acid and oleic acid-

dansyl conjugate (4) in a dose dependent manner over 48h, determined by MTT assay. 

Since anti-apoptotic Bcl-2 is known to be one of the key proteins associated with autophagy, 

we expected the inhibition of Bcl-2 in ER would trigger autophagy.47 We also anticipated 

autophagy. a reason for the reduced cell death in case of ER-Obt-NPs.48,49 Hence, we evaluated 

the expression of the autophagy related protein LC3B by gel electrophoresis in HeLa cells.50 

From the gel images, we found that the expression of LC3B significantly increased (9.3 folds) 

after treatment with ER-Obt-NPs for 24 h compared to control cells (Fig. 2.10a and c). 

Increased expression of LC3B confirmed the onset of autophagy after inhibition of Bcl-2 at 

ER. To further confirm our hypothesis, we treated the HeLa cervical cancer cells with the ER-

Obt-NPs followed by the treatment with chloroquine (an autophagy inhibitor) for 24 h and then 

evaluated the expression of the LC3B proteins.51 As expected, co-treatment with autophagy 

inhibitor reduced the expression of LC3B proteins (4.8 folds) compared to control cells, which 

is 2 times less compared to the ER-Obt-NPs treatment alone (Fig. 2.10b and e). We also 

observed a concomitant increment (7.2 folds) in the expression levels of ER stress associated 

apoptosis marker CHOP compared to control cells (Fig. 2.10b and d). We also evaluated the 

generation of ROS by H2DCFA assay. We treated HeLa cells with the combination of ER-

Obt-NPs and chloroquine for 24 h and visualized the green fluorescent DCF by confocal 

microscopy. The fluorescence microscopy image showed that combination treatment with ER-

Obt-NPs and chloroquine remarkably increased the green fluorescence into the cells (14 folds) 

compared to the control cells (Fig. 2.11a and b).  
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Figure 2.10: Western blot analysis showing the expression of LC3B and CHOP in HeLa cells 

after treatment with (a) ER-Obt-NPs and (b) combination of ER-Obt-NPs and chloroquine at 

24 h. Quantification of (c) LC3B from western blot analysis after treatment with ER-Obt-NPs 

for 24 h in HeLa cells. (d) CHOP and (e) LC3B from western blot analysis after treatment of 

HeLa cells with ER-Obt-NPs and chloroquine. 

 

Figure 2.11: (a) Confocal microscopy images of HeLa cells (b) quantification of green 

fluorescence intensity after treatment with ER-Obt-NPs and chloroquine combination. 
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To further substantiate the effect of autophagy inhibition and induction of apoptosis, we 

performed the flow cytometry analysis. We treated HeLa cervical cancer cells with ER-Obt-

NPs along with 50 µM chloroquine for 24 h. Flow cytometry analysis revealed 7% and 84% 

cells in early and late apoptotic stages respectively (Fig. 2.12a) much higher compared to the 

ER-Obt-NP treatment alone. We also treated the HeLa cervical cancer cells with ER-Obt-NPs 

along with 50 µM chloroquine and estimated the cell viability by MTT assay. The combination 

treatment exhibited an IC50 of 15 µM which is much lower compared to the ER-Obt-NPs 

treatment alone (Fig. 2.12b). Thus inhibition of autophagy resulted in improved efficacy of the 

ER-Obt-NPs. These experiments showed that ER-Obt-NPs inhibited Bcl-2 in ER and induced 

ER stress leading to autophagy which can be suppressed by combination treatment with 

autophagy inhibitor chloroquine. 

 

Figure 2.12: (a) Flow cytometry analysis of HeLa cells after treatment with the combination 

of ER-Obt-NPs and chloroquine for 24 h (b) Dose-dependent viability of HeLa cells after 

treatment with ER-Obt-NPs and combination with chloroquine at 48 h post-incubation. 

2.3.4 Mitochondrial damage and apoptosis. After internalizing in the mitochondria of the 

HeLa cervical cancer cells we expected the Mito-Obt-NPs to release their payload and inhibit 

the mitochondrial Bcl-2. So we evaluated the expression level of anti-apoptotic Bcl-2 by gel 

electrophoresis. HeLa cells were treated with the Mito-Obt-NPs for 24 h and the cellular 

proteins were then subjected to western blot analysis. We found that treatment with Mito-Obt-

NPs resulted in reduced expression levels of Bcl-2 protein by 1.6 folds compared to control 

cells (Fig. 2.13a and b). Furthermore a concomitant 1.3 folds decrease in the levels of Bcl-xL, 

another anti-apoptotic protein was also observed (Fig. 2.13a and c). Once the mitochondrial 

Bcl-2 is impaired, activation of the caspase cascade would induce apoptosis. We evaluated the 

cleavage of initiator caspase-9 and executioner caspase-3 as apoptotic markers.52,53 We treated 

HeLa cells with Mito-Obt-NPs for 24 h and evaluated the expression of caspase-9 and caspase-
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3 by Western blot analysis. The gel images and quantification showed that Mito-Obt-NPs 

reduced the expression of caspase3 and caspase-9 by 1.3 folds and 2.1 folds respectively (Fig. 

2.13a, d and e). 

 

Figure 2.13: (a) Western blot images showing the expression of Bcl-2, Bcl- xL, Procaspase-3 

and Procasspase-9 after treatment of HeLa cells with Mito-Obt-NPs. (b) Quantification of (b) 

Bcl-2 (c) Bcl- xL (d) Procasspase-3 and (e) Procasspase-9 from western blot analysis. 

Impairment of mitochondrial Bcl-2 by Mito-Obt-NPs will lead to generation of ROS. We 

treated HeLa cells with Mito-Obt-NPs for 24 h followed by incubation with H2DCFDA to 

evaluate the ROS generation. Cells were then visualized with confocal microscopy. A 

remarkable increment (300 folds) in the green fluorescence was observed in case of the cells 

treated with Mito-Obt-NPs as compared to the control cells (Fig. 2.14a and c) which indicated 

the generation of ROS after treatment with nanoparticle. Once the mitochondrial Bcl-2 is 

impaired by the Mito-Obt-NPs, they should also induce damage to the mitochondria of the 

HeLa cells and opening of the mitochondrial permeability transition pore (MPTP) resulting in 

the reduction of mitochondria membrane potential (∆Ѱm) followed by rupturing of outer 

membrane.54 We estimated the MPTP formation by Calcein-AM assay.55 We treated HeLa 

cells with Mito-Obt-NPs for 24 h followed by incubation with Calcein-AM and CoCl2. The 
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live HeLa cells were then visualized by confocal microscopy wherein the cells treated with 

Mito-Obt-NPs exhibited an enhancement in the green fluorescence intensity (17 folds) as 

compared to the control cells that hardly showed any green fluorescent signals (Fig. 2.14b and 

d). 

 

Figure 2.14: (a, b) Confocal microscopy images to show ROS generation and MPTP formation 

respectively. Quantification of green fluorescence intensity after incubation with (c) 

H2DCFDA and (b) Calcein-AM in Mito-Obt-NPs treated NPs in HeLa cells. 

Mitochondrial damage through MPTP formation and inhibition of the anti-apoptotic Bcl-2 and 

Bcl-xL proteins would trigger programmed cell death or apoptosis. We quantified the induction 

of apoptosis by flow cytometry analysis by treating HeLa cells with Mito-Obt-NP at a 

concentration of around 10 μM for 24 h followed by co-staining the cells with APC- Annexin 

V and 7-AAD. Cells were then sorted with flow cytometry which demonstrated 0.03% cells 

into early and 99.4%cells into late apoptosis respectively (Fig. 2.15a) compared to only 2.3% 

cells in late apoptosis in non-treated cells. Although cationic nanoparticles were reported to 

induce necrosis in cancer cells, we observed late apoptosis with our cationic Mito-Obt-NPs 

which was in accordance with our previous observations.41, 56 We finally validated the cell 

killing efficacy of the Mito-Obt-NPs by cell viability assay. We treated HeLa cells with the 
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Mito-Obt-NPs in a dose-dependent manner for 48 h and calculated the cell viability by MTT 

assay. Mito-Obt-NPs exhibited much lower IC50 = 7 µM compared to IC50 = 20 µM for free 

obatoclax indicating improved efficacy in killing HeLa cells than the free drug (Fig. 2.15b). As 

a control, we also evaluated the toxicity of oleic acid-TPP conjugate (6) in HeLa cells in a dose-

dependent manner at 48h by MTT assay, which showed only 57.6% cell viability at very high 

concentration of 50 μM (Fig. 2.15c). These experiments confirmed that Mito-Obt-NPs 

inhibited Bcl2 in mitochondria to induce late apoptosis leading to improved HeLa cell death 

compared to free Bcl-2 inhibitor. Our studies at the same time revealed the difference in the 

functionality of Bcl-2 protein in different locations. We found that in HeLa cells mitochondria-

targeted nanoparticles exhibited much better induction of apoptosis as compared to the ER-

Obt-NPs. In fact, inhibiting the Bcl-2 at mitochondria was 2 times more efficacious compared 

to its homologue at ER. This observation was in complete correlation with the results of cell 

viability assay which further corroborating the mitochondrial Bcl-2 as an effective target than 

Bcl-2 at ER. We anticipate autophagy a reason for the reduced cell death in case of ER-Obt-

NPs as the nanoparticles exhibited better efficacy and improved IC50 when the autophagy was 

suppressed. Thus, mitochondrial Bcl-2 seems to be more apt as a target than its homologue at 

ER for cancer therapeutics. 

 

Figure 2.15: (a) Flow cytometry analysis after staining with APC-Annexin V and 7-

AAD.Dose-dependent viability of HeLa cells after treatment with (b) Mito-Obt-NPs and (c) 

OA-TPP conjugate at 48 h post-incubation. 
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2.4   Materials and Methods 

2.4.1 Materials: All the chemicals were purchased from commercial suppliers unless 

otherwise noted. Obatoclax mesylate was purchased from Selleck Chemicals. Reactions were 

performed in the oven-dried glassware with or without inert gas. Analytical thin-layer 

chromatography (TLC) was performed using pre-coated silica gel aluminium sheets 60 F254 

bought from EMD Millipore Laboratories. Compounds were purified by column 

chromatography using silica gel 100-200 mesh as the stationary phase. 1H, 13C, 31P spectra 

were recorded on a Bruker Avance III HD Ascend 9.4 Tesla/400 MHz with autosampler and/or 

Jeol 9.4 Tesla/400 MHz with autosampler spectrometer. Chemical shifts are mentioned in parts 

per million (ppm) and referred to residual protons on the corresponding deuterated solvent. 

UV- Visible spectra was recorded on Shimadzu. DMEM media and 3-(4, 5-dimethylthiazol-2-

yl)-2, 5- diphenyltetrazolium bromide (MTT) was purchased from HiMedia. Nunc® Lab-Tek® 

II chambered coverglass, and Sodium dodecyl sulfate (SDS) was purchased from Sigma-

Aldrich. MitoTracker® Green, ER Tracker Green and LysoTracker Green DND-26 were 

purchased from Invitrogen. AnnexinV- APC and 7-AAD staining Kit was purchased from 

Biolegend. Flow Cytometry analysis was recorded on BD- Accuri. Western blot analysis was 

performed on Las ImageQuant 400. 

2.4.2 Synthesis of N-(2-aminoethyl)oleamide (2). Ethylene diamine was conjugated to oleic 

acid via amide coupling according to the reported procedure30. 

2.4.3 Synthesis of N-(2-((5-dimethylaminonapthalene)-1-sulfonamido)ethyl)oleamide (4). 

To a solution of N-(2-aminoethyl)oleamide (1 eq.) in DCM was added dansyl chloride (1 eq.) 

and trimethylamine (2.2 eq.). The reaction mixture was allowed to stir overnight under nitrogen 

atmosphere. Progress of the reaction was monitored through TLC. On completion, the reaction 

mixture was diluted with DCM and washed with brine. Organic layer was collected, dried over 

sodium sulphate and evaporated. Residue obtained was purified by column chromatography 

(35% ethyl acetate in hexane) in 45% yield. 

1H NMR (400 MHz, CDCl3): δ=8.56 (d, J = 8 Hz, 1H), 8.22 (dd, J = 2Hz, 4 Hz, 2H), 7.58 (m, 

2H), 7.20 (d, J = 8 Hz, 1H), 5.82 (m, 1H), 5.5 (s, 1H), 5.35 (m, 2H), 3.29-3.26 (m, 2H), 3.02 

(q, J = 4 Hz, 8Hz, 2H), 2.89 (q, J = 4 Hz, 8 Hz, 6H), 2.00 (m, 6H), 1.41-1.25 (m, 22H), 2H), 

0.86 (m , 3H). 
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13C NMR (100 MHz, CDCl3): δ 174.33, 152.28,  139.42, 134.48, 130.82, 130.15, 130.09,  

129.89, 129.64, 128.72, 123.33, 118.72, 115.42, 114.21, 77.16, 45.56, 32.08, 32.06, 30.39, 

29.85, 29.81, 29.68, 29.47, 29.40, 29.31, 27.39, 27.35, 25.66, 22.84, 14.27 

2.4.4 Synthesis of (5-((2-oleamidoethyl)amino)-5-oxopentyl) triphenylphosphonium 

bromide (6). To a solution of N-(2-aminoethyl)oleamide (1 eq.) at 0oC in DCM under nitrogen 

atmosphere was added HBTU and DIPEA. The reaction mixture was allowed to stir for 15 

minutes and then (4-carboxybutyl)triphenylphosphonium bromide (1.2 eq.) was added. 

Reaction was then allowed to stir overnight. Progress of the reaction was monitored through 

TLC. On completion, the reaction mixture was diluted with DCM and washed with brine. 

Organic layer was collected, dried over sodium sulphate and evaporated. A sticky residue was 

obtained which was further washed with pentane to get the pure compound in 75% yield. 

1H NMR (400 MHz, CDCl3): δ 7.71 (t, J = 32.2 Hz, 15H), 6.92 (s, 1H), 6.73 (s, 1H), 5.31 (t, J 

= 5.4 Hz, 2H), 3.27 (s, 3H), 3.17 (s, 2H), 2.88 (d, J = 66.7 Hz, 2H), 2.31 (s, 2H), 2.16 (t, J = 

7.1 Hz, 2H), 2.03 – 1.93 (m, 4H), 1.87 (s, 2H), 1.69 (s, 2H), 1.55 (s, 2H), 1.25 (s, 22H), 0.86 

(t, J = 6.8 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 174.33, 173.17, 135.43, 133.45, 133.36, 130.79, 130.67, 

129.95, 118.32, 117.40, 39.81, 39.63, 36.49, 34.43, 31.97, 29.85, 29.60, 29.39, 29.24, 27.30, 

26.09, 25.93, 25.84, 22.75, 21.64, 21.54, 21.50, 14.20. 

31P NMR (162 MHz, CDCl3): δ 24.4 

2.4.5 Synthesis of nanoparticles. Endoplasmic reticulum targeted (ER-obt-NPs) and 

mitochondria targeted nanoparticles (Mito-obt-NPs) were synthesised from the conjugates 4 

and 6 according to the previously reported procedure1. 

2.4.6 Determination of shape, size and morphology. The shape, size and morphology of the 

nanoparticles was determined using light scattering and electron microscopy techniques like 

field-emission scanning electron microscopy (FESEM) and atomic force microscopy (AFM). 

Samples were prepared according to the previously reported procedures. 

2.4.7 Quantification of drug loading in the nanoparticles.  Loading of obatoclax in the 

nanoparticles was determined at λmax= 488 nm by UV-Vis spectroscopy using the previously 

reported method. 
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Drug Loading Efficiency (%)  =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑢𝑠𝑒𝑑
𝑋 100 

                              Weight % of Obatoclax =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑏𝑎𝑡𝑜𝑐𝑙𝑎𝑥 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
 𝑋 100  

2.4.8 Cell Viability assay. 100 µL of 5000 cells in DMEM media were seeded per well in 96-

well microtiter plate and incubated for 16 h in a 5% CO2 incubator at 37oC. Cells were treated 

with different concentrations of the nanoparticles and incubated for 24 h and 48 h. After the 

said time points, media was removed and 100 µL of MTT in DMEM (0.5 mg/mL) was added. 

After 4 h, 50 µL of solubilisation buffer (10%SDS in 0.01 N HCl) was added to dissolve the 

formazan crystals and left for incubation overnight. Absorbance was then recorded at 570 nm 

on Perkin Elmer Ensight. The assay was performed in triplicate of triplicates (n=3). 

2.4.9 Cellular Internalization.  2 x 104 cells were seeded in a 8-well LabTek chamber. Cells 

were incubated with the ER and mitochondria targeted nanoparticles for the mentioned time 

points. Cells were washed with cold PBS and costained with ER Tracker Green and 

MitoTracker green respectively and incubated for 20 mins. Cells were then washed and 

visualised using CLSM, Zeiss LSM 700. Similar method was adopted for monitoring the 

localization of nanoparticles in lysosomes using LysoTracker Green DND-26. (n=2) 

2.4.10 DCFH-DA assay. 2 x 104 cells were seeded in a 8-well LabTek slide. Cells were treated 

with the nanoparticles for 24 h. Post incubation cells were treated with DCFH-DA for 15 min. 

Cells were then washed thrice and visualized by CLSM. (n=2) 

2.4.11 Calcein AM assay.  2 x 104 cells were seeded in a LabTek slide (8-well). Cells were 

treated with the nanoparticles. Post 24 h incubation calcein AM (1 µM) and 1mM CoCl2 were 

added into the cells followed by imaging by CLSM. 

2.4.12 Flow Cytometry analysis.  2 x 106 cells were seeded in a 6-well plate and treated with 

the nanoparticles for 24 h. The cells were then trypsinized and washed with PBS. Suspended 

cells were then incubated with APC Annexin V and 7-AAD according to the manufacturer’s 

protocol. Apoptotic and necrotic cells were then quantified using BD Accuri C6 flow cytometer 

(n=2). 

2.4.13 Western Blot analysis. 1x 106 cells were seeded in a 6-well plate and treated with the 

nanoparticles for 24 h. Cells were then lysed. SDS-PAGE was used to separate the different 

proteins (n=2). 
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2.5   Conclusion 

In conclusion, we chemically synthesized ER and mitochondria specific oleic acid based probes 

and engineered obatoclax loaded nano-scale particles that selectively localized into ER and 

mitochondria respectively and inhibited Bcl-2 at those organelles. Interestingly, inhibition of 

Bcl-2 in ER lead to ER stress and autophagy in HeLa cervical cancer cells. On the other hand, 

inhibition of Bcl-2 in mitochondria triggered mitochondrial outer membrane permeabilization 

leading to late apoptosis. This study revealed that inhibiting Bcl-2 at mitochondria was more 

prone to induce apoptosis than its spatial counterpart at ER since the autophagy induction leads 

to reduced cell killing. Thus, our approach established Bcl-2 at mitochondria as a more 

promising target for the Bcl-2 inhibitors than Bcl-2 located at ER. This study confirmed that it 

is really essential to understand the disparity in the function and behaviour of protein 

homologues at different spatial locations. Equally important is to ensure that small molecule 

drugs or inhibitors localize in the correct organelle after it crosses the plasma membrane in 

order to achieve maximum efficacy. This novel nano-platform can be extended to understand 

the location-function-relationship of other therapeutically important proteins located at the 

mitochondria and the endoplasmic reticulum. Not only will it lead to the development of better 

therapeutics but, it will also potentially contribute in understanding their cross-talk. Thus, in 

this chapter we have established that the therapeutic efficacy of mitochondrial Bcl-2 is more as 

compared to Bcl-2 at ER and therefore, to realize the maximum therapeutic potential of Bcl-2 

inhibitors they should be directed to inhibit the protein at mitochondria than at ER. 

 

 

 

 

 

 

 

 

 



43 
 

 

 

2.6   Appendix- A 

 

Figure A1: 1H NMR spectrum of compound 4 in CDCl3 at 400 MHz. 
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Figure A2: 13C NMR spectrum of compound 4 in CDCl3 at 100 MHz. 

 

Figure A3: MALDI- TOF spectrum of Compound 4. 
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Figure A4: 1H NMR spectrum of compound 6 in CDCl3 at 400 MHz. 

Figure A5: 13C NMR spectrum of compound 6 in CDCl3 at 100 MHz. 

 

Figure A6: MALDI- TOF spectrum of compound 6. 
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Figure A7: 31P NMR spectrum of compound 6 in CDCl3. 

 

Treatment Time  3 h 6 h 24 h 

Image Channels C1 (green) 

C3 (red) 

C1 (green) 

C3 (red) 

C1 (green) 

C3 (red) 

Pearsons’ 

Correlation 

Coeffecient 

 0.937 0.964 0.906 

 

Manders 

Coeffecients 

M1 (fraction of C1 

overlapping C3) 

0.824 0.9182 0.913   

M2 (fraction of C3 

overlapping C1) 

0.7084 0.8284 1.00 

 

Table A1: Quantification of co-localization of ER-Obt-NPs in ER of HeLa cells at 3 h, 6 h and 

24 h from CLSM. 
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Treatment Time  1 h 3 h 6 h 

Image Channels C2 (green) 

C3 (red) 

C2 (green) 

C3 (red) 

C2 (green) 

C3 (red) 

Pearsons’ 

Correlation 

Coeffecient 

 0.2253 0.2381 0.1574 

 

Manders 

Coeffecients 

M1 (fraction of C2 

overlapping C3) 

0.363 0.5237 0.5331   

M2 (fraction of C3 

overlapping C2) 

0.5787 0.7227   0.6743 

 

Table A2: Quantification of co-localization of ER-Obt-NPs in lysosomes of HeLa cells at 1 h, 

3 h and 6 h from CLSM. 

 

 

Treatment Time  3 h 6 h 24 h 

Image Channels C1 (green) 

C2 (red) 

C1 (green) 

C2 (red) 

C1 (green) 

C2 (red) 

Pearsons’ 

Correlation 

Coeffecient 

 0.8097 0.7663 0.7214 

 

Manders 

Coeffecients 

M1 (fraction of C1 

overlapping C3) 

0.949 0.891 0.8403 

M2 (fraction of C3 

overlapping C1) 

0.9292 0.8619 0.4751 

 

Table A3: Quantification of co-localization of Mito-Obt-NPs in mitochondria of HeLa cells at 

3 h and 6 h and 24 h from CLSM. 
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3.1   Abstract 

The endoplasmic reticulum is one of the vital organelles primarily involved in protein 

synthesis, folding, and transport and lipid biosynthesis. However, in cancer cells its functions 

are dysregulated leading to ER stress. ER stress is now found to be closely associated with 

hallmarks of cancer and has subsequently emerged as an alluring target in cancer therapy. 

However, specific targeting of the ER in a cancer cell milieu remains a challenge. To address 

this, in this report we have engineered ER-targeted self-assembled 3D spherical graphene oxide 

nanoparticles (ER-GO-NPs) encompassing dual ER stress inducers, doxorubicin and cisplatin. 

DLS, FESEM and AFM techniques revealed that the nanoparticles were spherical in shape 

with a sub 200 nm diameter. Confocal microscopy confirmed the specific homing of these ER-

GO-NPs into the subcellular ER within 3 h. A combination of gel electrophoresis, confocal 

microscopy and flow cytometry studies revealed that these ER-GO-NPs induced ER stress 

mediated apoptosis in HeLa cells. Interestingly, the nanoparticles also activated autophagy 

which was inhibited through the cocktail treatment with ER-GO-NPs and chloroquine (CQ). 

At the same time these ER-GO-NPs were found to be efficient in prompting ER stress 

associated apoptosis in breast, lung and drug resistant triple negative breast cancer cell lines as 

well. We envision that these ER specific self-assembled graphene oxide nanoparticles can serve 

as a platform to exploit ER stress and its associated unfolded protein response (UPR) as a target 

resulting in promising therapeutic outcomes in cancer therapy. 

 

3.2   Introduction 

Cancer cells endure both oncogenic and environmental stresses while they relentlessly 

proliferate. These stresses act as potential growth inhibiting factors for tumorigenesis.1–3 To 

counter them, cancer cells exploit an innate adaptive mechanism of the unfolded protein 

response (UPR) launched by the endoplasmic reticulum (ER) of cells.4,5 The ER is a major 

regulator of various metabolic processes including protein synthesis and folding.6,7 A high 

proliferation rate of cancer cells requires increased protein demands leading to ER stress, a 

condition characterized by accumulation of unfolded or misfolded proteins in the ER 

lumen.8,9 In response to such stresses, the cytoprotective UPR mechanism is triggered and cells 

work in a coordinated fashion to establish ER homeostasis.9–11 

The baseline activity level of the ER stress response system in normal and cancer cells 

differs.12 Cancer cells display chronically elevated ER stress levels hinting that they are already 

https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit1
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit4
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit6
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit8
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit9
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit12
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struggling to survive. The burden on the ER stress response system when aggravated would 

lose its pro-survival feature. On the other hand, its proapoptotic module is triggered.13 The 

persistent activity of chronic ER stress in tumor cells may constitute an Achilles heel and 

provide a window of opportunity for development of therapeutic regimens. Growing interest 

in the UPR as a therapeutic target in cancer has led to the development of several 

pharmacological agents that induce cancer cell death by impairing the UPR.14–16 Bortezomib, 

17-AAG, and brefeldin-A are to name a few that have recently been added to the list of 

promising UPR inhibitors.17,18 Interestingly, several in-clinic chemotherapeutics such as 

doxorubicin and cisplatin have been explored to establish new targets in the ER. Doxorubicin 

has been shown to inhibit the IRE1-α arm of the UPR.19 On the other hand, cisplatin binds to 

proteins such as calreticulin and protein disulphide isomerase (PDI) residing in the ER and 

induces stress.20–23 In fact, various cancer cell lines have shown increased sensitivity to 

cisplatin when it is used in combination with other ER stress inducers.16 However, doxorubicin 

and cisplatin exert off-target cytotoxicity especially damaging topoisomerases and nuclear 

DNA respectively.24,25 Hence selectively delivering these stress inducers directly into the 

subcellular ER in cancer cells is a daunting task due to limited chemical tools present. 

In recent years, nanoscale materials have been used to address this challenge. Lipidic and 

polymeric nanoparticles, small molecule based supramolecular self-assemblies have been 

developed to specifically navigate to the ER, induce stress and impair the UPR.26,27 Graphene 

oxide (GO) based nanoplatforms have also emerged as a promising candidate owing to the 

panoply of features they possess.28,29 Apart from being biocompatible and biodegradable, their 

unique aromatic π–π system and surface modalities present allow for stacking of drugs and 

conjugation of targeting moieties.30–33 Nonetheless, there is a serious lack of effective 

nanoscale tools for impairment of the adaptive UPR and induction of ER stress mediated 

apoptosis in cancer cells. 

To address this, in this manuscript we report easy and robust engineering of self-assembled 

graphene oxide nanoparticles (ER-GO-NPs), decorated with dansyl groups (for ER 

localization), encompassing ER stress inducers (doxorubicin and cisplatin) ( Scheme 3.1a). 

These ER-GO-NPs were spherical in shape with a sub-200 nm diameter confirmed by light 

scattering (DLS) and electron microscopy (SEM and AFM). These ER-GO-NPs specifically 

localized into the subcellular ER of HeLa cervical cancer cells within 3 h and released their 

payload causing UPR impairment as visualised by confocal laser scanning microscopy 

(CLSM) and gel electrophoresis (Scheme 3.1b). This nanoparticle-mediated ER stress led to 

https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit13
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit14
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit17
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit19
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit20
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit16
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit24
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit26
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit28
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#cit30
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2020/na/d0na00338g#imgfig1
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the activation of autophagy which was inhibited by autophagy inhibitor chloroquine in a 

combination treatment. 

 

 

Scheme 3.1: (a) Synthetic scheme for engineering ER targeted GO-nanoparticles (ER-GO-

NPs). (b) Schematic representation of ER stress induction of ER-GO-NPs in cancer cells 

leading to autophagy and apoptosis.  

 

3.3   Results and Discussion 

3.3.1 Engineering ER specific GO-based nanoparticles. To specifically navigate the GO-based 

NPs to the subcellular ER, we planned to conjugate the dansyl moiety to the GO surface via the 

ethylene diamine linker. We have chosen the dansyl moiety for ER targeting (a) as it has the 

necessary sulfonamide functionality to interact with the sulphonamide receptors present on the 

ER surface and (b) due to its fluorescent nature for sub-cellular ER trafficking of the 

nanoparticles in cancer cells.26,27,35-37 We have capitalized upon the combination of 

doxorubicin and cisplatin, clinically used to treat several malignancies, to inhibit the UPR in 

cancer cells. Moreover, fluorescent Dox will also help us to visualize the localization of the 

nanoparticles into the sub-cellular ER through fluorescence microscopy. The dansyl moiety 

https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit26


57 
 

was conjugated to the free carboxylic acid (–COOH) groups of 2D GO sheets (1) using the 

ethylene diamine linker via amide coupling by reacting GO and the dansyl ethylene diamine 

conjugate (2) in a 1: 5 weight ratio in the presence of EDC as a coupling reagent in water for 

24 h to obtain the GO–dansyl conjugate (GO–Dan) (3) (Scheme 3.1a). Doxorubicin was then 

stacked onto the two-dimensional GO–Dan (3) surface by aromatic π–π interactions by 

incubating Dox and GO–Dan in a 1: 1 weight ratio in water for 24 h to obtain GO–Dan–Dox 

(4). The presence of the dansyl moiety and Dox over GO was confirmed by UV-Vis 

spectroscopy (Fig. 3.1a and b). The characteristic peaks at λmax = 350 nm and λmax = 480 nm 

validated the presence of dansyl and doxorubicin respectively. Furthermore, stacking of Dox 

on GO–Dan–Dox (4) was confirmed by fluorescence microscopy. Drastic reduction in the 

fluorescence emission intensity of Dox stacked on GO compared to free Dox at λmax = 590 nm 

confirmed the incorporation of doxorubicin over the GO surface (Fig. 3.1c). GO–Dan–Dox (4) 

was further reacted with [(OH2)2Pt(NH3)2]
2+ in a 1 : 5 ratio in water for another 24 h followed 

by dialysis to afford the GO–Dan–Dox–CDDP conjugate (6). Conjugate 6 was found to 

hierarchically self-assemble into spherical nanoparticles (ER-GO-NPs) which was in complete 

agreement with our previous study wherein we had observed the graphene oxide sheets to self 

assemble into spherical nanoparticles in presence of cisplatin.33,34  

 

Figure 3.1: (a, b) UV-Vis spectra confirming the presence of dansyl and dox. (c) Fluorescence 

emission spectra exhibiting the stacking of dox on GO surface. 

 

The hydrodynamic diameter of the ER-GO-NPs was found to be 145 nm by dynamic light 

scattering (DLS) (Fig. 3.2a). The spherical morphology of ER-GO-NPs was visualized by field 

emission-scanning electron microscopy (FESEM) and atomic force microscopy (AFM) (Fig. 

3.2b and c). These shape and size are suitable for the accumulation of ER-GO-NPs into tumor 

tissues through the enhanced permeability and retention (EPR) effect.38,39 The presence of 

cisplatin in ER-GO-NPs was confirmed by elemental mapping of Pt using FESEM based 

energy dispersive X-ray spectroscopy (EDAX) (Fig. 3.2e). The characteristic D and G bands 

https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit33
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#fig2
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#fig2
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#fig2
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit38
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in the single particle Raman spectra confirmed the presence of GO in ER-GO-NPs (Fig. 3.2d). 

We finally evaluated the loading of doxorubicin and cisplatin in ER-GO-NPs using UV-Vis 

spectroscopy. It was estimated that the ER-GO-NPs contained 196 μg mL−1 and 100 μg 

mL−1 doxorubicin and cisplatin with 78% and 80% drug loading efficiency respectively (Fig. 

3.2f). 

 

 

Figure 3.2: (a-c) DLS, FESEM and AFM images of ER-GO-NPs. (d) Single particle Raman 

spectra of ER-GO-NPs to show the presence of GO. (e) EDAX of ER-GO-NPs from FESEM 

confirming the presence of cisplatin. (f) Drug loading of dox and cisplatin in ER-GO-NPs. 

 

https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#fig2
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#fig2
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#fig2
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3.3.2 ER homing. We hypothesized that the dansyl group will facilitate the internalization of 

the ER-GO-NPs into sub-cellular ER due to the presence of sulphonamide receptors. To 

validate our hypothesis, we treated HeLa cervical cancer cell with ER-GO-NPs at different 

time points (3 h, 6 h, 12 h and 24 h) and co-stained them with ER-Tracker Green. We then 

visualised the live cells using confocal laser scanning microscopy (CLSM). The fluorescence 

microscopy images revealed that the ER-GO-NPs started internalizing in the ER within 3 h and 

the accumulation gradually increased with time (Fig. 3.3). Further quantification by CLSM 

using Pearson’s and Mander’s coefficients confirmed that the ER-GO-NPs localized into ER 

with Pearson’s coefficient of 0.72 and 0.86 and Mander’s coefficients of 0.92 and 0.97 at 3 h 

and 6 h respectively (Table B1, Appendix-B). Confocal images of incubation at higher time 

points (12 h and 24 h) revealed that the ER-GO-NPs retained in the ER with Pearson’s 

coefficient of 0.73 and 0.86 and Mander’s coefficients of 0.972 and 0.97 respectively.  

 

Figure 3.3: Confocal laser scanning microscopy images of HeLa cells treated with ER-GO-

NPs (red fluorescent) at 3 h, 6 h, 12 h and 24 h. The cells were counter stained with ER-Tracker-

Green dye. Scale bar = 10 μm. 
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To evaluate the specific localization of ER-GO-NPs into ER compared to the other organelles, 

we also visualized the localization of ER-GO-NPs in mitochondria. We treated the HeLa cells 

with ER-GO-NPs for 12 h and 24 h followed by staining mitochondria with MitoTracker Deep 

Red dye. The cells were then visualized under confocal microscopy. From the confocal images, 

we can clearly observe that even at 12 h and 24 h, very low yellow regions were visible by 

overlapping green and red fluorescence from ER-GO-NPs and MitoTracker Deep Red 

respectively (Fig. 3.4). We also confirmed the lower accumulation of ER-GO-NPs into 

mitochondria at 12 h and 24 h from the lower value of Pearson’s and Mander’s coefficients 

(Table B2, Appendix-B). 

 

Figure 3.4: Confocal laser scanning microscopy images of HeLa cells treated with ER-GO-

NPs (red fluorescent) at 12 h and 24 h post incubation. Mitochondria were counter stained with 

red fluorescent Mito Tracker Deep Red. Scale bar = 10 μm.  

 

Our previous experience showed that GO nanoparticles initially localize into lysosomes in the 

cancer cells through a clathrin mediated endocytosis.34,40 To evaluate the homing into 

lysosomal compartments, we treated HeLa cells with ER-GO-NPs at 1 h, 3 h and 6 h time 

points and co-stained the lysosomes with Lyso Tracker Green dye. The ER-GO-NPs showed 
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inherent red fluorescence due to the presence of doxorubicin. We visualized the cells under 

confocal microscopy. We observed considerable number of yellow signals at 3 h (Fig. 3.5) 

which showed that the ER-GO-NPs localized into lysosomes within 3 h. However, at 6 h, we 

hardly visualized any colocalization. This observation was also confirmed from high value of 

Pearson’s and Mander’s coefficients at 3 h with very low value at both 1 h and 6 h time points 

(Table B3, Appendix-B). It was previously observed that dansyl-coated nanoparticles showed 

positive surface charge in acidic milieu (in lysosome) which we expected to be the reason 

behind the quick escape of dansyl-coated ER-GO-NPs from lysosomes through electrostatic 

repulsion.26 Furthermore, from our earlier report, we found out that doxorubicin and cisplatin 

loaded self-assembled GO nanoparticles released less than 10% of their payload in acidic 

medium of pH = 5.5 at 6 h.34 This observation clearly indicated that ER-GO-NPs would lose 

minimum amount of ER stress inducers in lysosomes due to their quick escape from lysosomes 

within 3 h. Hence, from these confocal microscopy studies, it was evident that ER-GO-NPs 

homed into ER within 3 h and hardly localized into mitochondria. These ER-GO-NPs localized 

initially into lysosomes within 3 h, but slowly escaped them to home into ER. 

 

Figure 3.5: Confocal laser scanning microscopy images of HeLa cells treated with ER-GO-

NPs (red fluorescent) at 1 h, 3 h and 6 h post incubation. Lysosomes were stained with Lyso 

Tracker Green DND-26 (green fluorescent). Scale bar = 10 μm.  
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3.3.3 Induction of ER stress and DNA damage. Once internalized into the ER of the HeLa 

cells, we anticipate that the carboxylesterases present in ER41 will cleave the coordinate bond 

between Pt and carboxylic acid of GO to release cisplatin followed by disintegration of the 

self-assembled ER-GO-NPs. This carboxylesterase mediated fragmentation of the nanoparticle 

will also release GO-stacked doxorubicin.34 This simultaneous release of cisplatin and 

doxorubicin would further induce ER stress impairing UPR. Onset of ER stress leads to 

increased expression of CHOP, a marker for ER stress induced apoptosis.42,43 We visualized 

the increment in CHOP expression by immunofluorescence assay. We incubated HeLa cells 

with ER-GO-NPs for 24 h followed by treatment with CHOP specific primary antibody. The 

primary antibody was further detected by an Alexa Fluor 594 tagged secondary antibody (red 

fluorescent). Nucleus of the cells were stained with blue fluorescent DAPI and then visualized 

using confocal microscopy. Confocal images showed that cells treated with ER-GO-NPs 

showed a significant increase in red fluorescence intensity as compared to control (Fig. 3.6a). 

Confocal microscopy-based quantification showed that ER-GO-NP treatment increased the 

expression of CHOP by 3.8 folds compared to the control non-treated cells (Fig. 3.6b). 

Induction of ER stress leads to increase in levels of CHOP as well as its accumulation in 

nucleus. The overlap of red fluorescent signals with blue fluorescent signals of DAPI leading 

to purple fluorescence confirmed that CHOP accumulated in the nucleus upon ER stress 

induction by ER-GO-NPs, which was absent in the control cells. 

 

Figure 3.6: (a) Fluorescence confocal images of HeLa cells treated with ER-GO-NPs for 24 h 

followed by treatment with CHOP-primary antibody and Alexa Fluor 594-tagged secondary 
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antibody (Red). Nuclei were stained with DAPI (Blue). Scale bar = 10 μm. (b) Quantification 

of CHOP from confocal microscopy. 

 

We also evaluated the expression of CHOP by gel electrophoresis. We treated HeLa cells with 

ER-GO-NPs for 24 h followed by their lysis and then separated the proteins to perform Western 

blot analysis. We observed an increment of CHOP expression by 1.6 folds compared to the 

non-nanoparticle treated control cells (Fig. 3.7a and c). We expected this lower increment in 

CHOP expression as doxorubicin inhibits XBP1 protein which prevents upregulation of 

CHOP.44 To further estimate the ER stress, we evaluated the expression level of GRP78, one 

of the key markers for triggering of ER stress induction by Western blot analysis.45-47 It was 

observed that while control cells hardly showed any expression of GRP78, the ER GO-NP 

treated cells showed increased levels of GRP78 (1.5 folds) indicating the onset of ER stress 

(Fig. 3.7b and d).  

 

Figure 3.7: (a,b) Western blot images of HeLa cells after treatment with ER-GO-NPs for 24 h 

to evaluate the expression of CHOP and GRP78 as ER stress markers respectively. (c,d) 

Quantification of CHOP and GRP78 from western blot analysis.  

The protooncogene CHOP also known as growth arrest and DNA damage 153 (GADD 153) 

encodes for DNA damage as well.48, 49 Therefore, we expect that induction of ER stress by ER-

GO-NPs will lead to damage of nuclear DNA. We validated the DNA damage by ER-GO-NPs 

by immunofluorescence assay. We incubated HeLa cells with ER-GO-NPs for 24 h and then 

treated the cells with γH2AX specific primary antibody followed by Alexa Fluor 594 tagged 
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secondary antibody (red fluorescence). We also stained the nucleus of the HeLa cells with blue 

fluorescent DAPI. We then visualized cells by confocal microscopy and observed an enhanced 

red fluorescence in treated cells as compared to control (Fig. 3.8a). Furthermore, purple 

fluorescence observed due to the overlap of red and blue fluorescence signals confirmed that 

the ER GO-NPs damaged nuclear DNA. We also evaluated the ER-GO-NP-mediated DNA 

damage by Western blot analysis. We treated HeLa cells with ER-GO-NPs for 24 h, extracted 

the proteins and performed the gel electrophoresis. From the Western blot image, it was clear 

that control cells showed negligible expression of γH2AX. However, the ER-GO-NP treated 

cells showed a significant increase (3 folds) in the expression of γH2AX (Fig. 3.8b and c). 

These confocal imaging and Western blot analysis revealed that ER-GO-NPs induced ER stress 

and DNA damage in HeLa cells. 

 

Figure 3.8: (a) Confocal images of the HeLa cells treated with ER-GO-NPs for 24 h and 

stained with γH2AX selective primary antibody followed by Alexa Fluor 594-tagged secondary 

antibody (Red). Nucleus were stained with DAPI (Blue). Scale bar = 10 μm. (b) Western blot 

analysis after treating HeLa cells with ER-GO-NPs for 24 h to show the expression of γH2AX 

as DNA damage marker. (c) Quantification of γH2AX from western blot analysis. 
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3.3.4 Autophagy induction. ER stress is also a potent trigger for autophagy, a self-degradative 

process with adaptive functions.50, 51 To validate if autophagy was activated upon treatment 

with ER-GO-NPs, we evaluated the expression level of LC3B as an autophagy marker.52 We 

validated the expression of LC3B using immunofluorescence assay. HeLa cells were treated 

with ER-GO-NPs for 24 h, incubated with LC3B primary antibody followed by secondary 

antibody tagged with Alexa Fluor 488 dye (green). We stained the nucleus with DAPI (blue). 

We observed formation of puncta (autophagosomes) in the ER-GO-NP treated cells as 

compared to control cells (Fig. 3.9a). This formation of autophagosomes is a hallmark of 

autophagy.53We further validated the expression of LC3B by Western blot analysis. We treated 

HeLa cells with ER-GO-NPs for 24 h and the cellular proteins were subjected to the gel 

electrophoresis. From the Western blot image, we observed that ER-GO-NPs increased the 

expression of LC3B in HeLa cells compared to the control cells (Fig. 3.9b). Further 

quantification also confirmed that ER-GO-NPs increased the expression of LC3B by 11 folds 

compared to control cells (Fig. 3.9c).  

 

Figure 3.9: (a) Confocal images of HeLa cells after treatment with ER-GO-NPs for 24 h and 

stained with primary antibody specific for LC3B, followed by Alexa Fluor 488 tagged 

secondary antibody (green). (b) Western blot analysis of LC3B after incubation of HeLa cells 

with ER-GO-NPs for 24 h. (c) Quantification of LC3B from western blot analysis. 
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We also evaluated the level of Beclin, another autophagy marker via immunofluorescence 

assay.54 We incubated HeLa cells with ER-GO-NPs for 24 h. We then treated HeLa cells with 

Beclin specific primary antibody followed by incubation with Alexa Fluor 594 tagged 

secondary antibody (red). We also counter stained the nucleus of the cells with DAPI (blue). 

We then visualized the cells using confocal microscopy. Increased red fluorescence in treated 

cells as compared to control indicate that Beclin expression has indeed increased to trigger 

autophagy (Fig. 3.10). These immunofluorescence assays and Western blot analysis thus 

showed that ER-GO-NPs induced ER stress in HeLa cells. Prolonged ER stress triggered 

autophagy as an adaptive response to it. Interestingly, to induce autophagy the ER-GO-NPs 

needed to escape the lysosomes quickly and localize into ER to trigger ER stress. As prolonged 

lysosomal homing of ER-GO-NPs would release the ER stress inducers prematurely into the 

cytosol leading to non-specific effects in other organelles like nucleus towards direct apoptosis. 

We anticipate that this induction of autophagy could be specific degradation of endoplasmic 

reticulum through ER-phagy which is currently an elusive field of study.55, 56 

 

Figure 3.10: Confocal images of the HeLa cells after treatment with ER-GO-NPs for 24 h. The 

cells were stained with primary antibody specific for Beclin followed by Alexa Fluor 594 

tagged secondary antibody (red). Scale bar = 10 μm. 

 

3.3.5 Apoptosis and cell death. Finally, we expected the ER-GO-NPs to induce ER stress 

mediated apoptosis in HeLa cells. We estimated the apoptosis induced by ER-GO-NPs by flow 

cytometry analysis. We treated HeLa cells with ER-GO-NPs and then stained the apoptotic and 
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necrotic cells with Annexin V-FITC (green) and propidium iodide (PI) (red) followed by flow 

cytometry. We found that ER-GO-NPs triggered early and late apoptosis in 61.3% and 35.7% 

cells respectively (Fig. 3.11a). Since autophagy is triggered upon treatment with ER-GO-NPs, 

we anticipated it to help cells escape apoptosis. Hence, we performed flow cytometry study 

along with combination with chloroquine (CQ). We treated HeLa cells with ER-GO-NPs and 

50 μM of CQ and incubated for 24 h. The flow cytometry data revealed that cotreatment of 

ER-GO-NPs and CQ indeed resulted in 27.5% and 60.5% cells in early and late apoptotic stages 

respectively (Fig. 3.11a). This flow cytometry data confirmed ER-GO-NPs triggered early 

apoptosis and combination treatment with autophagy inhibitor induced late apoptosis. 

Finally, to evaluate the effect of apoptosis induced by ER-GO-NPs in cancer cells, we treated 

HeLa cells with ER-GO-NPs at different concentrations for 24 h and quantified the cell 

viability by MTT assay. It was observed that on treatment with ER-GO-NPs, HeLa cells 

exhibited cell death with IC50 = 5 μM (Fig. 3.11b). We also treated HeLa cells with a 

combination of ER-GO-NPs in a dose dependent manner with CQ at 50 μM concentration for 

24 h. The cell viability assay revealed that the combination of ER-GO-NPs and CQ showed 

much lower IC50 = 1.25 μM (Fig. 3.11b). Inspired by this data, we also validated the effect of 

ER-GO-NPs and CQ combination in other cancer cells like A549 (human lung carcinoma), 

MCF-7 (human breast cancer) and MDA-MB-231 (drug resistant triple negative breast cancer) 

by MTT assay. At 24 h post incubation, it was found that ER-GO-NPs demonstrated IC50 = 5 

μM, 0.8 μM and 4 μM in A549, MCF-7 and MDA-MB-231 cells respectively (Fig. 3.11b). 

Interestingly, in the combination treatment with CQ, the IC50 value reduced to 1 μM in A549 

and MDA-MB-231 cells. However, the combination treatment did not change the IC50 value in 

MCF-7 cells. It is intriguing to note that ER-GO-NPs and combination treatment with CQ lead 

to nearly 25% of cell viability in all the cancer cell lines tested at highest concentration (50 

μM). We anticipate that the cell killing ability of the ER-GO-NPs alone or in combination 

could be improved by either increasing the exposure time to 48h or using a more potent 

autophagy inhibitor Bafilomycin A1.57 Moreover, without ER targeting dansyl moiety, 

doxorubicin and cisplatin containing self-assembled GO nanoparticles would localize mainly 

into lysosomes and release the dual drugs in acidic pH followed by nuclear DNA damage 

leading to direct apoptosis and improved cell killing (IC50 = 2 μM) in HeLa cells without 

autophagy.34 

To ascertain our hypothesis that the apoptosis induced in HeLa cells by ER-GO-NPs was ER 

stress mediated, we treated HeLa cells with ER-GO-NPs and 4-phenyl butyric acid (4-PBA), a 

well-known chemical chaperone to alleviate both toxicity and proteomic alterations induced 
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by an ER stress inducer, by aiding in protein folding in the ER.58,59 We co-treated HeLa cells 

with ER-GO-NPs along with 15 μM PBA for 24 h and then performed the cell viability assay. 

We observed that co-treatment with 4-PBA drastically reduced the cell death as compared to 

treatment with ER-GO-NPs alone (Fig. 3.11c). 4-PBA augmented protein folding and thereby 

helped HeLa cells survive. This proved that apoptosis induced by ER-GO-NPs in HeLa cells 

was indeed ER stress mediated. 

 

 

Figure 3.11: (a) Flow cytometry analysis of ER-GO-NPs and CQ in HeLa cells to evaluate the 

induction of apoptosis. (b) Dose dependent viability of HeLa, MDA-MB-231, MCF-7 and 

A549 cells after treatment with ER-GO-NPs, 24 h post incubation. (c) Cell viability of HeLa 

cells after co-treatment with ER-GO-NPs and 4-PBA, 24 h post incubation. 

 

3.4   Material and Methods 

3.4.1 Materials. Graphene oxide, dansyl chloride, cisplatin, Nunc® Lab-Tek® II chambered 

coverglass, sodium dodecyl sulfate (SDS) and silicon wafers for FESEM were purchased from 

https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit58
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#fig7
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Sigma Aldrich. Doxorubicin was bought from Selleck Chemicals. Analytical thin-layer 

chromatography (TLC) was performed using 60 F254 pre-coated silica gel aluminium sheets 

bought from EMD Millipore Laboratories. UV-Visible spectra was recorded on Shimadzu. 

DMEM and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 

purchased from HiMedia. MitoTracker® Deep Red, ER Tracker Green and LysoTracker Green 

DND-26 were purchased from Invitrogen. An Annexin-V-FITC staining kit was purchased 

from Roche. Flow cytometry analysis was performed on a BD-Accuri. Western blot analysis 

was performed on a Las ImageQuant 400. 

3.4.2 Synthesis of N-(2-aminoethyl)-5-(dimethylamino) naphthalene-1-sulfonamide (2). A 

dansyl–ethylene diamine conjugate (2) was prepared according to a previously reported 

procedure.26 

3.4.3 Synthesis of graphene-oxide-dansyl-doxorubicin-cisplatin nanoparticles (ER-GO-NPs). 

ER-GO-NPs were synthesised according to a previously reported procedure.34 Briefly, 

graphene oxide (4 mg mL−1) was dispersed in distilled water (1 mL) and the dansyl–ethylene 

diamine conjugate (2) was added in a 1 : 5 weight ratio in the presence of EDC as a coupling 

agent to obtain a GO–Dan conjugate (3). Doxorubicin (1 mg) dissolved in distilled water (1 

mL) was then added to this GO–Dan conjugate (3) at room temperature. The reaction mixture 

was then allowed to stir for 24 h. To remove unreacted doxorubicin, the reaction mixture was 

dialyzed against distilled water through a dialysis membrane (MWCO = 1000 Dalton) for 6 h. 

Aquated cisplatin (5 mg mL−1) was then added to the GO–Dan–Dox conjugate (4) and stirred 

at room temperature for 24 h. After the reaction was completed, the mixture was dialyzed again 

to remove excess aquated cisplatin to obtain ER-GO-NPs. The ER-GO-NPs were stored at 4 

°C for further use. 

3.4.4 Determination of the shape, size and morphology. The shape, size and morphology of the 

ER-GO-NPs were determined using dynamic light scattering (DLS) and electron microscopy 

techniques such as field-emission scanning electron microscopy (FESEM) and atomic force 

microscopy (AFM). The samples were prepared according to previously reported procedures.34 

3.4.5 Quantification of the drug loading in the nanoparticles. The loading of doxorubicin and 

cisplatin in the ER-GO-NPs was determined at λmax= 488 nm and 706 nm by UV-Vis 

spectroscopy using a previously reported method.31 The drug loading efficiency was calculated 

using the formula: 

    Drug Loading Efficiency (%)  =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑢𝑠𝑒𝑑
𝑋 100 

https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit26
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit34
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit34
https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit31
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3.4.6 In vitro studies. Confocal microscopy, cell viability assay, flow cytometry analysis and 

western blot analysis were performed by previously published methods.26,27,34 Cell viability 

assays were performed in triplicate of triplicates (n=3) and the other assays were performed 

with n=2. 

 

 

 

3.5   Conclusion 

In conclusion, we have engineered dansyl (ER targeting moiety) decorated graphene oxide 

(GO) based nanoparticles simultaneously encompassing ER stress inducers doxorubicin and 

cisplatin through π–π stacking and coordinate linkage, respectively. We demonstrated specific 

homing of ER-GO-NPs into the subcellular ER of the HeLa cells, released their payload and 

induced ER stress as well as autophagy as a cellular defence mechanism. Further, ER-GO-NPs 

were employed to induce ER stress associated apoptosis in cervical cancer cells. Finally, these 

ER-GO-NPs alone and in combination with CQ showed remarkable cell killing efficacy in 

breast, lung and drug resistant triple negative breast cancer cells. We envision that these 

graphene oxide-based ER specific nanoparticles can be used as an effective tool in 

simultaneously impairing multiple targets in the unfolded protein response (UPR) signalling 

pathway in the ER thereby leading to better cancer therapeutics in the future. 

 

3.6   Appendix-B 

 

Treatment 

Time 

 3 h 6 h 12 h 24 h 

Image 

Channels 

C1 (red) 

C3 (green) 

C1 (red) 

C3 (green) 

C1 (red) 

C3 (green) 

C1 (red) 

C3 (green) 

Pearsons’ 

Correlation 

Coeffecient 

 0.7264 0.8668 0.7371 0.8619 

 

Manders 

Coeffecients 

M1 (fraction of C1 

overlapping C3) 

0.9234 0.9764 0.9551 0.9776 

M2 (fraction of C3 

overlapping C1) 

0.9561 0.9736 0.9744 0.9791 

https://pubs.rsc.org/en/content/articlelanding/2020/na/d0na00338g#cit26
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Table B1: Quantification of co-localization of ER-GO-NPs in ER of HeLa cells at 3 h, 6 h, 12 

h and 24 h from CLSM. 

 

Treatment Time  12 h 24 h 

Image Channels C1 (red) 

C3 (green) 

C1 (red) 

C3 (green) 

Pearsons’ Correlation 

Coeffecient 

 0.4697 0.2188 

 

Manders Coeffecients 

M1 (fraction of C1 

overlapping C3) 

0.3852 0.3151 

M2 (fraction of C3 

overlapping C1) 

0.4217 0.0225 

 

Table B2: Quantification of co-localization of ER-GO-NPs in mitochondria of HeLa cells at 

12 h and 24 h from CLSM. 

 

Treatment 

Time 

 1 h 3 h 6 h 

Image 

Channels 

C1 (red) 

C3 (green) 

C1 (red) 

C3 (green) 

C1 (red) 

C3 (green) 

Pearsons’ 

Correlation 

Coeffecient 

 0.4132 0.8206 0.2966 

 

Manders 

Coeffecients 

M1 (fraction of C1 

overlapping C3) 

0.5733 0.9771 0.6659 

M2 (fraction of C3 

overlapping C1) 

0.6501 0.9674 0.7361 

 

Table B3: Quantification of co-localization of ER-GO-NPs in lysosomes of HeLa cells at 1 h, 

3 h and 6 h from CLSM. 
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4.1   Abstract: 

Endoplasmic reticulum (ER) is one of the crucial sub-cellular organelles controlling myriads 

of functions including protein biosynthesis, folding/misfolding/unfolding. As a result, 

dysregulation of these pathways in ER is implicated in cancer development and progression. 

Subsequently, targeting ER in cancer emerged as interesting unorthodox strategy in next-

generation anticancer therapy. However, development of small molecules to selectively target 

ER for cancer therapy remained elusive and unexplored. To address this, herein, we have 

developed a novel small molecule library of sulfonylhydrazide-hydrazone through a short and 

concise chemical synthetic strategy. From this library, we identified one fluorescent small 

molecule which localized into ER of HeLa cells within 6h followed by induction of ER stress 

through CHOP and IRE-1α over expression. Interestingly, this novel small molecule triggered 

autophagy which was subsequently inhibited by chloroquine (autophagy inhibitor) to initiate 

programmed cell death (apoptosis) in HeLa cells. Furthermore, this small molecule showed 

remarkable cancer cell killing efficacy in lung, breast and drug-resistant breast cancer cells as 

monotherapy as well as in combination with chloroquine. This small molecule has the potential 

to open up a new direction to illuminate ER-biology towards the development of novel 

anticancer therapeutics.  

4.2   Introduction 

Endoplasmic Reticulum (ER) is a vital organelle that is known to govern the synthesis, folding 

and processing of over a third of all the cellular proteins.1-4Several ER associated chaperones 

assist in ensuring proper folding and modification of these proteins before they traffic out of 

the ER.5-7 Despite the robustness of this protein folding machinery, the success rate for 

optimum protein folding is low owing to the wide range of cellular disturbances that disrupt its 

efficiency.8 As a result, several unfolded and misfolded proteins start accumulating inside the 

ER lumen leading to a state known as ER stress.9,10 In response to this burden of unfolded 

proteins, a cytoprotective program known as unfolded protein response, (UPR) is launched by 

the cell.11-13 Together the three mechanistically different branches of UPR regulate the 

expression of numerous genes that resolve this ER stress and maintain homeostasis or induce 

apoptotic signals in case the stress remains unmitigated.14 Very recently, this deregulated ER 

homeostasis has been implicated in various pathologic states and particularly with cancer.15,16 

Baseline activity level of ER stress response system is elevated in cancer cells as compared to 
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normal cells. Thus, the ER stress signalling is involved in tumorigenesis and development 

leading it as the new Achilles heel in the development of cancer therapeutics.17-19 

Over the last couple of decades, small molecules have emerged as important tools to illuminate 

myriads of biological phenomena in cancer cells leading to the development of novel anti-

cancer therapies.20,21 In this context, few small molecules have been explored that target various 

aspects of unfolded protein response and ER physiology. Molecules like salubrinal, 

GSK2606414, sunitinib are well reported to manipulate one or more arms of ER stress 

pathways.22 However, due to the scarcity of the targeting moieties, the development of ER 

targeted therapeutics is still in its infancy and therefore the presence of such ER stress inducers 

and UPR inhibitors is limited. Hence, there is a serious need to develop novel small molecules 

that can serve as ER stress modulators. Very recently, a few molecules were demonstrated to 

accumulate inside the ER in cancer cells to induce ER stress or a tool to understand ER 

physiology.23-27 For instance, Rochi et al reported the development of HA15 that serve as ER 

stress inducer and enable melanoma cells to overcome BRAF resistance.28 On the other hand, 

Xiao et. al. reported the ER-H2O2 probe to understand the generation of hydrogen peroxide at 

ER during apoptosis.29 A remarkable highlight in those small molecules is the presence of 

sulfonamide moieties. Furthermore, it was reported that sulphonamide moiety facilitates the 

internalization of small molecules in intracellular ER owing to the presence of sulphonamide 

receptors on ER surface. The sulphonamide part of the molecules may be interacting with the sulfonyl 

receptors present in the ATP sensitive K+ channel. The sulphonamide derivatives in this way might also 

inhibit the protease activity of ER thereby disturbing normal cellular functions.30,31,56 Moreover, 

sulphonamide-containing molecules like sulfathiazole, ripasudil, indisulam and glibenclamide 

showed diverse biological activities (Scheme 1a).32-35 As a result, sulphonamide-based scaffold 

has emerged as one of the privileged structures in the natural and synthetic small molecules.36  
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Scheme 1: (a) Biologically active sulfonohydrazide-hydrazones. (b) Synthetic route to 

generate a focused library of sulfonohydrazide- hydrazones. 

Inspired by the scarcity of novel ER stress modulators, we hypothesise to develop a focussed 

library of sulfonohydrazide-hydrazone based small molecules (Scheme 1a and b) to identify 

novel ER stress inducers in cancer cells. To address this, herein, we report a short and concise 

synthesis of a library of sulfonohydrazide- hydrazone based small molecules comprising of 66 

compounds. Upon screening these compounds in HeLa cell line, we identified four molecules 

as potential ER stress inducers. One of the four lead molecules was found to be fluorescent in 

nature and localized inside the subcellular ER to induced ER stress through CHOP and IRE-

1α pathways (Scheme 2). Interestingly, ER stress induced by the lead molecule triggered 

autophagy followed by apoptosis in HeLa cells (Scheme 2). Further inhibition of autophagy by 

chloroquine (CQ) resulted in improved cell killing in lung and breast cancer cells including 

drug resistant-breast cancer cells.   

 

Scheme 2: Mechanism of subcellular localization and action of compound 1. 

 

4.3   Results and Discussion 

4.3.1 Synthesis of small molecule library. The synthesis of sulfonohydrazide- hydrazone 

molecules is illustrated in Scheme 1b. Briefly, commercially available substituted aromatic 

sulfonyl chlorides (1′) were reacted with hydrazine monohydrate at 0°C to obtain substituted 

aromatic sulfonyl hydrazides (Fig. 4.1) in 60-70 % yield. Further these aromatic sulfonyl 

hydrazides were reacted with different aromatic aldehydes (3′) in presence of p-toluenesulfonic 

acid as catalyst to afford 66 different sulfonylhydrazide-hydrazones in 50-80 % yield (Fig. 4.2). 
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The final products were characterized by 1H, 13C NMR spectroscopy and HR-MS (Fig. C1- 

C198).  

 

Figure 4.1: Structure of synthesised sulfonohydrazides. 
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Figure 4.2: Structure of 66 sulfonohydrazide- hydrazone based small molecules. 
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To evaluate their cancer cell killing activity, we first incubated these library members in HeLa 

cervical cancer cells at a concentration of 30 μM for 24 hours. The cell viability was quantified 

by MTT assay. Interestingly, only four compounds (compound 1, 10, 17 and 55) were found 

to induce more than 60 % HeLa cell killing even at 30 μM concentration (Fig. 4.3a). After 

finding out the potential lead compounds, we evaluated their cancer cell killing ability in a dose 

dependent manner. HeLa cells were incubated with compound 1, 10, 17 and 55 for 24 h in 

different concentrations and the cell viability was evaluated by MTT assay. It was observed 

that at 24 h post incubation, compound 1, 10, 17 and 55 induced HeLa cell killing with IC50 

value of 9 μM, 16 μM, 18 μM and 19 μM respectively (Fig. 4.3b). From this cell viability assay, 

it was evident that compound 1 showed best cell killing efficacy with lowest IC50 value. 

Moreover, it was found to be fluorescent with λmax (emission) at 538 nm (Fig. 4.3c). This 

inherent fluorescence property of compound 1 will aid in its cellular tracking into endoplasmic 

reticulum (ER) and hence we chose to carry out further studies using compound 1. 
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Figure 4.3: (a) Screening of 66 molecules in HeLa cell line at 30 μM for 24 h. (b) Cell viability 

assay for hit molecules. (c) Fluorescence spectra of compound 1 at λ excitation = 400 nm. 

4.3.2 ER homing. We hypothesized that the presence of sulphonamide moiety in compound 1 

will specifically navigate it and enable its localization inside the subcellular ER.37, 38 To 

validate this hypothesis, we incubated the HeLa cells with compound 1 (concentration = 5 μM) 

(green fluorescent) for two different time points of 3 h and 6 h followed by staining the ER 

with ER Tracker Red. We then visualised the cells using confocal laser scanning microscopy 

(CLSM). It was observed that compound 1 started accumulating in the ER within 3 h and the 

accumulation increased at 6 h (Fig. 4.4) which was observed from the yellow fluorescence 

resulting from merging of red and green fluorescence. The ER localization of compound 1 was 

further quantified from the CLSM through Pearson’s coefficients of 0.84 and 0.86 and 

Mander’s coefficients of 0.98 and 0.97 at 3 h and 6 h respectively (Table C1, Appendix-C). 

These confocal images and quantification exhibited that indeed compound 1 homed into 

subcellular ER in HeLa cancer cells over 6 h. 
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Figure 4.4: Cellular internalization of compound 1 in subcellular ER of HeLa cells. 

4.3.3 ER stress.  Once internalized inside the ER, compound 1 is expected to induce ER stress 

in the HeLa cervical cancer cells. Elevated ER stress levels lead to increment in the expression 

levels of protooncogene CHOP which is a marker for ER stress induced apoptosis.39,40 To 

demonstrate the onset of ER stress we evaluated the levels of CHOP in HeLa cells by 

immunofluorescence assay. We treated HeLa cells with compound 1 for 24 h. We then 

incubated the cells with primary antibody specific to CHOP for 4 h followed by the incubation 

with Alexa-Fluor 594 (red fluorescence) tagged secondary antibody. Nucleus of the cells were 

stained with DAPI (blue fluorescent). We then visualized the cells with confocal microscopy. 

The fluorescence microscopy images showed that the control cells expressed negligible CHOP 

which was evident from no red fluorescence signals (Fig. 4.5a). However, the cell treated with 

compound 1 showed remarkably increased red fluorescence signals displaying that compound 
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1 increased (1.7 folds) the expression of CHOP protein in HeLa cells.  Furthermore, the overlap 

of red and blue fluorescence to give purple fluorescence indicated the accumulation of CHOP 

in the nucleus which is a marker of ER stress induction.40 We also evaluated the expression of 

CHOP by gel electrophoresis. We treated HeLa cells with compound 1for 24h, followed by 

lysis of the cells. We separated the sub-cellular proteins to perform Western blot analysis. In 

accordance with the confocal microscopy study, the cells after treatment with compound 1 

showed a significant increase (1.6 folds) in the expression of CHOP compared to the non-

treated control cells (Fig. 4.5b, c and d). To further estimate the ER stress, we evaluated the 

expression levels of another ER stress marker IRE1-α.41 We found that the cells treated with 

compound 1 exhibited enhanced expression level of IRE1- α as compared to control cells (1.8 

folds) (Fig. 4.5b, c and d). These immunofluorescence assays and gel electrophoresis revealed 

that compound 1 indeed induced ER stress in HeLa cells. 

ER is the major site of lipid metabolism as several enzymes involved in it are 

compartmentalized in ER.42 As a result, excessive ER stress is known to increase lipid 

accumulation inside the cell.43 We anticipated that HeLa cells treated with compound 1 will 

also show enhanced lipid content in them. To validate this hypothesis, we performed Oil Red 

O staining experiment. We treated HeLa cells with compound 1 for 24 h followed by staining 

the cells with Oil-Red-O dye. Oil Red O is a lipid soluble lysochrome dye which stains the 

lipid droplets in the cells or frozen tissues.44 We also stained the nucleus of the cells with blue 

fluorescent DAPI. We visualised the Oil-Red-O stained cells by confocal microscopy. The 

confocal microscopy images showed that control cells contained trace of lipid molecules as 

expected (Fig. 4.5e). However, compound 1 treatment remarkably increased the level of the 

lipids inside the cells, which was clear from the increased red fluorescence signals from Oil-

Red-O dye in (Fig. 4.5e).  This confocal microscopy exhibited that indeed lipidic content was 

increased inside the cells after treatment with compound 1 because of elevated ER stress.  
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Figure 4.5: (a) Confocal microscopy illustrates increased levels of CHOP after 

immunofluorescence assay in HeLa cells treated with compound 1. (b) Western blot analysis 

to evaluate the expression of ER stress markers CHOP and IRE1- α. (c, d) Quantification of 

CHOP and IRE1- α from western blot analysis. (e) Confocal microscopy images of HeLa cells 

after treatment with compound 1. Cells were stained with Oil-Red-O dye. 
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4.3.4 Autophagy induction.  ER stress induction acts as a potent trigger for autophagy which 

is primarily a cytoprotective secondary response to the excessive protein build up in the ER.45-

47 To investigate if autophagy was launched as a survival mechanism by the HeLa cells in 

response to treatment with compound 1, we evaluated the cellular expression level of LC3B, a 

key autophagy marker by immunofluorescence assay.48 We treated HeLa cells with compound 

1 for 24 h followed by incubation with primary antibody specific to LC3B for 4 h. The cells 

were then incubated with secondary antibody tagged with Alexa-Fluor-488 (green fluorescent). 

Nucleus of the cells were stained with blue fluorescent DAPI. Cells were visualised by confocal 

microscopy. The green fluorescence signals were hardly seen in the control cells (Fig. 4.6a). 

However, cells treated with compound 1 exhibited highly enhanced green fluorescence (5 

folds) compared to the control cells. More interestingly, we observed the formation of 

autophagasomes (green puncta in the images) which is regarded as the hallmark of autophagy.49 

We also evaluated the expression level of Beclin, another autophagy marker by 

immunofluorescence.50 HeLa cells were treated with compound 1 for 24 h followed by 

incubation with Beclin specific primary antibody. Cells were then incubated with secondary 

antibody tagged with Alexa-Fluor-594 (red fluorescent). Nucleus of the cells were stained with 

DAPI. We visualised the cells by confocal microscopy and found that an increased red 

fluorescence was observed in compound 1 treated cells compared to the non-treated control 

cells (8 folds) (Fig. 4.6b). The enhanced expression levels of LC3B and Beclin in treated cells 

as evaluated by immunofluorescence assay evidently demonstrated that autophagy was induced 

up elevation of ER stress in HeLa cells. We further validated the expression level of LC3B and 

Beclin by western blot analysis. We treated HeLa cells with compound 1 for 24 h followed by 

cell-lysis. The cellular proteins were then subjected to gel electrophoresis. The western blot 

analysis revealed that treatment with compound 1 resulted in increased levels of LC3B (10 

folds) and Beclin (2 folds) indicating the onset of autophagy (Fig. 4.7a and b). 

Immunofluorescence assay and western blot analysis thus confirmed that autophagy was 

triggered upon ER stress induction on treatment with compound 1. 
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Figure 4.6: (a, b) Confocal microscopy illustrates increased levels of LC3B and Beclin after 

immunofluorescence assay in HeLa cells treated with compound 1.  
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Figure 4.7: (a) Western blot analysis to evaluate the expression of ER stress markers LC3B 

and Beclin. (b) Quantification of LC3B and Beclin from western blot analysis. 

4.3.5 Induction of apoptosis. Induction of ER stress is expected to induce apoptosis in HeLa 

cells. To estimate the apoptosis induced by compound 1 in HeLa cells, we performed flow 

cytometry assay. We treated HeLa cells with compound 1 for 24 h followed by staining the 

apoptotic and necrotic cells by Annexin V-FITC and propidium iodide (PI) respectively. Cells 

were then analysed by flow cytometry. We found that treatment with compound 1 resulted 16 

% cells in early apoptotic stage and 49 % cells in late apoptotic stage compared to 0.18 % and 

0.54 % in control cells respectively (Fig. 4.8a). We anticipate that, the compound 1 was not as 

effective to induce apoptosis due to induction of autophagy as survival mechanism. We thus 

hypothesized that the concomitant inhibition of autophagy will improve the apoptotic outcome 

in HeLa cells. To validate this hypothesis, we cotreated HeLa cells with compound 1 and 50 

μM chloroquine, an autophagy inhibitor for 24 h and performed the flow cytometry assay.51 

We observed that autophagy inhibition indeed improved the apoptotic outcome with 4 % and 

81 % cells in early and late apoptotic stages respectively (Fig. 4.8a). The flow cytometry data 

thus confirmed that compound 1 induced apoptosis in HeLa cells which further improved upon 

inhibition of autophagy with chloroquine.  

To further investigate the effect of autophagy inhibition on the cell killing efficacy of 

compound 1 we performed cell viability assay. We cotreated HeLa cells with compound 1 in a 

dose dependent manner along with 50 μM chloroquine for 24 h. The cell viability was measured 

by MTT assay. We found that inhibiting autophagy improved the IC50 value of compound 1 

from 9 μM to 4 μM in HeLa cells (Fig. 4.8b). We also evaluated the cell killing efficacy of 

compound 1 on three different cancer cell lines by MTT assay. We treated MCF-7 (human 

breast cancer), A549 (human lung carcinoma) and MDA-MB-231 (drug resistant triple 



92 
 

negative breast cancer) with compound 1 in a dose dependent manner for 24 h. We found that 

compound 1 exhibited an IC50 of 15 μM, 10 μM and 17 μM in MCF-7, A549 and MDA-MB-

231 respectively (Fig. 4.8b). Furthermore, inhibition of autophagy by treatment with 

chloroquine resulted in enhanced cell killing and improved IC50 values of 10 μM, 5 μM and 13 

μM in MCF-7, A549 and MDA-MB-231 respectively (Fig. 4.8b). Compound 1 thus efficiently 

induced cell killing in different cell lines which further improved upon autophagy inhibition. 

We also evaluated the inhibition of autophagy along with induction of ER stress with the other 

lead molecules (compound 10, 17 and 55) on HeLa cells. We treated HeLa cells with CQ in 

combination with compound 10, 17 and 55 in a dose dependent manner for 24 h and the cell 

viability was measured by MTT assay. We observed that combination treatment of CQ with 

compound 10, 17 and 55 induced much improved HeLa cell killing with IC50 = 4.4 μM, 5.5 

μM and 16.1 μM (Fig.4.9).  

 

Figure 4.8: (a) Flow cytometry analysis of HeLa cells treated with compound 1 and 

combination of compound 1 and CQ at 24 h. (b) Cell viability assay for compound 1 and 

combination of compound 1 and CQ in MCF-7, A549 and MDA-MB-231 cells at 24 h. 



93 
 

 

Figure 4.9: Cell viability assays of compound 10, 17 and 55 in combination with CQ in HeLa 

cells at 24 h.  

To be successful in future cancer therapy, compound 1 should selectively induce cancer cell 

death without collateral damage to the non-cancerous healthy cells. To evaluate the effect of 

compound 1 in healthy cells, we incubated HEK293 human embryonic kidney cells with 

compound 1 in a dose dependent manner for 24 h and quantified the cell viability by MTT 

assay. To our surprise, we found that compound 1 showed only 52.8 % cell viability even in 

30 μM concentration with IC50 = 31.7 μM, which was quite high compared to the IC50 value in 

different cancer cells (Fig. 4.10a). 

Finally as the proof of concept, to confirm that ER stress induction resulted in apoptosis, we 

treated HeLa cells with compound 1 and 4-phenyl butyric acid (4-PBA), a chemical chaperone 

that alleviates both toxicity and proteomic alterations induced by an ER stress inducer, by 

aiding in protein folding in the ER.52,53 We co-treated HeLa cells with compound 1 along with 

15 µM PBA for 24 h and then performed the cell viability assay. We found that cotreatment 

with 4-PBA resulted in reduced cell killing (IC50 = 28 μM) in HeLa cells as compared to the 

treatment with compound 1 only (Fig. 4.10b). From these cell viability assays, it was evident 

that compound 1 triggered apoptosis after induction of autophagy. Furthermore, co-treatment 

of compound 1 and autophagy inhibitor would induce improved cancer cell killing without 

inducing significant damage to the non-cancerous cells.  
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Figure 4.10: (a) Cell Viability assay for compound 1 on HEK-293 at 24 h. (b) Cell viability 

assay of compound 1 in combination with 4-phenyl butyric acid in HeLa cells for 24 h. 

 

4.4   Materials and Methods 

4.4.1 Materials. All the chemicals were purchased from commercial suppliers unless otherwise 

noted. Reactions were performed in the oven-dried glassware without inert gas. Analytical thin-

layer chromatography (TLC) was performed using pre-coated silica gel aluminium sheets 60 

F254 bought from EMD Millipore Laboratories. Compounds were purified by column 

chromatography using silica gel 100-200 mesh as the stationary phase. 1H, 13C, spectra were 

recorded on a Bruker Avance III HD Ascend 9.4 Tesla/400 MHz with autosampler and/or Jeol 

9.4 Tesla/400 MHz with autosampler spectrometer. Chemical shifts are mentioned in parts per 

million (ppm) and referred to residual protons on the corresponding deuterated solvent. UV- 

Visible spectra was recorded on Shimadzu. DMEM media and 3-(4, 5-dimethylthiazol-2-yl)-

2, 5- diphenyltetrazolium bromide (MTT) was purchased from HiMedia. Nunc® Lab-Tek® II 

chambered coverglass, 4-phenyl butyric acid (4-PBA), Oil-Red-O solution and Sodium 

dodecyl sulfate (SDS) was purchased from Sigma-Aldrich. ER Tracker Red was purchased 

from Invitrogen. AnnexinV- FITC and PI staining Kit was purchased from Roche. Flow 

Cytometry analysis was recorded on BD- Accuri. Western blot analysis was performed on Las 

ImageQuant 400. 

4.4.2 Synthesis of sulfonohydrazides. The sulfonohydrazides were prepared according to a 

previous reported procedure.54 Briefly, to a solution of sulfonyl chloride (1 eq.) in THF at -

30oC, hydrazine monohydrate (5 eq.) was added dropwise. The solution was then allowed to 

stir for about 30 minutes. Progress of reaction was monitored through TLC and after it was 

over ethyl acetate was added to the cold reaction mixture. It was washed multiple times with 
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ice cold 10% brine solution. The organic layer was collected, dried over Na2SO4 and the 

solvent was then evaporated using rotavap. The solid obtained was washed with pentane three 

times and the product was stored at 4oC for further use. 

4.4.3 Synthesis of sulfonohydrazide-hydrazones. To a solution of sulfonohydrazide (1 eq.) 

in ethanol, aldehyde was added (1 eq.) along with catalytic amount of para-toulene sulfonic 

acid and the reaction was allowed to stir at room temperature overnight. Extent of reaction was 

monitored by TLC. On completion, the solvent ethanol was evaporated, and the residue 

obtained was dissolved in organic solvents (DCM/ ethylacetate). The organic layer was washed 

with water, collected and evaporated. The residue obtained was then purified using column 

chromatography. The procedure was utilized to generate a library of 66 small molecules. 

4.4.4 Cell Viability assay. 100 µL of 4000 HeLa cells, 4000 A549 cells, 5000 MCF-7 cells 

and 7000 MDA-MB-231 cells in DMEM media were seeded per well in 96-well microtiter 

plate and incubated for 16 h in a 5% CO2 incubator at 37oC. Cells were treated with different 

concentrations of the nanoparticles and incubated for 24 h. After the said time point, media was 

removed and 100 µL of MTT in DMEM (0.5 mg/mL) was added. After 4h, the media was 

carefully removed without disturbing the formazan crystals and 100 µL of DMSO was added 

to solubilize the formazan crystals. Absorbance was then recorded at 570 nm on Perkin Elmer 

Ensight. (n=3). 

4.4.5 Cellular Internalization.  2 x 104 cells were seeded in a 8-well LabTek chamber. Cells 

were incubated with the Compound 1 for the mentioned time points. Cells were washed with 

cold PBS and costained with ER Tracker Red and incubated for 20 mins. Cells were then 

washed with DPBS at least three times and then visualised using Leica TCS SP8 confocal 

microscope.  

4.4.6 Oil-Red-O staining. HeLa cells were seeded on 24 well plates and were incubated 

overnight. Cells were then treated with compound 1 at 9 µM concentration and were then 

incubated for 24 h. After 24 h prior treatment cells were washed with PBS thrice and fixed with 

10% formaldehyde for 15 minutes at R.T. After fixation cells were stained with filtered Oil-

Red O solution (1 part Oil Red O in 2 parts ddH2O for 45 minutes.at R.T. Cells were then 

washed with PBS twice to remove unbound Oil Red O. Cells were then visualised using Perkin 

Elmer Operetta. (n=3) 

4.4.7 Detection of CHOP, LC3B and Beclin via immunostaining. 5 x 104 HeLa cells were 

seeded for this experiment. Cells were treated with compound 1 at IC50 concentration and were 
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then incubated for 24 h followed by treatment with respective primary antibodies for 4 h. 

Secondary antibodies conjugated to Alexa-Fluor were then added and the cells were incubated 

for another 1 h. Cells were washed and then visualised by CLSM.(n=2) 

4.4.8 Flow Cytometry analysis.  2 x 106 HeLa cells were seeded in a 6-well plate and allowed 

to attache in a 5% CO2 incubator overnight. Cells were the treated with compound 1 at IC50 

and allowed to incubate for 24 h. Cells were then trypsinized and washed with PBS. Cells were 

then suspended in Annexin V binding buffer and then incubated with Annexin V- FITC and PI 

according to the manufacturer’s protocol. Apoptotic and necrotic cells were then quantified 

using BD FACS Caliber. 

4.4.9 Western Blot analysis. 1x 106 cells were seeded in a 6-well plate and treated with 

Compound 1 for 24 h. Cells were then lysed. Sodium Dodecyl Sulphate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) was used to resolve the different proteins.and transferred to 

Proteins were then transferred to Immobilon-P Polyvinylidene Difluoride (PVDF) membrane. 

The blot was developed using clarity Enhanced Chemiluminescence (ECL) substrate and was 

visualized using ImageQuant LAS 4000. ImageJ software was used to process the blots and 

intensity calculations. (n=3) 

4.4.10 Characterization Data. All sulfonohydrazide-hydrazone derivatives were 

characterized by 1H-NMR, 13C-NMR, HRMS as follows: 

N'-((6-bromo-1H-indol-3-yl) methylene)-5-(dimethylamino) naphthalene-1-

sulfonohydrazide (1) 

1H NMR (400 MHz, DMSO) δ 11.55 (s, 1H), 11.41 (s, 1H), 8.52 (d, J = 8.7 Hz, 1H), 8.47 (d, 

J = 8.5 Hz, 1H), 8.32 (dd, J = 7.4, 1.2 Hz, 1H), 8.05 (s, 1H), 7.70 (dd, J = 11.4, 5.2 Hz, 3H), 

7.59 (dd, J = 8.6, 7.6 Hz, 1H), 7.54 (d, J = 1.6 Hz, 1H), 7.26 – 7.16 (m, 2H), 2.77 (s, 6H). 

13C NMR (100 MHz, DMSO): δ 151.27, 143.09, 137.71, 135.07, 131.03, 130.03, 130.00, 

129.41, 128.96, 127.99, 123.63, 123.18, 123.16, 122.86, 119.38, 115.18, 114.40, 111.17, 45.02. 

HRMS (ESI-TOF): m/z: [M + H] calculated for C21H19BrN4O2S 471.0490; found 471.0489. 

 

N'-((1H-indol-3-yl) methylene)-4-bromobenzenesulfonohydrazide (2) 

 
1H NMR (400 MHz, Acetone δ): 10.64 (s, 1H), 9.76 (s, 1H), 8.27 – 8.12 (m, 2H), 7.95 (d, J = 

8.0 Hz, 2H), 7.79 (d, J = 6.7 Hz, 2H), 7.67 (s, 1H), 7.44 (d, J = 7.2 Hz, 1H), 7.19 (p, J = 7.0 

Hz, 2H). 

 
13C NMR (100 MHz, Acetone δ): 146.91, 139.73, 138.23, 132.93, 130.90, 130.59, 127.83, 

125.41, 123.79, 122.98, 121.71, 112.81, 112.49. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C15H12BrN3O2S 377.9912; found: 377.9912 
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(4-bromo-N'-((5-methoxy-1H-indol-3-yl) methylene)benzenesulfonohydrazide (3) 

 
1H NMR (400 MHz, Acetone-d6, δ): 10.55 (s, 1H), 9.77 (s, 1H), 8.22 (s, 1H), 7.95 (d, J = 8.6 

Hz, 2H), 7.84 – 7.77 (m, 2H), 7.67 (d, J = 2.4 Hz, 1H), 7.62 (d, J = 2.9 Hz, 1H), 7.33 (d, J = 

8.9 Hz, 1H), 6.84 (dd, J = 8.8, 2.6 Hz, 1H), 3.85 (s, 3H). 

 
13C NMR (100 MHz, Acetone-d6, δ): 156.14, 147.50, 139.83, 133.00, 131.39, 130.56, 127.82, 

126.05, 121.62, 114.16, 113.27, 112.59, 104.36, 55.83. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C16H14BrN3O3S 408.0017; found 408.0020 

 

5-(dimethylamino)-N'-((5-methoxy-1H-indol-3-yl)methylene)naphthalene-1-

sulfonohydrazide (4) 

 
1H NMR (400 MHz, DMSO δ): 11.34 (d, J = 10.8 Hz, 2H), 8.47 (d, J = 8.4 Hz, 2H), 8.35 (d, 

J = 4.9 Hz, 1H), 8.07 (d, J = 3.6 Hz, 1H), 7.70 – 7.54 (m, 3H), 7.30 (s, 1H), 7.23 (d, J = 8.5 

Hz, 2H), 6.75 (d, J = 8.8 Hz, 1H), 3.69 (s, 3H), 2.79 (s, 6H). 

 
13C NMR (100 MHz, DMSO δ): 154.24, 151.33, 143.96, 134.83, 131.73, 130.54, 130.23, 

129.94, 129.25, 128.97, 127.95, 124.33, 123.51, 119.15, 115.19, 112.52, 112.40, 110.76, 

103.15, 55.23, 45.22. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C22H22N4O3S 423.1494; found 423.1496 

 

N'-(2,4-dihydroxybenzylidene)-4-fluorobenzenesulfonohydrazide (5) 

 
1H NMR (400 MHz, DMSO δ): 11.25 (s, 1H), 10.19 (s, 1H), 9.87 (s, 1H), 8.06 (s, 1H), 7.90 

(dd, J = 9.0, 5.2 Hz, 2H), 7.47 (t, J = 8.9 Hz, 2H), 7.26 (d, J = 8.3 Hz, 1H), 6.26 (dt, J = 3.7, 

2.2 Hz, 2H). 
 
13C NMR (100 MHz, DMSO δ): 165.79, 163.28, 160.84, 158.42, 147.97, 135.13, 135.11, 

130.34, 130.24, 129.32, 116.70, 116.47, 110.68, 107.88, 102.39. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H11FN2O4S 311.0502; found 311.0495 

 

N'-((6-bromo-1H-indol-3-yl)methylene)-4-methylbenzenesulfonohydrazide (6) 

 
1H NMR (400 MHz, DMSO δ) 11.61 (s, 1H), 10.93 (s, 1H), 8.05 (s, 1H), 7.90 (d, J = 8.4 Hz, 

1H), 7.80 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 2.6 Hz, 1H), 7.59 (s, 1H), 7.39 (d, J = 8.2 Hz, 2H), 

7.28 (d, J = 8.5 Hz, 1H), 2.33 (s, 3H). 

 
13C NMR (101 MHz, DMSO δ): 144.35, 143.21, 137.77, 136.16, 131.18, 129.49, 127.37, 

123.42, 123.16, 123.00, 115.24, 114.47, 111.21, 20.97. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C16H14BrN3O2S 392.0068; found 392.0065 

 

N'-((1H-indol-3-yl)methylene)-5-(dimethylamino)naphthalene-1-sulfonohydrazide (7) 
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1H NMR (400 MHz, CD3CN δ): 9.53 (s, 1H), 9.06 (s, 1H), 8.54 (dd, J = 8.7, 3.8 Hz, 2H), 8.43 

(dd, J = 7.4, 1.2 Hz, 1H), 8.02 (s, 1H), 7.80 (d, J = 7.9 Hz, 1H), 7.63 (ddd, J = 17.4, 8.6, 7.6 

Hz, 2H), 7.40 (dd, J = 14.4, 5.5 Hz, 2H), 7.24 – 7.15 (m, 2H), 7.11 – 7.08 (m, 1H), 2.79 (s, 

6H). 

 
13C NMR (101 MHz, CD3CN δ) 152.89, 145.71, 137.92, 135.44, 132.01, 131.62, 130.86, 

130.77, 130.52, 129.28, 125.01, 124.44, 124.02, 122.76, 121.84, 120.31, 116.35, 112.67, 

112.42, 45.66 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C21H20N4O2S 393.1385; found 393.1382. 

 
5-(dimethylamino)-N'-(2-hydroxy-3,5-diiodobenzylidene)naphthalene-1-sulfonohydrazide 

(8) 
 

1H NMR (400 MHz, DMSO δ): 12.56 (s, 1H), 11.09 (s, 1H), 8.52 (d, J = 8.5 Hz, 1H), 8.29 

(dd, J = 26.3, 8.0 Hz, 2H), 8.04 – 7.94 (m, 2H), 7.74 – 7.60 (m, 3H), 7.27 (d, J = 7.6 Hz, 1H), 

2.81 (s, 6H). 

 
 
 13C NMR (100 MHz, DMSO δ): 155.50, 151.57, 146.60, 145.59, 137.94, 133.90, 130.76, 

129.81, 129.06, 128.98, 128.42, 123.80, 120.76, 118.57, 115.47, 88.17, 82.82, 45.07. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C19H17I2N3O3S 621.9158; found 621.9161. 

 
N'-(3,5-dibromo-2-hydroxybenzylidene)-5-(dimethylamino)naphthalene-1-

sulfonohydrazide (9) 

 
1H NMR (400 MHz, DMSO δ): 12.54 (s, 1H), 10.89 (s, 1H), 8.52 (d, J = 8.4 Hz, 1H), 8.31 

(dd, J = 30.2, 7.8 Hz, 2H), 8.09 (s, 1H), 7.82 – 7.52 (m, 4H), 7.27 (d, J = 7.4 Hz, 1H), 2.81 (s, 

6H).  
 
13C NMR (100 MHz, DMSO, δ): 152.40, 151.51, 144.52, 135.47, 134.00, 130.67, 130.57, 

129.81, 129.03, 128.99, 128.30, 123.77, 121.87, 118.64, 115.40, 111.75, 110.98, 44.91.  

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C19H17Br2N3O3S 527.9415; found 527.9409. 

 
4-bromo-N'-((6-bromo-1H-indol-3-yl)methylene)benzenesulfonohydrazide (10) 

 
1H NMR (400 MHz, Acetone δ): 10.76 (s, 1H), 9.85 (s, 1H), 8.21 (s, 1H), 8.10 (d, J = 8.5 Hz, 

1H), 7.94 (d, J = 8.5 Hz, 2H), 7.81 (d, J = 7.7 Hz, 2H), 7.67 (d, J = 18.2 Hz, 2H), 7.33 (d, J = 

8.5 Hz, 1H). 

 
13C NMR (100 MHz, Acetone δ) 146.14, 139.65, 139.05, 133.00, 131.61, 130.60, 127.93, 

124.80, 124.47, 124.39, 116.82, 115.45, 112.96. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C15H11Br2N3O2S 457.8996; found 457.8991. 

 
N'-((5-methoxy-1H-indol-3-yl)methylene)-2-nitrobenzenesulfonohydrazide (11) 
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1H NMR (400 MHz, DMSO δ): 12.06 (s, 1H), 11.32 (s, 1H), 8.05 – 8.00 (m, 2H), 7.74 (ddd, 

J = 10.3, 6.7, 2.0 Hz, 3H), 7.45 (d, J = 8.0 Hz, 2H), 2.38 (s, 3H). 

 
13C NMR (100 MHz, DMSO) δ 155.77, 147.29, 146.82, 144.23, 138.39, 135.37, 130.11, 

127.07, 120.44, 88.01, 82.77, 21.09. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C14H12I2N2O3S 542.8736; found 542.8740 

 
N'-(3,5-dichloro-2-hydroxybenzylidene)-4-methoxybenzenesulfonohydrazide (12) 

 
1H NMR (400 MHz, DMSO) δ 11.91 (s, 1H), 10.98 (s, 1H), 8.13 (s, 1H), 7.79 (d, J = 8.9 Hz, 

2H), 7.59 (s, 1H), 7.51 (d, J = 2.5 Hz, 1H), 7.16 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H). 
 

13C NMR (100 MHz, DMSO) δ 162.94, 151.21, 145.48, 130.32, 129.83, 129.31, 126.93, 

123.45, 121.88, 121.55, 114.72, 55.74. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C14H12Cl2N2O4S 374.9973; found 374.9974. 

 

4-chloro-N'-(2-hydroxy-5-iodobenzylidene)benzenesulfonohydrazide (13) 

 
1H NMR (400 MHz, DMSO δ): 11.72 (s, 1H), 10.43 (s, 1H), 8.10 (s, 1H), 7.85 (d, J = 8.7 Hz, 

2H), 7.72 (s, 2H), 7.70 (s, 1H), 7.51 (dd, J = 8.6, 2.2 Hz, 1H), 6.71 (s, 1H). 

 
13C NMR (100 MHz, DMSO δ): 156.15, 143.71, 139.55, 138.13, 137.65, 134.26, 129.56, 

129.02, 122.04, 118.89, 81.58. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10ClIN2O3S 436.9223; found 436.9220. 

 

N'-((1H-indol-3-yl)methylene)-2-nitrobenzenesulfonohydrazide (14) 

 
1H NMR (400 MHz, Acetone δ): 10.69 (s, 1H), 9.80 (s, 1H), 8.44 (s, 1H), 8.38 (dd, J = 8.0, 

1.6 Hz, 1H), 8.14 (d, J = 8.4 Hz, 1H), 7.99 – 7.86 (m, 3H), 7.72 (d, J = 2.8 Hz, 1H), 7.44 (d, J 

= 7.7 Hz, 1H), 7.18 (ddd, J = 14.9, 13.5, 7.1 Hz, 2H). 
 
13C NMR (100 MHz, Acetone δ): 147.58, 138.28, 135.36, 133.32, 133.07, 132.43, 131.25, 

125.51, 125.38, 123.82, 123.07, 121.73, 112.68, 112.51, 112.46. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C15H12N4O4S 345.0657; found 345.0661 

 

N'-((5-methoxy-1H-indol-3-yl)methylene)-4-nitrobenzenesulfonohydrazide (15) 

 
1H NMR (400 MHz, DMSO δ): 11.43 (s, 1H), 11.27 (s, 1H), 8.44 (d, J = 8.8 Hz, 2H), 8.21 – 

8.09 (m, 3H), 7.70 (d, J = 2.6 Hz, 1H), 7.38 (s, 1H), 7.29 (d, J = 8.8 Hz, 1H), 6.80 (dd, J = 8.8, 

2.4 Hz, 1H), 3.75 (s, 3H). 

 
13C NMR (101 MHz, DMSO) δ 154.46, 149.84, 146.87, 144.57, 131.77, 131.31, 128.87, 

124.45, 112.60, 110.52, 103.03, 55.15 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C16H14N4O5S 375.0763; found 375.0765. 
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N'-(2-hydroxy-3,5-diiodobenzylidene)-4-nitrobenzenesulfonohydrazide (16) 

 
1H NMR (400 MHz, DMSO δ): 12.49 (s, 1H), 11.10 (s, 1H), 8.50 – 8.41 (m, 2H), 8.11 (dt, J 

= 3.5, 2.0 Hz, 3H), 8.03 (d, J = 2.1 Hz, 1H), 7.78 (d, J = 2.1 Hz, 1H). 

 
13C NMR (100 MHz, DMSO δ): 155.71, 150.21, 147.82, 147.03, 143.68, 138.02, 128.64, 

124.96, 120.71, 88.43, 83.00. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9I2N3O5S 573.8430; found 573.8426 

 

N'-((6-bromo-1H-indol-3-yl)methylene)-4-chlorobenzenesulfonohydrazide (17) 

 
1H NMR (400 MHz, DMSO) δ 11.64 (s, 1H), 11.10 (s, 1H), 8.08 (d, J = 1.0 Hz, 1H), 7.91 (d, 

J = 8.5 Hz, 2H), 7.86 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 2.7 Hz, 1H), 7.70 (d, J = 8.6 Hz, 2H), 

7.60 (d, J = 1.3 Hz, 1H), 7.29 (dd, J = 8.5, 1.7 Hz, 1H). 

 
13C NMR (100 MHz, DMSO δ): 145.10, 137.82, 137.80, 137.78, 131.50, 129.29, 129.28, 

123.54, 123.07, 122.96, 115.27, 114.51, 111.04. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C15H11BrClN3O2S 411.9522; found 411.9519 

 

N'-((1H-indol-3-yl)methylene)-4-methylbenzenesulfonohydrazide (18) 

 
1H NMR (400 MHz, CD3CN δ): 9.60 (s, 1H), 8.67 (s, 1H), 8.04 (d, J = 7.2 Hz, 2H), 7.87 (d, J 

= 8.3 Hz, 2H), 7.50 (d, J = 2.8 Hz, 1H), 7.44 (d, J = 7.7 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 7.21 

(dtd, J = 17.5, 7.2, 1.2 Hz, 2H), 2.36 (s, 3H). 

 
13C NMR (100 MHz, CD3CN δ): 146.76, 145.18, 138.01, 136.84, 131.07, 130.49, 128.89, 

125.12, 124.10, 122.73, 122.04, 112.71, 112.43, 21.51. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C16H15N3O2S 314.0963; found 314.0967 

 

N'-(2-hydroxy-5-iodobenzylidene)-2-nitrobenzenesulfonohydrazide (19) 

 
1H NMR (400 MHz, DMSO δ): 12.19 (s, 1H), 10.40 (s, 1H), 8.24 (d, J = 1.8 Hz, 1H), 8.03 

(dd, J = 9.0, 4.6 Hz, 2H), 7.94 – 7.86 (m, 2H), 7.76 (s, 1H), 7.51 (dd, J = 8.6, 2.2 Hz, 1H), 6.71 

(d, J = 8.6 Hz, 1H). 

 
13C NMR (100 MHz, DMSO δ): 156.21, 147.89, 143.46, 139.68, 134.92, 134.09, 132.69, 

130.81, 130.35, 124.61, 122.12, 118.91, 81.62. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10IN3O5S 447.9464; found 447.9456 

 

4-chloro-N'-(2-hydroxy-5-nitrobenzylidene)benzenesulfonohydrazide (20) 

 
1H NMR (400 MHz, DMSO δ): 11.79 (s, 2H), 8.33 (d, J = 2.9 Hz, 1H), 8.21 (s, 1H), 8.12 (dd, 

J = 9.1, 2.7 Hz, 1H), 7.91 – 7.83 (m, 2H), 7.71 (d, J = 8.5 Hz, 2H), 7.04 (d, J = 9.1 Hz, 1H). 
 

13C NMR (101 MHz, DMSO-D6) δ 161.84, 142.43, 139.93, 138.18, 137.69, 129.61, 129.02, 

126.80, 121.78, 120.21, 116.86. 
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HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10ClN3O5S 356.0108; found 356.0109 

 

N'-((1H-pyrrol-2-yl)methylene)-5-(dimethylamino)naphthalene-1-sulfonohydrazide (21) 

 
1H NMR (400 MHz, DMSO δ): 11.44 (s, 1H), 11.15 (s, 1H), 8.46 (t, J = 9.7 Hz, 2H), 8.21 (d, 

J = 7.2 Hz, 1H), 7.78 (s, 1H), 7.63 (dd, J = 16.1, 11.6 Hz, 2H), 7.24 (d, J = 7.5 Hz, 1H), 6.80 

(s, 1H), 6.30 (s, 1H), 6.03 (s, 1H), 6.03 (s, 1H), 2.80 (s, 6H). 
 

13C NMR (10 MHz, DMSO δ): 151.28, 139.44, 135.25, 129.93, 129.50, 129.26, 128.96, 

127.97, 126.37, 123.67, 122.17, 119.37, 115.23, 112.63, 109.08, 45.07. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C17H18N4O2S 343.1228; found 343.1228 

 

N'-((1H-pyrrol-2-yl)methylene)-4-methoxybenzenesulfonohydrazide (22) 
 

1H NMR (400 MHz, DMSO δ): 11.26 (s, 1H), 10.84 (s, 1H), 7.85 – 7.80 (m, 2H), 7.73 (s, 1H), 

7.09 (d, J = 9.0 Hz, 2H), 6.84 (dd, J = 4.1, 2.7 Hz, 1H), 6.37 – 6.33 (m, 1H), 6.06 (dd, J = 5.9, 

2.4 Hz, 1H), 3.81 (s, 3H). 
 

13C NMR (100 MHz, DMSO δ): 162.46, 140.43, 130.81, 129.45, 126.50, 122.23, 114.23, 

112.95, 109.08, 55.64. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C12H13N3O3S 280.0756; found 280.0761 

 

N'-((6-bromo-1H-indol-3-yl)methylene)-4-fluorobenzenesulfonohydrazide (23) 

 
1H NMR (400 MHz, Acetone, δ): 10.76 (s, 1H), 9.80 (s, 1H), 8.20 (s, 1H), 8.15 – 8.03 (m, 3H), 

7.70 (d, J = 2.5 Hz, 1H), 7.65 (s, 1H), 7.43 – 7.29 (m, 3H). 

 
13C NMR (100 MHz, Acetone, δ): 167.19, 164.69, 145.97, 139.05, 136.70, 136.67, 131.51, 

124.70, 124.45, 124.37, 116.93, 116.74, 116.70, 115.42, 112.95. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C15H11BrFN3O2S 395.9818 found 395.9813 

 

N'-(3,5-dibromo-2-hydroxybenzylidene)-4-methoxybenzenesulfonohydrazide (24) 

 
1H NMR (400 MHz, DMSO δ): 11.97 (s, 1H), 11.15 (s, 1H), 8.11 (s, 1H), 7.82 – 7.76 (m, 3H), 

7.67 (d, J = 2.2 Hz, 1H), 7.17 (t, J = 5.9 Hz, 2H), 3.83 (s, 3H). 

 
13C NMR (100 MHz, DMSO δ): 162.98, 152.67, 146.23, 135.69, 131.11, 129.74, 129.29, 

121.45, 114.76, 111.59, 110.96, 55.75. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C14H12Br2N2O4S 464.8942: found 464.8939.  

 

4-fluoro-N'-(2-hydroxy-3,5-diiodobenzylidene)benzenesulfonohydrazide (25) 

 
1H NMR (400 MHz, Acetone δ): 11.51 (s, 1H), 10.87 (s, 1H), 8.12 (s, 1H), 8.08 – 7.99 (m, 

3H), 7.69 (d, J = 2.0 Hz, 1H), 7.44 (t, J = 8.8 Hz, 2H). 
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13C NMR (100 MHz, Acetone δ) 167.68, 165.16, 157.61, 149.55, 148.53, 140.45, 135.72, 

135.69, 131.51, 131.42, 120.57, 117.69, 117.46, 86.85, 81.38. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9FI2N2O3S 546.8486; found 546.8491. 

 

N'-((1H-indol-3-yl)methylene)-4-nitrobenzenesulfonohydrazide (26) 

 
1H NMR (400 MHz, DMSO δ): 11.56 (s, 1H), 11.30 (s, 1H), 8.44 (d, J = 8.6 Hz, 2H), 8.23 – 

8.04 (m, 3H), 7.93 (d, J = 7.5 Hz, 1H), 7.75 (d, J = 2.7 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.23 

– 7.01 (m, 2H). 
 
13C NMR (100 MHz, DMSO δ): 149.84, 146.27, 144.50, 136.92, 130.98, 128.93, 124.43, 

123.96, 122.65, 121.48, 120.71, 111.86, 110.78. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C15H12N4O4S 345.0657; found 345.0659. 

 

N'-(2-hydroxy-3,5-diiodobenzylidene)-4-methoxybenzenesulfonohydrazide (27) 

 
1H NMR (400 MHz, DMSO δ): 11.98 (s, 1H), 11.37 (s, 1H), 8.02 (d, J = 5.6 Hz, 2H), 7.78 (d, 

J = 8.1 Hz, 3H), 7.16 (d, J = 7.6 Hz, 2H), 3.83 (s, 3H). 

 
13C NMR (100 MHz, DMSO δ): 163.00, 155.74, 147.10, 146.72, 138.35, 129.70, 129.26, 

120.41, 114.79, 87.94, 82.72, 55.77. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C14H12I2N2O4S 558.8685; found 558.8687. 

 

N'-(2-hydroxy-5-iodobenzylidene)-4-nitrobenzenesulfonohydrazide (28) 

 
1H NMR (400 MHz, DMSO δ): 11.96 (s, 1H), 10.41 (s, 1H), 8.44 (d, J = 8.6 Hz, 2H), 8.12 (s, 

2H), 8.10 (s, 1H), 7.75 (s, 1H), 7.51 (d, J = 8.5 Hz, 1H), 6.69 (s, 1H). 

 
13C NMR (100 MHz, DMSO δ): 156.18, 150.01, 144.17, 143.98, 139.71, 134.04, 128.70, 

124.74, 122.02, 118.88, 81.61. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10IN3O5S 447.9464; found 447.9461. 

 

N'-((5-methoxy-1H-indol-3-yl)methylene)-4-methylbenzenesulfonohydrazide (29) 

 
1H NMR (400 MHz, DMSO δ):  11.38 (s, 1H), 10.84 (s, 1H), 8.07 (d, J = 2.9 Hz, 1H), 7.81 

(dd, J = 8.2, 2.1 Hz, 2H), 7.69 – 7.63 (m, 1H), 7.45 (s, 1H), 7.39 (d, J = 8.1 Hz, 2H), 7.28 (dd, 

J = 8.8, 2.0 Hz, 1H), 6.79 (dt, J = 8.8, 2.0 Hz, 1H), 3.76 (s, 3H), 2.34 (s, 3H). 

 
13C NMR (100 MHz, DMSO δ): 154.39, 145.57, 143.20, 136.31, 131.76, 130.80, 129.47, 

127.39, 124.49, 112.66, 112.53, 110.86, 103.13, 55.15, 39.52, 20.96. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C17H17N3O3S 344.1069; found 344.1068. 

 

4-fluoro-N'-((5-methoxy-1H-indol-3-yl)methylene)benzenesulfonohydrazide (30) 
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1H NMR (400 MHz, DMSO δ): 11.41 (s, 1H), 10.95 (s, 1H), 8.10 (d, J = 2.3 Hz, 1H), 7.97 

(ddd, J = 7.3, 5.1, 1.9 Hz, 2H), 7.68 (d, J = 1.5 Hz, 1H), 7.45 (dd, J = 18.2, 9.4 Hz, 3H), 7.29 

(dd, J = 8.8, 1.1 Hz, 1H), 6.80 (d, J = 8.9 Hz, 1H), 3.74 (d, J = 0.9 Hz, 3H). 

 
13C NMR (100 MHz, DMSO δ): 165.61, 163.11, 154.41, 146.20, 135.56, 135.53, 131.79, 

131.03, 130.36, 130.26, 124.47, 116.40, 116.17, 112.63, 112.55, 110.70, 103.03, 55.15. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C16H14FN3O3S 348.0818; found 348.0822. 

 

4-chloro-N'-(2-hydroxy-3,5-diiodobenzylidene)benzenesulfonohydrazide (31) 

 
1H NMR (400 MHz, DMSO δ): 12.23 (s, 1H), 11.20 (s, 1H), 8.06 (s, 1H), 8.02 (s, 1H), 7.85 

(d, J = 8.6 Hz, 2H), 7.78 (d, J = 1.7 Hz, 1H), 7.74 (d, J = 8.6 Hz, 2H). 

 
13C NMR (100 MHz, DMSO δ): 155.76, 147.65, 146.95, 138.59, 138.26, 137.13, 129.86, 

128.97, 120.55, 88.24, 82.92, 39.52. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9ClI2N2O3S 562.8190; found 562.8184. 

 

4-fluoro-N'-(2-hydroxy-5-nitrobenzylidene) benzenesulfonohydrazide (32) 

 
1H NMR (400 MHz, Acetone δ): 11.30 (s, 2H), 8.39 (s, 1H), 8.35 (d, J = 2.8 Hz, 1H), 8.19 

(dd, J = 9.1, 2.8 Hz, 1H), 8.04 (dd, J = 9.0, 5.1 Hz, 2H), 7.44 (t, J = 8.8 Hz, 2H), 7.11 (d, J = 

9.1 Hz, 1H). 
 

13C NMR (100 MHz, Acetone δ): 167.61, 165.09, 163.56, 148.79, 141.52, 135.79, 131.55, 

131.45, 127.60, 126.94, 119.08, 118.28, 117.58, 117.35. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10FN3O5S 340.0403; found 340.0403. 

 

N'-(3,5-dibromo-2-hydroxybenzylidene)-4-nitrobenzenesulfonohydrazide (33) 

 
1H NMR (400 MHz, DMSO δ): 12.44 (s, 1H), 10.88 (s, 1H), 8.45 (d, J = 8.8 Hz, 2H), 8.17 (s, 

1H), 8.12 (d, J = 8.8 Hz, 2H), 7.80 (s, 1H), 7.67 (d, J = 2.1 Hz, 1H). 
 

13C NMR (100 MHz, DMSO) δ 152.60, 150.17, 146.60, 143.75, 135.96, 130.47, 128.66, 

124.90, 121.96, 112.05, 111.19. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9Br2N3O5S 479.8687; found 479.8684. 

 

4-methoxy-N'-((5-methoxy-1H-indol-3-yl)methylene)benzenesulfonohydrazide (34) 

 
1H NMR (400 MHz, DMSO δ): 11.37 (s, 1H), 10.75 (s, 1H), 8.07 (s, 1H), 7.85 (d, J = 8.6 Hz, 

2H), 7.66 (d, J = 2.6 Hz, 1H), 7.45 (s, 1H), 7.28 (d, J = 8.8 Hz, 1H), 7.10 (d, J = 8.9 Hz, 2H), 

6.79 (dd, J = 8.8, 2.0 Hz, 1H), 3.80 (s, 3H), 3.75 (s, 3H). 

 
13C NMR (100 MHz, DMSO) δ 205.95, 162.43, 154.35, 145.46, 131.78, 130.84, 130.73, 

129.48, 124.48, 114.19, 112.59, 112.48, 110.85, 103.12, 55.63, 55.15. 

 

HRMS (ESI-TOF): m/z: [M + H] calculated for C17H17N3O4S 360.1018; found 360.1014. 
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4-methoxy-N'-((4-methylthiazol-5-yl)methylene)benzenesulfonohydrazide (35) 

 
1H NMR (400 MHz, DMSO δ): 11.36 (s, 1H), 8.99 (s, 1H), 8.13 (s, 1H), 7.76 (d, J = 7.7 Hz, 

2H), 7.12 (d, J = 8.9 Hz, 2H), 3.82 (s, 3H), 2.39 (s, 3H). 

 
13C NMR (100 MHz, DMSO δ): 162.67, 154.72, 153.76, 139.87, 130.32, 129.39, 126.84, 

114.38, 55.68, 15.26. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C12H13N3O3S2 312.0477; found 312.0481. 

 

N'-((5-methoxy-1H-indol-3-yl)methylene)-2-nitrobenzenesulfonohydrazide (36) 

 
1H NMR (400 MHz, Acetone, δ): 10.60 (s, 1H), 9.81 (s, 1H), 8.43 (s, 1H), 8.38 – 8.33 (m, 1H), 

7.97 – 7.88 (m, 2H), 7.66 (dd, J = 14.7, 2.7 Hz, 2H), 7.33 (d, J = 8.9 Hz, 1H), 6.83 (dd, J = 8.8, 

2.5 Hz, 1H), 3.84 (s, 3H). 

 
13C NMR (100 MHz, Acetone, δ) 156.17, 149.46, 148.02, 135.38, 133.13, 133.09, 132.49, 

131.65, 125.90, 125.63, 114.17, 113.24, 112.43, 104.30, 55.85. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C16H14N4O5S 375.0763; found 375.0758. 

 

N'-(4-bromobenzylidene)-4-methoxybenzenesulfonohydrazide (37) 

 
1H NMR (400 MHz, DMSO δ): 11.47 (s, 1H), 7.88 (s, 1H), 7.80 (d, J = 8.6 Hz, 2H), 7.59 (d, 

J = 8.5 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 9.0 Hz, 2H), 3.81 (s, 3H). 
 

13C NMR (101 MHz, DMSO δ): 162.62, 145.57, 132.98, 131.78, 130.52, 129.38, 128.58, 

123.25, 114.40, 55.66. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C14H13BrN2O3S 368.9908; found 368.9909. 

 

4-chloro-N'-(3,5-dibromo-2-hydroxybenzylidene)benzenesulfonohydrazide (38) 
 

1H NMR (400 MHz, DMSO δ): 12.22 (s, 1H), 10.99 (s, 1H), 8.14 (s, 1H), 7.86 (d, J = 8.6 Hz, 

2H), 7.80 (s, 1H), 7.74 (d, J = 8.6 Hz, 2H), 7.66 (s, 1H). 
 

13C NMR (100 MHz, DMSO δ): 152.68, 146.60, 138.56, 137.19, 135.92, 130.85, 129.83, 

129.02, 121.72, 111.88, 111.14. 

 
 HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9Br2ClN2O3S 468.8447; found 

468.8436 

 

N'-((1H-indol-3-yl)methylene)-4-chlorobenzenesulfonohydrazide (39) 

 
1H NMR (400 MHz, DMSO δ): 11.53 (s, 1H), 11.01 (s, 1H), 8.10 (s, 1H), 7.92 (d, J = 8.5 Hz, 

3H), 7.71 (dd, J = 14.0, 5.7 Hz, 3H), 7.40 (d, J = 7.9 Hz, 1H), 7.20 – 7.09 (m, 2H). 

 
13C NMR (100 MHz, DMSO δ) 145.73, 137.95, 137.73, 136.91, 130.71, 129.27, 129.22, 

123.94, 122.60, 121.47, 120.59, 111.84, 110.90. 
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HRMS (ESI-TOF): m/z: [M + H] calculated for C15H12ClN3O2S 334.0417; found 334.0418. 

 

4-chloro-N'-(3,5-dichloro-2-hydroxybenzylidene)benzenesulfonohydrazide (40) 

 
1H NMR (400 MHz, DMSO) δ 12.13 (s, 1H), 10.83 (s, 1H), 8.17 (s, 1H), 7.87 (d, J = 8.6 Hz, 

2H), 7.73 (d, J = 8.6 Hz, 2H), 7.59 (s, 1H), 7.50 (s, 1H). 
 

13C NMR (100 MHz, DMSO) δ 151.17, 145.69, 138.43, 137.25, 130.47, 129.74, 129.00, 

126.53, 123.56, 122.10, 121.81. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9Cl3N2O3S 378.9477; found 378.9477. 

 

N'-(2-hydroxy-5-nitrobenzylidene)-4-methylbenzenesulfonohydrazide (41) 

 
1H NMR (400 MHz, DMSO δ): 11.74 (s, 1H), 11.68 (s, 1H), 8.33 (d, J = 2.9 Hz, 1H), 8.19 (s, 

1H), 8.12 (dd, J = 9.1, 2.9 Hz, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.04 (d, 

J = 9.1 Hz, 1H), 2.37 (s, 3H). 

 
13C NMR (100 MHz, DMSO δ): 161.81, 143.77, 142.05, 139.95, 135.95, 129.88, 127.14, 

126.72, 121.91, 120.29, 116.88, 21.04. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C14H13N3O5S 336.0654; found 336.0657 

 

N'-(2,4-dihydroxybenzylidene)-4-nitrobenzenesulfonohydrazide (42) 

 
1H NMR (400 MHz, DMSO δ): 11.54 (s, 1H), 10.12 (s, 1H), 9.88 (s, 1H), 8.47 – 8.40 (m, 2H), 

8.11 – 8.07 (m, 3H), 7.30 (d, J = 8.9 Hz, 1H), 6.31 – 6.22 (m, 2H). 

 
13C NMR (101 MHz, DMSO δ): 160.94, 158.34, 149.96, 147.82, 144.21, 128.79, 124.65, 

110.69, 107.90, 102.31. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H11N3O6S 338.0447; found 338.0445 

 

4-chloro-N'-((5-methoxy-1H-indol-3-yl)methylene)benzenesulfonohydrazide (43) 

 
1H NMR (400 MHz, DMSO δ): 11.43 (s, 1H), 11.02 (s, 1H), 8.10 (s, 1H), 7.91 (d, J = 8.5 Hz, 

2H), 7.70 (d, J = 8.6 Hz, 3H), 7.39 (s, 1H), 7.29 (d, J = 8.8 Hz, 1H), 6.80 (dd, J = 8.8, 2.4 Hz, 

1H), 3.73 (s, 3H). 
 

13C NMR (100 MHz, DMSO δ): 154.44, 146.42, 138.00, 137.80, 131.81, 131.16, 129.30, 

129.28, 124.47, 112.69, 112.62, 110.67, 102.97, 55.15. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C16H14ClN3O3S 364.0522; found 364.0521 

 

N'-(3,5-dichloro-2-hydroxybenzylidene)-4-nitrobenzenesulfonohydrazide (44) 

 
1H NMR (400 MHz, DMSO δ): 12.35 (s, 1H), 10.74 (s, 1H), 8.48 – 8.42 (m, 2H), 8.19 (s, 1H), 

8.15 – 8.09 (m, 2H), 7.59 (d, J = 2.6 Hz, 1H), 7.51 (d, J = 2.5 Hz, 1H). 
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13C NMR (100 MHz, DMSO δ) 151.14, 150.14, 145.70, 143.81, 130.56, 128.70, 126.16, 

124.87, 123.65, 122.26, 122.08 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9Cl2N3O5S 389.9718; found 389.9719 

 

N'-((6-bromo-1H-indol-3-yl)methylene)-4-nitrobenzenesulfonohydrazide (45) 

 
1H NMR (400 MHz, DMSO δ): 11.65 (s, 1H), 11.36 (s, 1H), 8.44 (d, J = 8.8 Hz, 2H), 8.21 – 

8.09 (m, 3H), 7.87 (d, J = 8.5 Hz, 1H), 7.78 (d, J = 2.7 Hz, 1H), 7.60 (d, J = 1.3 Hz, 1H), 7.30 

(dd, J = 8.5, 1.7 Hz, 1H). 

 
13C NMR (100 MHz, DMSO δ): 149.88, 145.64, 144.33, 137.77, 131.75, 128.92, 124.46, 

123.66, 123.08, 122.92, 115.29, 114.51, 110.90. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C15H11BrN4O4S 422.9763; found 422.9766 

 

N'-(5-fluoro-2-hydroxybenzylidene)-4-nitrobenzenesulfonohydrazide (46) 
 

1H NMR (400 MHz, DMSO δ): 11.93 (s, 1H), 10.13 (s, 1H), 8.46 – 8.41 (m, 2H), 8.17 (s, 1H), 

8.15 – 8.10 (m, 2H), 7.26 (dd, J = 9.4, 3.2 Hz, 1H), 7.09 (td, J = 8.6, 3.2 Hz, 1H), 6.85 (dd, J 

= 9.0, 4.7 Hz, 1H). 

 
13C NMR (100 MHz, DMSO δ): 156.58, 154.24, 152.81, 150.03, 144.32, 144.09, 128.82, 

124.73, 120.26, 120.19, 118.54, 118.31, 117.61, 117.53, 111.44, 111.20. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10FN3O5S 340.0403; found 340.0401. 
 

4-chloro-N'-(2,4-dihydroxybenzylidene)benzenesulfonohydrazide (47) 

 
1H NMR (400 MHz, DMSO δ): 11.30 (s, 1H), 10.17 (s, 1H), 9.88 (s, 1H), 8.07 (s, 1H), 7.84 

(d, J = 8.6 Hz, 2H), 7.70 (d, J = 8.7 Hz, 2H), 7.27 (d, J = 8.3 Hz, 1H), 6.30 – 6.23 (m, 2H). 
 

13C NMR (100 MHz, DMSO δ): 160.85, 158.38, 148.03, 138.05, 137.57, 129.49, 129.25, 

129.11, 110.63, 107.87, 102.37. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H11ClN2O4S 327.0206; found 327.0209. 

 

4-bromo-N'-(5-fluoro-2-hydroxybenzylidene)benzenesulfonohydrazide (48) 

 
1H NMR (400 MHz, DMSO, δ): 11.68 (s, 1H), 10.12 (s, 1H), 8.15 (s, 1H), 7.82 (dd, J = 26.1, 

8.6 Hz, 4H), 7.23 (dd, J = 9.4, 3.2 Hz, 1H), 7.08 (td, J = 8.6, 3.2 Hz, 1H), 6.86 (dd, J = 9.0, 4.7 

Hz, 1H). 

 
13C NMR (100 MHz, DMSO, δ): 156.55, 154.21, 152.75, 152.74, 144.10, 137.99, 132.47, 

129.15, 127.16, 120.24, 120.17, 118.36, 118.12, 117.59, 117.51, 111.61, 111.37. 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H11BrFN2O3S 372.9658; found 372.9658. 

 

N'-(2-hydroxy-3,5-diiodobenzylidene)-2-nitrobenzenesulfonohydrazide (49) 
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1H NMR (400 MHz, CD3CN δ):11.17 (s, 1H), 9.93 (s, 1H), 8.17 – 8.12 (m, 1H), 8.07 (d, J = 

2.1 Hz, 1H), 8.04 (s, 1H), 7.91 (ddd, J = 6.3, 3.6, 2.1 Hz, 1H), 7.88 – 7.82 (m, 2H), 7.65 (d, J 

= 2.1 Hz, 1H). 

 
13C NMR (100 MHz, CD3CN δ): 157.57, 150.82, 148.98, 140.92, 136.46, 134.12, 132.36, 

131.41, 126.33, 120.30, 86.88, 81.58. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9I2N3O5S 573.8431; found 573.8429. 

 

N'-(3,5-dibromo-2-hydroxybenzylidene)-2-nitrobenzenesulfonohydrazide (50) 

 
1H NMR (400 MHz, DMSO δ): 12.65 (s, 1H), 10.76 (s, 1H), 8.26 (s, 1H), 8.10 – 8.01 (m, 2H), 

7.96 – 7.88 (m, 2H), 7.80 (d, J = 2.3 Hz, 1H), 7.69 (d, J = 2.4 Hz, 1H). 
 

13C NMR (100 MHz, DMSO δ): 152.55, 147.82, 145.99, 135.93, 135.17, 132.92, 130.59, 

130.47, 130.24, 124.77, 122.14, 112.12, 111.22. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9Br2N3O5S 479.8687; found 479.8680. 

 

4-nitro-N'-(4-nitrobenzylidene)benzenesulfonohydrazide (51) 

 
1H NMR (400 MHz, DMSO δ): 12.32 (s, 1H), 8.46 – 8.41 (m, 2H), 8.23 (d, J = 8.6 Hz, 2H), 

8.18 – 8.13 (m, 2H), 8.08 (s, 1H), 7.88 – 7.83 (m, 2H). 

 
13C NMR (101 MHz, DMSO δ): 150.07, 148.04, 145.79, 144.04, 139.47, 128.81, 127.95, 

124.73, 124.02. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10N4O6S 351.0399; found 351.0398 

 

N'-(3,5-dichloro-2-hydroxybenzylidene)-2-nitrobenzenesulfonohydrazide (52) 

 
1H NMR (400 MHz, DMSO δ): 12.58 (s, 1H), 10.66 (s, 1H), 8.29 (s, 1H), 8.05 (ddd, J = 9.3, 

4.7, 2.2 Hz, 2H), 7.97 – 7.86 (m, 2H), 7.55 (dd, J = 29.4, 2.5 Hz, 2H). 

 
13C NMR (100 MHz, DMSO δ): 151.09, 147.80, 145.12, 135.11, 132.85, 130.58, 130.49, 

130.33, 126.14, 124.70, 123.63, 122.29, 122.21. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9Cl2N3O5S 389.9718; found 389.9718.  

 

4-bromo-N'-(2-hydroxy-5-iodobenzylidene)benzenesulfonohydrazide (53)  
 
1H NMR (400 MHz, DMSO δ): 11.72 (s, 1H), 10.42 (s, 1H), 8.10 (s, 1H), 7.85 (d, J = 8.4 Hz, 

2H), 7.77 (d, J = 8.6 Hz, 2H), 7.74 (d, J = 2.0 Hz, 1H), 7.51 (dd, J = 8.6, 2.2 Hz, 1H), 6.70 (d, 

J = 8.6 Hz, 1H). 
 

13C NMR (100 MHz, DMSO δ): 156.17, 143.75, 139.58, 138.06, 134.27, 132.52, 129.09, 

127.18, 122.04, 118.90, 81.59. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10 BrIN2O3S 480.8718; found 480.8718. 
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4-bromo-N'-(2-hydroxy-5-nitrobenzylidene)benzenesulfonohydrazide (54) 

 
1H NMR (400 MHz, DMSO δ) 11.80 (d, J = 73.7 Hz, 2H), 8.33 (d, J = 2.9 Hz, 1H), 8.21 (s, 

1H), 8.13 (dd, J = 9.0, 2.9 Hz, 1H), 7.89 – 7.75 (m, 4H), 7.04 (d, J = 9.1 Hz, 1H). 

 
13C NMR (100 MHz, DMSO δ): 161.83, 142.45, 139.94, 138.06, 132.57, 129.09, 127.24, 

126.83, 121.77, 120.21, 116.87. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10BrN3O5S 399.9603; found 399.9600 

 

N'-((6-bromo-1H-indol-3-yl)methylene)-4-methoxybenzenesulfonohydrazide (55) 

 
1H NMR (400 MHz, DMSO δ): 11.60 (s, 1H), 10.85 (s, 1H), 8.05 (d, J = 2.0 Hz, 1H), 7.87 

(ddd, J = 24.4, 8.7, 2.0 Hz, 3H), 7.74 (d, J = 2.3 Hz, 1H), 7.59 (s, 1H), 7.31 – 7.26 (m, 1H), 

7.12 (dd, J = 6.9, 5.0 Hz, 2H), 3.79 (s, 3H). 

 
13C NMR (100 MHz, DMSO δ): 162.49, 144.27, 137.77, 131.14, 130.69, 129.52, 123.43, 

123.19, 123.02, 115.24, 114.46, 114.24, 111.24, 55.64. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C16H14BrN3O3S 408.0017; found 408.0030 

 

N'-(2,4-dihydroxybenzylidene)-2-nitrobenzenesulfonohydrazide (56) 

 
1H NMR (400 MHz, DMSO δ): 11.78 (s, 1H), 10.05 (s, 1H), 9.87 (s, 1H), 8.21 (s, 1H), 8.04 – 

7.98 (m, 1H), 7.91 – 7.86 (m, 1H), 7.30 – 7.25 (m, 1H), 6.28 – 6.23 (m, 1H). 
 

13C NMR (100 MHz, DMSO δ): 160.95, 158.35, 148.00, 147.56, 134.74, 132.59, 130.85, 

130.35, 128.94, 110.68, 107.91, 102.35. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C13H11N3O6S 338.0447; found 338.0453 

 

N'-(2-hydroxy-5-iodobenzylidene)-4-methoxybenzenesulfonohydrazide (57) 

 
1H NMR (400 MHz, DMSO, δ): 11.49 (s, 1H), 10.43 (s, 1H), 8.07 (s, 1H), 7.79 – 7.75 (m, 

2H), 7.73 (d, J = 2.3 Hz, 1H), 7.50 (dd, J = 8.6, 2.3 Hz, 1H), 7.16 – 7.11 (m, 2H), 6.69 (d, J = 

8.6 Hz, 1H), 3.82 (s, 3H). 

 
13C NMR (101 MHz, DMSO δ): 162.73, 156.12, 143.43, 139.37, 134.59, 130.30, 129.31, 

122.09, 118.88, 114.53, 81.53, 55.70 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C14H13IN2O4S 432.9719; found 432.9724. 

 

4-fluoro-N'-(2-hydroxy-5-iodobenzylidene)benzenesulfonohydrazide (58) 

 
1H NMR (400 MHz, CD3CN δ): 10.30 (s, 1H), 9.80 (s, 1H), 7.98 – 7.91 (m, 3H), 7.65 – 7.51 

(m, 2H), 7.41 – 7.22 (m, 2H), 6.71 (d, J = 8.7 Hz, 1H). 
 
13C NMR (100 MHz, CD3CN δ): 158.49, 156.36, 150.83, 141.20, 140.07, 135.20, 131.70, 

131.64, 131.57, 120.95, 120.11, 120.07, 117.76, 117.51, 117.50, 80.96. 
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HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10FIN2O3S 420.9519; found 420.9521 

 

N'-(4-bromobenzylidene)-4-fluorobenzenesulfonohydrazide (59) 

 
1H NMR (400 MHz, DMSO δ): 11.65 (s, 1H), 7.93 (ddd, J = 8.4, 5.2, 2.7 Hz, 3H), 7.64 – 7.56 

(m, 2H), 7.55 – 7.49 (m, 2H), 7.49 – 7.41 (m, 2H). 
 

13C NMR (100 MHz, DMSO) δ 165.74, 163.24, 146.30, 135.26, 135.23, 133.40, 132.80, 

132.08, 131.81, 130.32, 130.22, 128.68, 123.45, 116.62, 116.40. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10BrFN2O2S 356.9708; found 356.9708. 

 

N'-(3, 4-dihydroxybenzylidene)-4-nitrobenzenesulfonohydrazide (60) 

 
1H NMR (400 MHz, DMSO δ): 11.52 (s, 1H), 9.42 (s, 1H), 9.19 (s, 1H), 8.50 – 8.38 (m, 2H), 

8.17 – 8.04 (m, 2H), 7.77 (s, 1H), 7.02 (d, J = 1.9 Hz, 1H), 6.89 – 6.64 (m, 2H). 

 
13C NMR (10 MHz, DMSO δ): 150.00, 149.15, 148.24, 145.69, 144.51, 128.82, 124.83, 

124.60, 120.52, 115.53, 112.65. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H11N3O6S 338.0447; found 338.0454. 

 

N'-((1H-indol-3-yl)methylene)-4-methoxybenzenesulfonohydrazide (61) 

 
1H NMR (400 MHz, DMSO δ): 11.49 (s, 1H), 10.76 (s, 1H), 8.08 (s, 1H), 7.97 (d, J = 7.6 Hz, 

1H), 7.85 (d, J = 9.0 Hz, 2H), 7.70 (d, J = 2.8 Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.13 (ddd, J = 

10.3, 9.0, 4.5 Hz, 4H), 3.79 (s, 3H). 

 
13C NMR (100 MHz, DMSO δ): 162.44, 144.93, 136.90, 130.84, 130.35, 129.49, 124.01, 

122.56, 121.59, 120.49, 114.19, 111.79, 111.11, 55.62. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C16H15N3O3S 330.0912; found 330.0911. 

 

N'-(5-fluoro-2-hydroxybenzylidene)-2-nitrobenzenesulfonohydrazide (62) 

 
1H NMR (400 MHz, DMSO δ): 12.27 – 12.02 (m, 1H), 10.11 (s, 1H), 8.29 (d, J = 1.5 Hz, 1H), 

8.14 – 7.97 (m, 2H), 7.95 – 7.83 (m, 2H), 7.23 (dd, J = 9.4, 3.2 Hz, 1H), 7.08 (td, J = 8.6, 3.2 

Hz, 1H), 6.86 (dd, J = 9.0, 4.7 Hz, 1H). 

 
13C NMR (100 MHz, DMSO δ): 156.57, 154.23, 152.83, 147.88, 143.92, 134.91, 132.66, 

130.71, 130.56, 124.53, 120.34, 120.26, 118.47, 118.24, 117.64, 117.55, 111.44, 111.20. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10FN3O5S 340.0403; found 340.0410 

 

N'-(3,5-dibromo-2-hydroxybenzylidene)-4-fluorobenzenesulfonohydrazide (63) 

 
1H NMR (400 MHz, DMSO δ): 12.15 (s, 1H), 11.01 (s, 1H), 8.14 (s, 1H), 7.93 (dd, J = 8.8, 

5.1 Hz, 2H), 7.79 (s, 1H), 7.67 (d, J = 2.1 Hz, 1H), 7.50 (t, J = 8.8 Hz, 2H). 
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13C NMR (100 MHz, DMSO δ): 165.98, 163.47, 152.65, 146.49, 135.84, 134.70, 134.68, 

130.87, 130.24, 130.14, 121.66, 116.99, 116.76, 111.80, 111.08. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H9Br2FN2O3S 450.8763; found 450.8761 

 

N'-(2,3-difluorobenzylidene)-4-methoxybenzenesulfonohydrazide (64) 

 
1H NMR (400 MHz, DMSO δ): 11.70 (s, 1H), 8.06 (s, 1H), 7.81 (d, J = 8.6 Hz, 2H), 7.52 – 

7.40 (m, 2H), 7.23 (dd, J = 13.0, 6.8 Hz, 1H), 7.13 (d, J = 8.8 Hz, 2H), 3.82 (s, 3H). 
 

13C NMR (100 MHz, DMSO δ): 162.80, 151.20, 151.08, 149.59, 149.45, 148.76, 148.64, 

147.08, 146.94, 138.51, 130.38, 129.46, 125.30, 125.25, 125.23, 125.18, 123.62, 123.55, 

121.52, 121.50, 118.67, 118.51, 114.55, 55.74. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C14H12F2N2O3S 327.0615; found 327.0620 

 

N'-(2,4-dihydroxybenzylidene)-5-(dimethylamino)naphthalene-1-sulfonohydrazide (65) 

 
1H NMR (400 MHz, DMSO δ): 11.66 (s, 1H), 10.08 (t, J = 1.5 Hz, 1H), 9.82 (s, 1H), 8.49 (d, 

J = 8.5 Hz, 1H), 8.39 (d, J = 8.7 Hz, 1H), 8.26 – 8.17 (m, 1H), 8.04 (s, 1H), 7.71 – 7.58 (m, 

2H), 7.25 (d, J = 7.5 Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 6.25 – 6.17 (m, 2H), 2.80 (s, 6H). 

 
13C NMR (100 MHz, DMSO δ): 160.57, 158.18, 151.40, 146.28, 134.53, 130.25, 129.81, 

129.23, 129.18, 129.01, 128.10, 123.71, 119.00, 115.31, 110.66, 107.76, 102.34, 45.07. 
 

HRMS (ESI-TOF): m/z: [M + H] calculated for C19H19N3O4S 386.1174; found 386.1169 

 

4-bromo-N'-(4-nitrobenzylidene)benzenesulfonohydrazide (66) 
 

1H NMR (400 MHz, CD3CN, δ): 9.53 (s, 1H), 9.53 (s, 1H), 9.53 (s, 1H), 8.20 (d, J = 8.8 Hz, 

2H), 7.93 (s, 1H), 7.86 – 7.82 (m, 2H), 7.80 – 7.72 (m, 4H). 
 

13C NMR (101 MHz, CD3CN, δ): 149.69, 146.70, 140.56, 138.74, 133.44, 130.46, 128.81, 

124.94. 

 
HRMS (ESI-TOF): m/z: [M + H] calculated for C13H10BrN3O4S 383.9653; found 383.9656 

 

 

4.5   Conclusion 

In conclusion, we synthesised a library comprising of 66 small molecules based on 

sulfonohydrazide hydrazone through short and concise synthetic steps. Upon screening, we 

identified four molecules as potential ER stress inducers. Further studies with the dansyl based 

sulfonohydrazide hydrazone (compound 1) revealed its accumulation in ER within 3 h in HeLa 

cervical cancer cells. The identified small molecule efficiently induced ER stress mediated 

apoptosis and autophagy in HeLa cells. It also induced ER stress associated apoptosis in lung, 
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breast and drug resistant breast cancer cell lines. Finally, the treatment in combination with 

autophagy inhibitor, chloroquine remarkably improved the cell killing efficacy of the small 

molecule in the cancer cell lines. We envision that these small molecules can be employed in 

understanding the ER biology and functions in cancer and pave way for development of novel 

ER stress inducers thereby improving the cancer therapeutics.  

 

 

4.6   Appendix-C 

Characterization of Compounds 

 
Figure C1: 1H NMR spectrum of compound 1 in DMSO at 400 MHz. 
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Figure C2: 13CNMR spectrum of compound 1 in DMSO at 100 MHz. 

 

Figure C3: HRMS spectrum of compound 1 
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Figure C4: 1H NMR spectrum of compound 2 in Acetone at 400 MHz. 

 

Figure C5: 13C NMR spectrum of compound 2 in Acetone at 100 MHz. 
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Figure A6: HRMS spectrum of compound 2. 

 

Figure C7: 1H NMR spectrum of compound 3 in Acetone at 400 MHz. 
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Figure C8: 13C NMR spectrum of compound 3 in Acetone at 100 MHz. 

Figure C9: HRMS spectrum of compound 3. 
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Figure C10: 1H NMR spectrum of compound 4 in DMSO at 400 MHz. 

 

Figure C11: 13C NMR spectrum of compound 4 in DMSO at 100 MHz. 
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Figure C12: HRMS spectrum of compound 4. 

 

Figure C13: 1H NMR spectrum of compound 5 in DMSO at 400 MHz. 
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Figure C14: 13C NMR spectrum of compound 5 in DMSO at 100 MHz. 

Figure C15: HRMS spectrum of compound 5. 
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Figure C16: 1H NMR spectrum of compound 6 in DMSO at 400 MHz. 

Figure C17: 13C NMR spectrum of compound 6 in DMSO at 100 MHz. 
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Figure C18: HRMS spectrum of compound 6. 

Figure C19: 1H NMR spectrum of compound 7 in CD3CN at 400 MHz. 
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Figure C20: 13C NMR spectrum of compound 7 in CD3CN at 100 MHz. 

Figure C21: HRMS spectrum of compound 7. 
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Figure C22: 1H NMR spectrum of compound 8 in DMSO at 400 MHz. 

 

Figure C23: 13C NMR spectrum of compound 8 in DMSO at 100 MHz 



123 
 

Figure C24: HRMS spectrum of compound 8. 

Figure C25: 1H NMR spectrum of compound 9 in DMSO at 400 MHz. 
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Figure C26: 13C NMR spectrum of compound 9 in DMSO at 100 MHz. 

Figure C27: HRMS spectrum of compound 9. 
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Figure C28: 1H NMR spectrum of compound 10 in Acetone at 400 MHz. 

Figure C29: 13C NMR spectrum of compound 10 in Acetone at 100 MHz. 
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Figure C30: HRMS spectrum of compound 10. 

 

Figure C31: 1H NMR spectrum of compound 11 in DMSO at 400 MHz. 
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Figure C32: 13C NMR spectrum of compound 11 in DMSO at 100 MHz. 

 

 

Figure C33: HRMS spectrum of compound 11. 



128 
 

Figure C34: 1H NMR spectrum of compound 12 in DMSO at 400 MHz. 

Figure C35: 13C NMR spectrum of compound 12 in DMSO at 100 MHz. 
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Figure C36: HRMS spectrum of compound 12. 

Figure C37: 1H NMR spectrum of compound 13 in DMSO at 400 MHz. 
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Figure C38: 13C NMR spectrum of compound 13 in DMSO at 100 MHz. 

 

Figure C39: HRMS spectrum of compound 13. 
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Figure C40: 1H NMR spectrum of compound 14 in Acetone at 400 MHz. 

 

Figure C41: 13C NMR spectrum of compound 14 in Acetone at 100 MHz. 
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Figure C42: HRMS spectrum of compound 14. 

 

Figure C43: 1 H NMR spectrum of compound 15 in DMSO at 400 MHz. 
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Figure C44: 13C NMR spectrum of compound 15 in DMSO at 100 MHz. 

 

Figure C45: HRMS spectrum of compound 15 
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Figure C46: 1H NMR spectrum of compound 16 in DMSO at 400 MHz. 

Figure C47: 13C NMR spectrum of compound 16 in DMSO at 100 MHz. 
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Figure C48: HRMS spectrum of compound 16. 

 

Figure C49: 1H NMR spectrum of compound 17 in DMSO at 400 MHz. 
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Figure C50: 13C NMR spectrum of compound 17 in DMSO at 100 MHz 

 

Figure C51: HRMS spectrum of compound 17. 
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Figure C52: 1H NMR spectrum of compound 18 in CD3CN at 400 MHz. 

Figure C53: 13C NMR spectrum of compound 18 in CD3CN at 100 MHz. 
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Figure C54: HRMS spectrum of compound 18. 

Figure C55: 1H NMR spectrum of compound 19 in DMSO at 400 MHz. 
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Figure C56: 13C NMR spectrum of compound 19 in DMSO at 100 MHz. 

Figure C57: HRMS spectrum of compound 19. 
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Figure C58: 1H NMR spectrum of compound 20 in DMSO at 400 MHz. 

 

Figure C59: 13C NMR spectrum of compound 20 in DMSO at 100 MHz. 
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Figure C60: HRMS spectrum of compound 20. 

 

Figure C61: 1H NMR spectrum of compound 21 in DMSO at 400 MHz. 
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Figure C62: 13C NMR spectrum of compound 21 in DMSO at 100 MHz. 

 

 

Figure C63: HRMS spectrum of compound 21. 
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Figure C64: 1H NMR spectrum of compound 22 in DMSO at 400 MHz. 

 

Figure C65: 13C NMR spectrum of compound 22 in DMSO at 100 MHz. 
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Figure C66: HRMS spectrum of compound 22. 

Figure C67: 1 H NMR spectrum of compound 23 in DMSO at 400 MHz. 
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Figure C68: 13C NMR spectrum of compound 23 in DMSO at 100 MHz. 

Figure C69: HRMS spectrum of compound 23. 
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Figure C70: 1 H NMR spectrum of compound 24 in DMSO at 400 MHz. 

 

Figure C71: 13C NMR spectrum of compound 24 in DMSO at 100 MHz. 
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Figure C72: HRMS spectrum of compound 24. 

 

Figure C73: 1H NMR spectrum of compound 25 in Acetone at 400 MHz. 



148 
 

Figure C74: 13C NMR spectrum of compound 25 in Acetone at 100 MHz. 

 

Figure C75: HRMS spectrum of compound 25. 
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Figure C76: 1 H NMR spectrum of compound 26 in DMSO at 400 MHz. 

 

Figure C77: 13 C NMR spectrum of compound 26 in DMSO at 100 MHz. 
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Figure C78: HRMS spectrum of compound 26. 

 

 

Figure C79: 1 H NMR spectrum of compound 27 in DMSO at 400 MHz. 
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Figure C80: 13 CNMR spectrum of compound 27 in DMSO at 100 MHz. 

 

Figure C81: HRMS spectrum of compound 27. 
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Figure C82: 1 H NMR spectrum of compound 28 in DMSO at 400 MHz. 

Figure C83: 13 C NMR spectrum of compound 28 in DMSO at 100 MHz. 
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Figure C84: HRMS spectrum of compound 28. 

Figure C85: 1 H NMR spectrum of compound 29 in DMSO at 400 MHz. 
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Figure C86: 13 C NMR spectrum of compound 29 in DMSO at 100 MHz. 

 

Figure C87: HRMS spectrum of compound 29. 
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Figure C88: 1 H NMR spectrum of compound 30 in DMSO at 400 MHz. 

Figure C89: 13 C NMR spectrum of compound 30 in DMSO at 100 MHz. 
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Figure C90: HRMS spectrum of compound 30. 

Figure C91: 1 H NMR spectrum of compound 31 in DMSO at 400 MHz. 
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Figure C92: 13 C NMR spectrum of compound 31 in DMSO at 100 MHz. 

 

Figure C93: HRMS spectrum of compound 31. 
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Figure C94: 1 H NMR spectrum of compound 32 in DMSO at 400 MHz. 

 

Figure C95: 13 C NMR spectrum of compound 32 in DMSO at 100 MHz. 
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Figure C96: HRMS spectrum of compound 32. 

 

Figure C97: 1 H NMR spectrum of compound 33 in DMSO at 400 MHz. 
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Figure C98: 13 C NMR spectrum of compound 33 in DMSO at 100 MHz. 

 

Figure C99: HRMS spectrum of compound 33. 
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Figure C100: 1 H NMR spectrum of compound 34 in DMSO at 400 MHz. 

Figure C101: 13 C NMR spectrum of compound 34 in DMSO at 100 MHz. 



162 
 

 

Figure C102: HRMS spectrum of compound 34. 

Figure C103: 1 H NMR spectrum of compound 35 in DMSO at 400 MHz. 
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Figure C104: 13 C NMR spectrum of compound 35 in DMSO at 100 MHz. 

 

Figure C105: HRMS spectrum of compound 35. 
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Figure C106: 1 H NMR spectrum of compound 36 in Acetone at 400 MHz. 

 

Figure C107: 13 C NMR spectrum of compound 36 in Acetone at 100 MHz. 
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Figure C108: HRMS spectrum of compound 36. 

 

Figure C109: 1 H NMR spectrum of compound 37 in DMSO at 400 MHz. 
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Figure C110: 13 C NMR spectrum of compound 37 in DMSO at 100 MHz. 

 

Figure C111: HRMS spectrum of compound 37. 
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Figure C112: 1 H NMR spectrum of compound 38 in DMSO at 400 MHz. 

Figure C113: 13 C NMR spectrum of compound 38 in DMSO at 100 MHz. 
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Figure C114: HRMS spectrum of compound 38. 

 

Figure C115: 1 H NMR spectrum of compound 39 in DMSO at 400 MHz. 
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Figure C116: 13 C NMR spectrum of compound 39 in DMSO at 100 MHz. 

Figure C117: HRMS spectrum of compound 39. 
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Figure C118: 1 H NMR spectrum of compound 40 in DMSO at 400 MHz. 

Figure C119: 13 C NMR spectrum of compound 40 in DMSO at 100 MHz. 
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Figure C120: HRMS spectrum of compound 40. 

 

Figure C121: 1 H NMR spectrum of compound 41 in DMSO at 400 MHz. 
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Figure C122: 13 C NMR spectrum of compound 41 in DMSO at 100 MHz. 

 

Figure C123: HRMS spectrum of compound 41. 
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Figure C124: 1 H NMR spectrum of compound 42 in DMSO at 400 MHz. 

 

Figure C125: 13 C NMR spectrum of compound 42 in DMSO at 100 MHz. 
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Figure C126: HRMS spectrum of compound 42. 

Figure C127: 1 H NMR spectrum of compound 43 in DMSO at 400 MHz. 
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Figure C128: 13 C NMR spectrum of compound 43 in DMSO at 100 MHz. 

Figure C129: HRMS spectrum of compound 43. 
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Figure C130: 1 H NMR spectrum of compound 44 in DMSO at 400 MHz. 

 

Figure C131: 13 C NMR spectrum of compound 44 in DMSO at 100 MHz. 
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Figure C132: HRMS spectrum of compound 44. 

 

Figure C133: 1 H NMR spectrum of compound 45 in DMSO at 400 MHz. 
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Figure C134: 13 C NMR spectrum of compound 45 in DMSO at 100 MHz. 

 

 

Figure C135: HRMS spectrum of compound 45. 
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Figure C136: 1 H NMR spectrum of compound 46 in DMSO at 400 MHz. 

 

Figure C137: 13 C NMR spectrum of compound 46 in DMSO at 100 MHz. 
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Figure C138: HRMS spectrum of compound 46. 

Figure C139: 1 H NMR spectrum of compound 47 in DMSO at 400 MHz. 
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Figure C140: 13 C NMR spectrum of compound 47 in DMSO at 100 MHz. 

 

Figure C141: HRMS spectrum of compound 47. 
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Figure C142: 1 H NMR spectrum of compound 48 in DMSO at 400 MHz. 

 

Figure C143: 13 C NMR spectrum of compound 48 in DMSO at 100 MHz. 
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Figure C144: HRMS spectrum of compound 48. 

Figure C145: 1 H NMR spectrum of compound 49 in CD3CN at 400 MHz. 
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Figure C146: 13 C NMR spectrum of compound 49 in CD3CN at 100 MHz. 

 

 

Figure C147: HRMS spectrum of compound 49. 
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Figure C148: 1 H NMR spectrum of compound 50 in DMSO at 400 MHz. 

 

Figure C149: 13 C NMR spectrum of compound 50 in DMSO at 100 MHz. 
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Figure C150: HRMS spectrum of compound 50. 

 

Figure C151: 1 H NMR spectrum of compound 51 in DMSO at 400 MHz. 
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Figure C152: 13 C NMR spectrum of compound 51 in DMSO at 100 MHz. 

 

Figure C153: HRMS spectrum of compound 51. 



188 
 

 

Figure C154: 1 H NMR spectrum of compound 52 in DMSO at 400 MHz. 
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Figure C155: 13 C NMR spectrum of compound 52 in DMSO at 100 MHz. 

 

Figure C156: HRMS spectrum of compound 52. 
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Figure C157: 1 H NMR spectrum of compound 53 in DMSO at 400 MHz. 

Figure C158: 13 C NMR spectrum of compound 53 in DMSO at 100 MHz. 
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Figure C159: HRMS spectrum of compound 53. 

Figure C160: 1 H NMR spectrum of compound 54 in DMSO at 400 MHz. 
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Figure C161: 13 C NMR spectrum of compound 54 in DMSO at 100 MHz. 

Figure C162: HRMS spectrum of compound 54. 
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Figure C163: 1 H NMR spectrum of compound 55 in DMSO at 400 MHz. 

Figure C164: 13 C NMR spectrum of compound 55 in DMSO at 100 MHz. 

 



194 
 

Figure C165: HRMS spectrum of compound 55. 

Figure C166: 1 H NMR spectrum of compound 56 in DMSO at 400 MHz. 
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Figure C167: 13 C NMR spectrum of compound 56 in DMSO at 100 MHz. 

Figure C168: HRMS spectrum of compound 56. 



196 
 

Figure C169: 1 H NMR spectrum of compound 57 in DMSO at 400 MHz. 

Figure C170: 13 C NMR spectrum of compound 57 in DMSO at 100 MHz. 
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Figure C171: HRMS spectrum of compound 57. 

 

 

Figure C172: 1 H NMR spectrum of compound 58 in CD3CN at 400 MHz. 
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Figure C173: 13 C NMR spectrum of compound 58 in CD3CN at 100 MHz. 

Figure C174: HRMS spectrum of compound 58. 
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Figure C175: 1 H NMR spectrum of compound 59 in DMSO at 400 MHz. 

 

Figure C176: 13 C NMR spectrum of compound 59 in DMSO at 100 MHz. 
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Figure C177: HRMS spectrum of compound 59 

Figure C178: 1 H NMR spectrum of compound 60 in DMSO at 400 MHz. 
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Figure C179: 13 C NMR spectrum of compound 60 in DMSO at 100 MHz. 

 

Figure C180: HRMS spectrum of compound 60 
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Figure C181: 1 H NMR spectrum of compound 61 in DMSO at 400 MHz 

Figure C182: 13 C NMR spectrum of compound 61 in DMSO at 100 MHz 
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Figure C183: HRMS spectrum of compound 61 

Figure C184: 1 H NMR spectrum of compound 62 in DMSO at 400 MHz 
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Figure C185: 13 C NMR spectrum of compound 62 in DMSO at 100 MHz 

Figure C186: HRMS spectrum of compound 62 
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Figure C187: 1 H NMR spectrum of compound 63 in DMSO at 400 MHz 

 

Figure C188: 13 C NMR spectrum of compound 63 in DMSO at 100 MHz 
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Figure C189: HRMS spectrum of compound 63 

 

Figure C190: 1 H NMR spectrum of compound 64 in DMSO at 400 MHz. 
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Figure C191: 13 C NMR spectrum of compound 64 in DMSO at 100 MHz 

Figure C192: HR-MS spectrum of compound 64 
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Figure C193: 1 H NMR spectrum of compound 65 in DMSO at 400 MHz 

Figure C194: 13 C NMR spectrum of compound 65 in DMSO at 100 MHz 
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Figure C195: HR-MS spectrum of compound 65 

Figure C196: 1 H NMR spectrum of compound 66 in CD3CN at 400 MHz. 
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Figure C197: 13 C NMR spectrum of compound 66 in CD3CN at 100 MHz. 

 

 

Figure C198: HRMS spectrum of compound 66 
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Treatment Time  3 h 6 h 

Image Channels C1 (red) 

C2 (green) 

C1 (red) 

C2 (green) 

Pearsons’ Correlation 

Coeffecient 

 0.8497 0.8666 

 

Manders Coeffecients 

M1 (fraction of C1 

overlapping C2) 

0.9830 0.9763 

M2 (fraction of C2 

overlapping C1) 

1 0.9866 

 

Table C1: Quantification of co-localization of Compound 1 in ER of HeLa cells at 3 h and 6 

h from CLSM. 
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