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ABSTRACT 

 

In Chapter 1, the introduction and literature review are provided for the basis of 

pancreatic cancer, its treatment options, and the current state of clinical trials. 

Autophagy as a process is discussed along with its relevance in cancer and particularly 

its role in pancreatic tumors is highlighted. Finally, cancer stem cells are reviewed with 

basic background, their relevance to pancreatic cancer and autophagy are again 

highlighted.  

Chapter 2 discusses the current state of nanomaterials that can transform to adapt to 

each biological barrier present in tumors. Each stage of drug delivery is discussed to 

apply the relevant design ideas for new chemotherapeutics in the future.  

In Chapter 3, the previous chapters are combined to illustrate the ability of the self-

assembling nanoparticle, bisaminoquinolone derivative BAQ12O, that targets the 

cancer stem cell population in pancreatic tumor models.  

Finally, a short conclusion summarizing the three chapters closes the dissertation. 
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CHAPTER 1 
 
 
 
 

Introduction and Literature Review   
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Pancreatic Cancer 

There is an urgent need for novel therapeutics to improve the treatment of pancreatic 

cancer as the five-year survival rate remains at a dismal 11.5 % according to the most 

recent Surveillance, Epidemiology, and End Results (SEER) data.1 An estimated 60,430 

new cases are expected this year in the United States and this cancer type is the third 

leading cause of cancer-related deaths.1 Overall worldwide, the incidence of pancreatic 

cancer is rising and is the 13th most common cancer type and the 7th most common 

cause of cancer mortality.2 Within the next decade, pancreatic cancer is projected to be 

the second leading cause of cancer associated mortality in the United States and 

Europe.3 Most pancreatic cancer subtypes comprise of pancreatic ductal 

adenocarcinoma (PDAC) that arises from the exocrine pancreas.2 This form is the most 

aggressive subtype and contributes to the very high mortality rate of the disease. The 

other underlying factor is that only 20% of patients are eligible for resectable surgery, 

making the drug regimens and clinical trials extremely vital to improve progression-free 

and overall survival.4 While treating this cancer remains a challenge, there has been a 

lot of progress in recent years. The survival rate has improved due to improved 

perioperative care and more effective adjuvant therapies, reaching 30% for patients 

receiving a combination of a tumor resection and adjuvant therapy.3 

 

Current Treatment Options  

The current most effecitve treatment is surgical resection of the pancreas when possible 

(as evidenced by the highest survival rate). However, this option is not feasible for 

metastatic tumors. According to SEER statistics, approximately 52% of pancreatic 
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tumors upon diagnosis have already metastastized which contributes to the low survival 

rates in this disease. Even with surgical resection possible, adjuvant therapy was 

concurrently given to improve long term survival.2 These adjuvant therapies include: 

FOLFIRNOX (fluoruracil, luecovorin, irinotecan, and oxaliplatin) and gemcitabine.5 

Gemcitabine is recommended in the cases with locally advanced or metastatic disease 

to minimize the toxicity associatied with the FOLFIRNOX treatment and serves as a 

reasonable first and second-line therapy.5 In clinical trials currently gemcitabine is 

combined with numerous other potentially synergistic drugs. These list of drugs in 

combination with gemcitabine include: albumin-bound paclitaxel (Abraxane), cisplatin, 

capecitabine, and erlotinib.5 Gemcitabine and erlotinib were approved even before the 

FOLFIRNOX regimen and MPACT (gemcitabine and albumin-bound paclitaxel) was 

approved for metastatic pancreatic cancer in 2013.4 MPACT extended the median 

overall survival by 8.7 months.  

 Another category of drugs in clincal trials for pancreatic cancer is kinase 

inhibitors. Beginning with the original erlotinib, an oral epidermal growth factor receptor 

(EGFR) inhibitor, several recent papers have highlighted the benefit of the combining 

targeting the mitogen-activated protein kinase (MAPK) pathway.6,7 

There has been significant improvement in pancreatic cancer treatment 

modalities compared to 20 years ago, especially in the field of surgical resection and 

post-operative care.8 An unfortunate result of a study using data from 2006-2018 

showed that only 4.9% of patients benefited from genome driven therapy for all types of 

metastatic or advanced stage cancers.8 Indicating there is still a need for further 

understanding of the genetic drivers and expansion on drug biomarkers as well as novel 
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drug development methods need to be called upon to innovate new chemotherapeutics. 

More druggable targets and new pathways may hold some key insights.  

 

Hydroxychloroquine in clinical trials 

One of the drugs used in combination with the standard of care is the autophagy 

inhibitor, hydroxychloroquine (HCQ) as a systemic approach for treatment. HCQ is a 

known drug that has been approved by the FDA for multiple indications including 

rheumatoid arthritis and malaria and is derived from the parent drug chloroquine (CQ).9  

HCQ is more potent than CQ and is used more frequently in clinical trials. Initial safety 

studies of HCQ showed promising results with 800-1200 mg/day causing no serious 

adverse events in this trial period (NCT01273805). However, HCQ does induce 

retinopathy after prolonged use with a rate of 7.5% from 5 years of use and rising to 

20% after 20 years of treatment.10 In addition, the monotherapy showed insufficient 

autophagy inhibition at this dose.11 HCQ is more commonly given as a combination 

treatment in other clinical trials including with gemcitabine, nab-paclitaxel, cisplatin and 

many of the other therapies listed previously for pancreatic cancer. The most recent 

study that has led to a Phase I/II clinical trial is the combination of tramentinib and 

hydroxychloroquine. Tramentinib is a MEK1/2 inhibitor which showed a promising 50% 

decrease in tumor (imaged using CT) when combined with HCQ therapy. This patient 

had been unrepsonsive to the standard FOLFIRINOX, and gemcitabine combinations 

with capecitabine as well as later nab-paclitaxel (abraxane) and cisplatin.6 Based on this 

success and promising preclinical data, the THREAD study is ongoing and estimated to 

be completed by 2025. So far there is still work on autophagy inhibitors both in 
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evaluating biomarkers and developing more potent inhibitors. Unfortunately, there are 

no significant survival improvements in clinical trials in part due to these barriers.12  

 

Autophagy 

 

Background 

Autophagy is a process of lysosomal degradation that allows for recycling of 

cellular components resulting in an adaptive metabolic reprogramming in response to 

stress. The discovery of this process in yeast earned Dr. Yoshinori Ohsumi the Nobel 

Laureate in Physiology and Medicine in 2016.13 His work was based on the original 

findings of Christian de Duve who coined the term ‘lysosome’ in 1963 and subsequently 

earned the Nobel Prize in 1974 along with Albert Claude and George Palade.14 The 

process is considered a “double-edged sword” as many tumors use this process during 

their initiation to prevent malignant growth however as the tumor is established and 

progressing, autophagy is used to fuel the tumor growth.15 Autophagy is comprised of 

three main pathways which are divided into macroautophagy, microautophagy, and 

chaperone-mediated autophagy. Microautophagy involves directly degrading cargo into 

the lysosome through invaginations in the lysosomal membrane.16 Chaperone mediated 

autophagy involves selective degradation of cargo using heat shock complex 70 

(HSC70 or HSPA8) which binds to cargo and interacts with lysosome membrane protein 

2A (LAMP2A) to degrade cargo directly in the lysosome.17 Macroautophagy accounts 

for most autophagy in mammalian cells and will be hereafter synonymous with 

autophagy.  
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 Autophagy is divided into four distinct steps which are initiation, nucleation, 

maturation, and degradation.15 Initiation is the start of the phagophore formation and is 

begun by mechanistic target of rapamycin complex 1 (mTORC1) and Unc-51-like kinase 

(ULK1) complexed with Autophagy related gene 13 (ATG13). AMP-activated protein 

kinase (AMPK) and mTORC1 regulate the initiation start.15 Nucleation begins with the 

phosphorylation of ULK1 complex which activates the second complex Beclin-1-VPS34 

comprised of vacuolar protein sorting-associated protein (VPS), a phosphatidylinositol 

3-kinase (PI3K), Beclin1, ATG14L, and other proteins.15 At the point, the initiation and 

nucleation are beginning the phagophore formation and using the membrane from 

several possible subcellular candidates including the mitochondria, plasma membrane, 

or the endoplasmic reticulum.15 Maturation involves the formation of the 

autophagosome with a myriad of ATG proteins. Among which the most ubiquitously 

used marker involves ATG7 and ATG3 conjugating to ATG8 or microtubule-associated 

protein light chain 3 (LC3) to the lipid phosphatidylethanolamine (PE).18 ATG5-ATG12-

ATG16L1 complex formed during this phase attaches to the PI3 phosphate from the 

VPS34 complex in the nucleation phase. LC3 is cleaved by ATG4 later and LC3-I, the 

soluble form is conjugated to PE.15 After PE is conjugated, LC3-I is known as LC3-II and 

this ratio can be used to measure the amount of autophagosomes that have 

formed.15,18,19 The other commonly used markers involve cargo receptors that can 

recognize LC3-I and allow the autophagic cargo to reach the autophagosome. These 

receptors are most commonly sequestosome-1 (SQSTM1/p62) or BRCA1 gene 1 

protein (NBR1).20 Maturation continues with the autophagosomes containing the cargo 

fusing to the lysosome for preparing for the degradation step. The autophagosome uses 
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microtubules to the lysosomes and are tethered to the lysosome with the help of 

syntaxin17 and a complex known as the homotypic fusion and protein sorting complex 

(HOPS).21 Finally in degradation, the autophagosome and lysosome are fused into the 

autolysosome and lysosomal hydrolases degrade the internalized macromolecules. 

These degraded components are recycled to the cell by nutrient transporters which can 

then provide precursors to promote cell growth.  

 

Autophagy in Cancer 

In the context of cancer, autophagy plays a still contested role. It is thought to be a 

double-edged sword in the context of tumor treatment in that induction of autophagy 

prevents tumor formation in many cancer subtypes however autophagy is used to 

maintain the tumor growth and is hijacked to provide nutrients and as a method to deal 

with increased stress at a later stage of growth. There is a heterogeneity of autophagy 

dependence not only between various cancer types but between tumors in the same 

subtype. In autophagy dependent cancer types there is synergy between autophagy 

inhibitors and other drugs however in autophagy-independent tumors antagonism could 

result.22 Many have shown that induction of autophagy is an antitumor mechanism 

through the use of genetic mouse models in which the Beclin 1 gene, Becn 1 was 

knocked out resulting in spontaneous tumor formation in cancer models which have 

Becn 1 deletions such as breast, ovarian and prostate cancers.23 Beclin 1 was later 

shown to have additional oncogenic effects including affecting key genes like BRCA124 

and p5325 which are not associated with deletion of other autophagy genes. Another 

case for promoting autophagy induction is from the resulting increase in the known 
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autophagy marker, p62/SQSTM1. This cargo adaptor also has a dual role in tumor 

progression and suppression.15 p62 was upregulated in the tumor cells and 

downregulated in the surrounding cancer associated fibroblast (CAF) that provides the 

nutrients for tumor progression.26 There was also an increase in invasiveness of 

prostate tumor cells when p62 was inactivated in neighboring adipocytes.27  

 In the opposing side, autophagy inhibition is a viable strategy as autophagy is 

used as a prosurvival mechanism in the case of many cancers particularly with the 

genotypes containing mutants of rat sarcoma virus (RAS) , murine sarcoma viral 

oncogene homolog B (BRAF), tumor protein 53 (TP53), and liver kinase B1 (LKB1).15 

Many of these genotypes induce autophagy through various methods including DNA 

damage, ER stress, and general nutrient deficiencies.15 In these cases, autophagy 

dependence is a key characteristic of the tumor and thus are more conducive to 

autophagy inhibition as a viable treatment method.  

 

Current Autophagy Targeting Drugs 

HCQ and CQ as previously discussed are the main drugs used in clinical trials to 

promote autophagy inhibition in various cancers. Along these lines, several more potent 

derivatives and autophagy inhibitors have been developed including the dimeric 

chloroquine compound, Lys05, formulated by the Amaravadi group. This group has also 

developed quinacrine derivatives DQ661 and DC661.28,29 All of these drugs are 

currently in the preclinical stage and the current most potent CQ derivatives. Our lab 

has developed small molecule drugs based on the dimeric CQ structure as well that has 

the additional function of being able to self-assemble into nanoparticles allowing for the 
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benefits of both lysosomal targeting and nanoparticle delivery.30 Late stage inhibitors 

such as these mentioned are potentially a more viable method of autophagy inhibition 

as the later stage allows for the benefit of increasing autophagosome production which 

in itself is toxic to the cell and targeting the lysosome allows for inhibition of other 

related scavenging or survival pathways. Other classes of earlier stage autophagy 

inhibitors include molecules that inhibit ULK1, VPS34, ATG4B, and phosphatidylinositol-

3-phosphate 5-kinase type III (PIKFYVE).15  

 

Autophagy in Pancreatic Cancer 

In PDAC, it has been previously shown there is a high level of autophagic flux and that 

both pharmacological and genetic inhibition of autophagy prevents tumor growth.31 The 

first study linking autophagy in PDAC was in 1981. In this study, hamsters were 

exposed to the carcinogen N-nitroso-bis(2-hydroxypropyl)amine (BHP) inducing cancer 

from the acinar region.32 When monitoring the carcinogenesis of the acinar cells, 

autophagy was observed in the zymogen granules and granular ER.32 Later, it was 

shown that neoplastic PDAC as higher compared to normal tissue when comparing rat 

premalignant and malignant cells after induction with carcinogen azaserine.33 There is 

also a high level of inflammation in PDAC which is required for tumorigenesis as well as 

being a modulator of autophagy.12 Autophagy is not only limited to the PDAC cells 

themselves, but the tumor microenvironment contains other cells that rely on autophagy 

to sustain the tumor. For example, the pancreatic CAFs which is the pancreatic stellate 

cell (PSC) are thought to use autophagy to supply nutrients to the tumor.12 PSCs 

produce growth factors that can perform metabolic reprogramming of the tumor cells 
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and subsequently the tumor cells are also secreting exocrine signals to make the PSCs 

more malignant, as well.34 The tumor microenvironment includes an immune component 

which autophagy and chloroquine have been used to modulate. This topic is very 

extensive and beyond the scope of the information presented here but further 

information can be found in the following reviews.35,36 Overall, the context of autophagy 

is highly dependent on the stage of the tumor, the tumor microenvironment, and the 

genetic background of the tumor. Despite these conditions, it is evident that autophagy 

plays a major role in pancreatic cancer and its progression, and more studies will help 

elucidate its contribution.  

 

Cancer Stem Cells 

 

Background 

Even within the same cancer subtype, the tumor contains a heterogeneous population 

of cells. Among these types of cells, there exists a small percentage that has the 

capability to propagate the tumor. This small population is known as cancer stem cells. 

Cancer stem cells have the properties of high tumorigenicity and metastatic potential, 

self-renewal, and the ability to differentiate into heterogeneous cells. Cancer stem cells 

were first discovered in acute myeloid leukemia37,38 and have been confirmed in many 

other tumor subtypes later including breast cancer.39 Pancreatic cancer stem cells were 

first identified in 2007 by the Simeone group who isolated CD24+, CD44+, CD326+ triple 

positive cells from patient derived xenograft pancreatic tumors grown in 

immunocompromised mice.40 These markers were first used in breast cancer stem cells 
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with the CD326+, CD44high, CD24low population showing the highest tumorigenic 

potential and stem cell regenerative properties. The triple positive population in 

pancreatic cancer showed similar qualities with an injection of just 100 cells being able 

to reform the histologically similar tumor when injected into NOD/SCID (Non-obese 

diabetic/severe-combined immunodeficient) mice.40 This population was also 100-fold 

more tumorigenic than the population with the negative markers.40 Subsequently, other 

stem cell populations have been found by other groups including CD133+ population by 

Hermann et. al. They identified CD133+ and CXCR4+ as the particular subtype in the 

CD133 positive cells that determines metastatic potential while the triple positive 

population CD24+, CD44+, CD326+ shown by Li et.al focused on tumor initiation and 

growth.41 After these initial studies, several other markers have been identified including 

the extensive list of CD139, CD166, Aldehyde dehydrogenase 1 (Aldh1), leucine rich 

repeat containing G protein coupled receptor 5 (Lgr5), B-cell specific Moloney murine 

leukemia virus integration site 1  (Bmi1), and olfactomedin 4 (Olfm4). The combination 

of several markers increases the chance of purely isolated CSCs.42 

 One property of CSCs is that they are generally resistant to normal 

chemotherapy regimens. Most therapeutics target the actively proliferating cells and 

CSCs are quiescent allowing for tumor recurrence after treatment. With such high 

tumorigenic potential, allowing a few CSCs to survive would allow for eventual tumor 

regrowth and a potentially more resistant tumor that has more stem-like properties. 

Thus, targeting this population of cells is a viable strategy for improving the treatment 

options for many cancer types and particularly pancreatic cancer with its low survival 

rate.  
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 Two main CSC models of development have been postulated to explain tumor 

origin and heterogeneity-the stochastic and hierarchical models. In the stochastic model 

all cancer cells are able to promote new tumor growth by conversion to a CSC 

phenotype especially in response to specific stimuli.43 In the hierarchical, a set 

population of CSC exists which accounts for the tumor diversity through a combination 

of differentiated and quiescent tumor cells. Both models are likely responsible for a 

given tumor.43  

 

Current CSC Targeting drugs 

So far there is no specific CSC targeting drug approved by the FDA. Most drugs are still 

in the preclinical phase. The farthest drug in the approval process is currently 

Napabucasin (Napa), an oral STAT3 inhibitor which shows efficacy in colorectal and 

pancreatic cancer.44 Signal transducer and activator of transcription 3 (STAT3) is 

overexpressed in many other cancer types including: breast, ovarian, hepatic and 

others.44 STAT3 is a key regulator in stem cell maintenance with effects on CSC genes 

including c-Myc, NANOG, and b-catenin.45,46 Napa similarly has been shown to affect 

stem cell maintenance including c-Myc, NANOG, b-catenin, Sox2 (sex-determining 

region Y-box protein 2).46,47 In addition to stemness genes, Napa also inhibited stem cell 

function including tumorsphere formation as well as spleen and liver metastasis in vivo 

in mouse colon cancer models.48 In spite of the success of the preclinical studies, Napa 

has been pulled out of many Phase III clinical trials due to toxicity or futility. Most 

recently CanStem111P (NCT02993731) trial combining Napa, Abraxane and 

Gemcitabine was discontinued to futility.49 Additionally, the Phase III study of Napa and 
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paclitaxel for advanced gastric and gastroesophageal junction adenocarcinoma failed to 

reach the primary endpoint of overall survival (NCT02178956).50 In combination with 

pembrolizumab (anti-PD-1 antibody) in metastatic colorectal cancer, there was 

acceptable toxicity and some antitumor activity, but the primary endpoint was also not 

met.51 In short, there is still room for improvement for the state of CSC targeting drugs 

and particularly in pancreatic cancer it is a viable strategy for this aggressive tumor 

type.    

 

CSC and Autophagy Dysregulation 

Autophagy is a major process used by CSCs for various functions including plasticity, 

differentiation, migration/invasion and is involved in CSC resistance to normal 

chemotherapy.8,43,52 The exact role of autophagy is still being investigated as the reality 

is that final answer is context dependent. However, there is extensive evidence that 

autophagy is a key regulator in many CSC characteristics. First in pluripotency, various 

pluripotency genes are regulated by autophagic flux. In a recent study by Sharif et.al, 

there was a marked decrease in stemness markers and increase in differentiation upon 

autophagy inhibition. Interestingly, the same effect was seen with autophagy induction 

with an increase of pluripotent genes so the autophagic homeostasis was the most 

important factor in human teratocarcinoma (cancer of embryonic stem cells) CSCs.53 In 

addition, the tumor microenvironment which requires autophagy to promote survival in 

the hypoxic and acidic conditions. Autophagy is especially needed for providing 

nutrients in these harsh conditions.52 Pancreatic cancer stem cells were shown to 

modulate HIF-1a to convert non-CSCs to CSCs mediated through autophagy 
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induction.54 There was also a related study showing that pancreatic CSCs, hypoxic and 

autophagy markers were colocalized with immunohistochemistry of PDAC patient 

tissue.55 Similarly, hepatocellular carcinoma CSCs showed response to autophagy 

inhibition as treatment because they relied on the same mechanism of autophagy 

induction in response to a hypoxic environment.56 Mitophagy is another autophagy 

related process involving specific recycling of CSC mitochondria which is thought to be 

an important pathway in regulating cancer stemness.43,57 Mitochondria are involved in 

stemness as plasticity often has significant differences in mitochondrial function, 

composition, and function.58 Mitochondria are involved in the key aspect of CSC 

metabolic reprogramming. In general, due to the Warburg effect, tumor cells tend to rely 

on glycolysis for their excess nutrient requirements however CSCs have a higher 

reliance on oxidative phosphorylation (OXPHOS) and many different types of tumors 

including CSCs in pancreatic, glioblastoma, breast cancer, and lung cancer side 

population cells show an OXPHOS phenotype.43 CSCs utilize OXPHOS as well as a 

higher antioxidant rate and as a result, mitophagy to regulate their stemness and 

tumorigenic potential.43,59 With these methods reactive oxygen species (ROS) can be 

properly regulated and promote CSC survival. In summary, targeting 

autophagy/mitophagy provides a promising approach to target CSCs and stemness of 

tumors. Chloroquine has already been used to treat pancreatic CSCs in a study by the 

Heeschen group. However, it promoted death through the CXCL12/CXCR4 and 

Hedgehog pathways rather than through autophagy inhibition.60 Chloroquine is a 

significantly less potent autophagy inhibitor and thus the main mechanism did not 
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involve autophagy inhibition in this scenario. More potent autophagy inhibitors could 

provide another unique method to target more CSCs and novel pathways.  
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Transformable Nanoparticles to Bypass Biological Barriers in 

Cancer Treatment 
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Abstract 

Nanomedicine based drug delivery platforms provide an interesting avenue to 

explore for the future of cancer treatment. Here we discuss the barriers for drug 

delivery in cancer therapeutics and how nanomaterials have been designed to 

bypass these blockades through stimuli responsive transformation in the most 

recent update. Nanomaterials that consider the challenges of each step provide a 

promising solution for new cancer therapeutics.  

 

Introduction 

Cancer remains one of the leading causes of mortality in the world despite 

significant advances in medicine and emerging treatment options.1 Current 

treatment methods include surgery, radiotherapy and chemotherapy. Chemotherapy 

is the current preferred treatment when the tumor is not resectable and for 

preventing metastasis. Many chemotherapeutic agents are small molecules that 

have widespread systemic toxicity from nonspecific interactions affecting healthy 

tissue, poor solubility and narrow therapeutic indexes. To address these challenges, 

the use of nanomaterials is a method to improve existing chemotherapeutics with 

enhanced drug delivery to the tumor site along with imaging and detecting disease 

progression using a theranostic approach. Nanomedicine, referring to drugs 

approximately in the 1-100 nm range have the ability to be more easily 

functionalized, including their size, charge and surface properties, making them 

promising new generation chemotherapeutics.  
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 Strategic design of nanoparticles to overcome each barrier for effective cancer 

treatment is necessary to improve current treatment options. The biological barriers 

include initial circulation in blood in which the shear stress and interactions with 

blood proteins must be avoided. Next, targeting the tumor and avoiding healthy 

cells, along with extravasation of the blood vessel and reach the tumor tissue. The 

drug must then penetrate dense extracellular matrix formed around tumors and 

enter the cell. Finally, the drug must remain in the cell long enough to exert an effect 

(Figure 1). Nanomedicine provides many advantages to address these barriers.2 

Initially, the enhanced permeability and retention (EPR) effect was the original 

explanation used to describe the superior capabilities of nanoparticles in tumor 

therapies. Nanoparticles preferentially enter the tumor due to the leakier vasculature 

surrounding the tumor and are retained by the lower lymphatic clearance.2 Recent 

reports have suggested additional mechanisms to explain nanoparticle uptake 

especially in desmoplastic tumors, namely transcytosis.3,4 Transcytosis involves the 

use of a receptor mediated process to move the nanoparticle across the cell 

membrane. In the case of nab-paclitaxel, albumin bound paclitaxel facilitates 

transcytosis in the dense stroma of pancreatic cancer.5,6  

Additionally, the size paradox that exists for nanoparticles needs to be accounted 

for when creating an optimal therapeutic agent. Smaller nanoparticles can easily 

traverse the bloodstream and be internalized by the tumor quickly. However, a 

smaller size results in quick clearance by the reticuloendothelial system (RES) and 

kidney.2 Larger nanoparticles avoid premature clearance and are retained for longer 

durations but cannot penetrate the tumor as efficiently.7 To overcome this paradox, 



 

 27 

transformability is a key method that could combine the advantages of both small 

and large nanoparticles to promote transcytosis in addition to the inherent EPR 

effect that makes nanoparticles attractive therapeutics.   

Every transformable attribute should be unique and specific to a certain step in the 

cascade of drug delivery. The cascade has recently been coined CAPIR for 

circulation, accumulation, penetration, internalization, and release of the drug.7 The 

variation in tumor and patient type makes it very difficult to synthesize a 

nanoparticle that includes all the factors in the tumor uptake cascade without some 

form of stimuli responsive transformation at critical steps, as many favorable 

properties at one stage are adverse in another. Thus, the strategy of transformable 

nanoparticles holds promise for the next advances in chemotherapeutics to tackle 

the barriers in cancer drug delivery. 

 

Blood Circulation  

Nanoparticle circulation is a pharmacokinetic barrier faced by all types of 

therapeutics.8 The shape and size of the nanoparticles largely dictate their chemical 

properties and their interactions in blood. Every nanoparticle and drug must have 

some degree of hydrophilicity to traverse the bloodstream. Nanoparticles also bind 

to plasma proteins and form a corona which can alter the size and properties of the 

drug.8 One such property is surface charge. Both positively charged nanoparticles 

are cleared very quickly by the mononuclear phagocytic (MPS) system as well as 

very highly negative charged zeta potentials.7,8  

The circulation time of the nanoparticle must be adjusted for each tumor type and 
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case. For example, extended circulation time is not necessarily a favorable factor if 

the nanoparticle can’t penetrate the tumor with poor biodistribution. In solid tumors, 

an excessively long plasma half-life could increase the potential of toxicity.8 

However, in leukemia and other blood tumors as well in delivering chemotherapies, 

this serves as an advantage to have a longer circulation.9,10 To modulate the 

circulation time, the surface charge of the nanoparticle can be adjusted as 

previously mentioned. Several modification ligands and functional groups have 

been used for this purpose. Amines and imines are commonly functional groups as 

their pKas are near physiological conditions and they subsequently are protonated 

in more acidic environments. Zwitterionic ligands such as carboxy- or sulfobetaines 

have both positive and negatively charged groups which can be used to modify 

charge.11 

Stability is a critical issue at this stage to prevent premature release of the 

encapsulated drug before reaching the tumor site. Our group and others have 

utilized a boronate ester cross-linkage between boronic acid and diols to improve 

nanoparticle stability until exposed to a lower pH in the target location.12,13 Another 

strategy for stability is the use of disulfide cross-linkages, such as in the core of 

micelles, which can withstand the shear stress in blood and improve circulation and 

delivery of the drug cargo.14-16   

Stealth is another factor to include in the transformability of nanoparticles. To 

avoid immune clearance by the MPS system there are a variety of methods that 

have been developed. Most commonly a coating with polyethylene glycol (PEG)17,18 

is used to avoid clearance with concurrent stabilization of the nanomaterial. After 
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the success of Doxil, PEGylated doxorubicin (DOX), many materials have followed 

suit in using this polymer and its derivatives. For example, we have previously 

demonstrated that PEG2000 which was used to create cross-linked nanoparticles that 

promote stability until their interaction with acidic tumor microenvironment. This 

PEGylation provided increased circulation time and shielded the effect of the 

positively charged nanoparticles in oral cancer mouse models.17 In addition to PEG, 

many other hydrophilic polymers have been used to improve stability and evasion 

from the immune system such as PLGA [poly(lactic-co-glycolic acid)],  POx [poly(2-

oxazoline)] and other poly zwitterions.8  

Alternatively, cell membranes can be used as a coating for nanomaterials to 

provide stealth in the blood.18 Several different types of cell membranes have been 

used to promote diverse functions. To avoid immune clearance, red blood cell 

(RBC) membranes are used to coat nanoparticles.18-22 Cell membranes are 

collected to form vesicles and loaded with the nanomaterial. Along with RBCs, 

platelets have also been used to avoid MPS and are easy to fractionize due to the 

lack of nuclei in both cell types.17 Additionally, nanoparticles can be camouflaged 

using exosomes, small extracellular vesicles that are secreted by cells.23 A recent 

study used exosomes from tumor cells exposed to DOX loaded silicon 

nanoparticles as carriers allowing for better tumor accumulation and more 

extravasation from blood vessels.24 

The protein corona effect is another phenomenon facing nanoparticles when in 

circulation. As the nanoparticle enters the bloodstream, plasma proteins accumulate 

on the surface of the nanoparticle and affect the zeta potential as well as size of the 
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nanoparticle.25 One example, Abraxane, albumin-bound paclitaxel, utilizes human 

serum albumin to facilitate entry of the drug into tumor and many other examples 

have followed its lead in utilization of serum proteins. A study by Zhang et. al. 

showed utilizing the protein corona properties for nanoparticle targeting.26 

Liposomes were functionalized with a peptide that interacts with apolipoproteins. 

These liposomes allowed the receptor binding domain of the apolipoprotein to be 

exposed and deliver DOX for glioma treatment.26 Hijacking the protein corona for 

delivery is a useful method to prevent the pitfalls of inactivation of nanoparticles 

before they can deliver their target.25  

 

Tumor Targeting and Extravasation 

Targeting the tumor involves the use of ligands specific to tumor cells or tumor 

microenvironments. Many of the common targeting ligands have sensitivity to pH27, 

enzyme reactivity25, temperature28, and other biomarkers.  

One such example of nanotheranostics response to stimuli is reaction to glutathione 

(GSH). In our group, we developed a probe for magnetic resonance imaging (MRI) 

which was able to disassemble upon exposure to reduced glutathione which is 

present in excessive amounts in the tumor (Figure 2).29 Others have also utilized the 

biomarker for tumor targeting and transformation in treatment.10,30 Another condition 

that can be used for tumor targeting is the hypoxia often found in tumor 

microenvironments. Shen et. al. have utilized all-trans retinoic acid (ATRA) 

encapsulated in a nitroimidazole-modified hylauroinic acid-oxalate-camptothecin 

(CPT) conjugate to target the cancer stem cell niche in tumors. In hypoxic 
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conditions the ATRA is released causing differentiation of the cancer stem cells and 

exposing them to the chemotherapeutic loaded in the nanoparticle, CPT.31  

In the case of brain tumors, the added targeting barrier to bypass is the blood 

brain-barrier (BBB). This barrier is composed of pericytes, astrocytes, and 

endothelial cells forming tight junctions which regulate the substances that can 

enter and exit the brain.32 In our lab, we have utilized a transcytosis method to 

navigate this barrier for brain tumor therapeutics. Two functional moieties were used 

to ensure BBB entry and transformation at the tumor site. First, Maltobionic acid, a 

glucose derivative, was used to facilitate GLUT1 transcytosis past the BBB and 

second, 4-carboxyphenylboronic acid to target sialic acid that is overexpressed in 

brain tumor cells (Figure 3).33 Clark et.al. has used transferrin for transcytosis 

across the BBB also with an acid cleavable link between the transferrin and the 

nanoparticle core to facilitate nanoparticle uptake in the brain parenchyma.34 

 

Tumor Penetration and Uptake 

Regarding nanoparticle tumor penetration, the current consensus is that the EPR 

effect is responsible for the superior efficacy of nanoparticles for drug delivery to the 

tumor. The EPR effect cannot account for excessive extracellular matrix (ECM) that 

surrounds many of the tumor types in which nanomaterials are effective.24,35 The 

overall pathway includes perfusion into the intratumoral vessels, extravasation then 

penetration into the tumor mass.36 In the previous step, PEGylation provided the 

stealth needed for circulation. However, at this stage, entry into the tumor is limited 

by high PEG density.36 Transcytosis can be used at this step to facilitate tumor 
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uptake by modifying materials with tumor targeting.  

Within the tumor, high interstitial pressure is an added barrier preventing tumor 

penetration. To bypass this issue, many nanoparticles include anti-angiogenic 

factors to normalize the vasculature. Recently, Li et. al. developed a stimuli 

responsive nanoparticle that utilizes thrombin loaded nanomaterials that also 

simultaneously deplete tumor-associated platelets to deplete abnormal 

angiogenesis.37 They showed nanomaterials composed of poly(etherimide)-

poly(lactic-co-glycolic acid)2 (PEI-PLGA2) copolymer for DOX encapsulation and an 

antibody R300 against platelets was functionalized on the surface through 

electrostatic interactions, allowing the final nanoparticle to release R300 and DOX 

at their targeted location to target platelets and tumor biomarkers.37 In addition to 

the standard anti-angiogenic drugs, nitric oxide (NO) can be delivered which can not 

only modulate angiogenesis but also promotes vascular homeostasis and 

endothelial cell functions.38 Sung et. al made a NO delivery nanoparticle using a 

dinitrosyl iron complex [Fe(μ-SEt)2(NO)4] as the NO donor and poly-lactic glutamic 

acid (PLGA) as the method of controlled release of NO which showed efficacy in 

hepatocellular carcinoma models.38 Another method to decrease the higher 

interstitial pressure is to target the ECM proteins in the tumor microenvironment. 

The composition of the ECM is highly tumor dependent but generally include 

collagen and fibrinogen.7 A collagen targeting material was made by Yao and 

colleagues in the form of a nanoenzyme capsule containing collagenase 

nanocapsules with heavy-chain ferritin nanocages containing DOX. Once the 

nanozyme capsule complex reached the mildly acidic tumor environment, the 
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collagenase capsule was degraded, and collagenase could be activated to degrade 

collagen. The ferritin nanocage also promoted tumor penetration along with having 

a tumor targeting ability. This nanoparticle also alleviated the hypoxic tumor 

environment with these components.39 Another hypoxia stimuli responsive material 

recently made is by Chen et. al who used a one-step method to combine paclitaxel, 

catalase, human serum albumin, and chlorine e6 (Ce6) into HAS-Ce6-Cat-PTX 

nanoparticles. These nanoparticles started at 100 nm for optimal blood circulation 

and upon reaching the tumor became small protein-drug complexes of 20 nm. The 

catalase responded to the endogenous H2O2 to form oxygen and alleviate the 

hypoxic environment.40 

Size transformation is another strategy to improve tumor penetration and uptake. 

Many studies have utilized the properties of large to small transformation at the 

tumor site to prolong circulation as well as increase uptake at the tumor site. The 

main strategies include detachment of small vesicles from hybrid large-small 

nanoparticles or some degradation of the hybrid particle, a shell coating which 

detaches upon target location, and finally a self-shrinkage.41 There are several 

different methods used to achieve these mechanisms. First, the use of pH will allow 

for transformation at the specific acidic tumor microenvironment. One ligand used 

was the amphiphilic copolymer PDPA30-b-PAMA15 which is hydrophobic in 

physiological pH and becomes hydrophilic in acidic pH resulting in a decrease from 

35 to 10 nm.42 A more dramatic size decrease was seen with the use of 2,3-

Dimethylmaleicanhydride (DMA) which reacts in acidic conditions to amine groups 

and causes decomposition of a PCL-CDM-PAMAM/Pt system along with a charge 
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reversal in a 100 nm to 5 nm size reduction.43  

Another facet of drug uptake includes uptake to the target location. Due to the 

size of many nanoparticles, uptake into the cell requires endocytosis and 

subsequent trapping in the endosome and lysosome. One strategy to overcome this 

phenomenon is direct targeting of the lysosome. Lysosomal targeting is a viable 

strategy due to the dysregulation of lysosomal pathways when managing the higher 

metabolic requirements needed by tumor cells or to provide a method other than 

apoptosis for conventional chemotherapy-resistant cells. Our group has previously 

developed a lysosome targeting small molecule that self assembles into a 

nanoparticle. Lysosome targeting caused disruption of its membrane combined with 

autophagy inhibition leading to potent efficacy in autophagy-dependent tumors. 

(Figure 4).44 Other nanomaterials developed ways to avoid endosomal trapping 

through three main mechanisms, cell penetrating peptides (CPPs) or polymer-

based nanomaterials that can create pores in the endosome or lipid-based vehicles 

that can fuse with the endosome membrane to escape.45 Liposomes functionalized 

with an ionizable cationic lipid in their outer membrane can become protonated in 

the endosome and escape or disrupt the endosomal membrane.46 Some recent 

studies with CPPs include the development of a TAT analog conjugated with 

methoxy PEG (MPEG)-poly(ε-caprolactone) (PCL) diblock copolymer which was 

unable to complex with DNA without the TAT CPP.47  

 

Tumor Retention  

In relation to tumor retention, the EPR effect is again called upon to describe the 
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superior ability of nanoparticles to be retained in the tumor.2 The retention is seen 

through the limited lymphatic clearance present in tumors.  

Retention can be favored by transformation into various shapes apart from the 

general spherical vesicles that allow for decreased efflux of the drug. Nanoparticles 

in fiber conformations are more favorable for decreased tumor efflux while spherical 

particles are more favorable for circulation and tumor penetration41 as well as 

intravenous injection48. Our group and others have developed transformable 

nanoparticles that prolong the drug at the tumor site by transformation into a 

nanofiber shape as a result of targeting receptor stimuli.49-51 or pH in the target 

location.52,53 Two such examples of nanofibers and nanofibril transformation are 

illustrated in Figure 5. A recent study by Borkowska et al. showed accumulation of 

mixed charged nanoparticles that upon reaching the lysosome would aggregate into 

nanocrystals and be retained in the lysosome.54 

One other method for tumor retention is to use small to large nanoparticle 

transformation. Aggregation of small nanoparticles at the site of the tumor prolongs 

the retention of the drug and improves efficacy. Additionally, nanoparticles can be 

optimized to include advantageous optical properties that allow for measurement of 

aggregation through emission or quenching of fluorescence55,56 or other 

measurable signals. Smaller size nanoparticles allow for easier tumor penetration 

but are also more likely to be cleared faster. For optimal tumor retention, 

aggregates of smaller particles can utilize the advantages of the smaller size 

without premature clearance. A stimuli response at the tumor site will allow for 

selective aggregation and prevent nonspecific interactions. Methods for this 
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transformation include a click reaction, electrostatic interaction, phase transitioning, 

swelling or self-assembling to transform into larger sizes and aggregate.41 One 

recent study by Hu et.al. has used a nanogel shell surface made of hyaluronic acid 

along with the enzyme, transglutaminase (TG). Upon tumor entry, TG catalyzed a 

peptide bond between lysine and glutamine allowing for 10 nm particles to 

aggregate into 120 nm in breast cancer models.57  

Finally, tumor retention should be balanced with clearance of the drug to prevent 

systemic toxicity. An ideal nanoparticle should be retained long enough at the tumor 

to exert its effect. A technique to ensure timely clearance particularly at nonspecific 

locations was used by Wang et. al. which they entitled new tumor selective cascade 

activated self-retention system (TCASS). Their nanofiber underwent self-assembly 

at the tumor site while showing small molecule clearance in normal organs as the 

fibers were monomers.58  

 

Discussion/Conclusion/Perspective 

The ability of nanomedicine to reach clinical translation requires more study into 

the pharmacokinetics and pharmacodynamics of nanomaterials. The heterogenous 

nature of tumors and patients is a challenge that should be addressed with 

adaptable nanomaterials specific to each case. New drug candidates along with 

improving preclinical models will allow for a more promising outlook for new 

chemotherapeutics. As seen in the discussion of these barriers, there are often 

contradictory conditions that promote increased efficacy at points of the delivery 

cascade. Additionally in the case of current personalized medicine, the patient and 
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tumor type should be considered to provide maximum overall efficiency and most 

effective clinical translation. To summarize, blood circulation should be long enough 

to reach the target location while being concealed by the RES and MPS system and 

stable enough to prevent premature drug release. Next, the nanoparticle should be 

able to penetrate the tumor and still be able to be internalized by the cell in the 

often-harsh tumor microenvironment. Finally, there should be tumor retention along 

with a timely clearance to prevent excessive toxicity. Stimuli-response allows 

nanoparticles to maximize effectiveness and provides the best outcome for a 

clinically relevant therapeutic. Novel treatments that account for tumor barriers and 

can adapt to tumor stimuli have the potential to revolutionize cancer therapy. 
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Figure 1 

 
 
Figure 1: Biological Barriers in Drug Delivery to Tumors  

Several barriers preclude drug delivery to tumors. These include severe destabilizing 

conditions during circulation, targeting the tumor location and extravasation into the 

tumor blood vessel. Next, the drug must penetrate the excess extracellular matrix 

(ECM) proteins and reach the tumor cells and finally, the drug must be retained in the 

tumor cells and avoid premature efflux. Made using Biorender.com. 
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Figure 2 
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Figure 2: Schematic illustration of the TMRET nanotechnology and DESI utilizing GSH 

responsive transformation. Mn2+ conjugated to pheophorbide a serves as both an 

‘enhancer’ in the T1 MRI signal and a ‘quencher’ in the T2 MRI signal, whereas the 

SPIO nanoparticle acts as an ‘enhancer’ in the T2 MRI signal and a ‘quencher’ in the T1 

MRI signal. P-Mn and SPIO were coloaded into a disulfide crosslinked micelle to form 

TMRET nanoparticles. Upon interaction with reduced GSH (glutathione) the disulfide 

bond is cleaved allowing for signal measurement. Reproduced with permission from 

(29).  
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Figure 3: 
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Figure 3:  Design of transformable STICK-NPs and detailed multibarrier tackling 

mechanisms to brain tumors. The pair of targeting moieties selected to form sequential 

targeting in crosslinking (STICK) were maltobionic acid (MA), a glucose derivative, and 

carboxyphenylboronic acid (CBA), one type of boronic acid, and were built into our well-

characterized self-assembled micelle formulations (PEG–CA8). STICK-NPs were 

assembled by a pair of MA4–PEG–CA8 and CBA4–PEG–CA8 with the molar ratio of 

9:1 while intermicelle boronate crosslinkages, STICK, formed between MA and CBA 

resulting in larger nanoparticle size. Excess MA moieties were on the surface of the 

nanoparticles, while CBA moieties were first shielded inside the STICK to avoid 

nonspecific bindings. Hydrophobic drugs were loaded in the hydrophobic cores of 

secondary small micelles, while hydrophilic agents were trapped in the hydrophilic 

space between small micelles. In the following studies, we included several control 

micelle formulations including NM (no targeting), MA–NPs (single BBB targeting), and 

CBA–NPs (single sialic acid tumor targeting) nanoparticles (inserted table). In detail, 

STICK-NPs could overcome Barrier 1 (destabilizing condition in the blood) by 

intermicellar crosslinking strategy, Barrier 2 (BBB/BBTB) by active GLUT1 mediated 

transcytosis through brain endothelial cells, and Barrier 3 (penetration & tumor cell 

uptake) by transformation into secondary smaller micelles and reveal of secondary 

active targeting moiety (CBA) against sialic acid overexpressed on tumor cells in 

response of acidic extracellular pH in solid tumors. Reproduced with permission from 

(33).  
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Figure 4: 

 
 
Figure 4: Tumor Targeting with BAQ ONNs. a) An interdisciplinary drug design strategy 

is proposed to integrate the conventional fields of medicinal chemistry and 

nanomedicine. Drugs are named as one-component new-chemical-entity 

nanomedicines (ONNs), which are designed according to the strategies of conventional 

drug design and molecular self-assembly so that they could acquire the advantages 

from the perspectives of both drug discovery and drug delivery. b) The proof-of-concept 

experiment in this work: discovery of self-delivering lysosomotropic bisaminoquinoline 

(BAQ) derivatives for cancer therapy. The BAQ derivatives, generated from the 

hybridisation of lysosomotropic detergents and the BAQ-based autophagy inhibitor, can 

self-assemble into BAQ ONNs that show enhanced functions in vitro, excellent delivery 

profiles and significant in vivo therapeutic effects as single agents. Moreover, they also 

possess high drug-loading efficiency to deliver the additional drug into tumour sites, 

thus generating a promising application of combination therapy. Reproduced from (44). 
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Figure 5: 
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Figure 5: Tumor Retention through transformation into nanofibers and nanofibrils. A) 

Synthesis of single small molecule-assembled mitochondria targeting nanofibers (PQC 

NFs). The PQC monomer is a conjugate of PA and quinolinium. PQC NFs exhibited 

nanomolar cytotoxicity by mediating mitochondria-targeting phototherapy and were 

retained long-term at the tumor site. With these advantages, PQC NFs achieved robust 

anticancer effects in vivo with a 100% complete cure rate after the administration of only 

a single dose. 

B) Chemical structure of PBC monomer containing pheophorbide a (PA) and 

bisaminoquinolone derived Lys05. Self-assembling and transformation behaviors of 

PBC at pH 7.4 and pH 5.0. PBC transformation into nanofibrils allowed for long term 

retention in the tumor site in oral cancer xenograft models. Reproduced with permission 

from (51) and (52). 
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CHAPTER 3 

 

 

 
Small molecule self-assembled micelle inhibits autophagy and leads 

to ferroptosis induction in pancreatic cancer stem cells 
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ABSTRACT 

 

Pancreatic cancer is one of the most lethal cancer subtypes in part due to the presence 

of a small subset of cells known as cancer stem cells (CSCs). This population is a 

portion of the tumor that is thought to cause tumor heterogeneity from their ability to 

differentiate into various tumor cells and cause tumor resurgence. In this study, we 

characterize a drug in a series of small molecules that self-assemble into nanoparticles. 

A bisaminoquinoline derivative containing a nitric oxide bond, BAQ 12O, showed the 

ability to self-assemble into a micelle and had selective potency in pancreatic CSCs. A 

notable decrease in CSC function was also seen including decreased tumorigenesis 

and pluripotency. BAQ 12O is derived from a bisaminoquinolone chloroquine derivative 

and showed an inhibition in autophagy. The inhibition in autophagy caused by BAQ 12O 

resulted in ferroptosis related death in CSCs. BAQ 12O showed promising in vivo 

efficacy in a patient derived pancreatic CSC model combined with the standard of care 

drug, gemcitabine along with an excellent safety profile in both mice and rats. The study 

also contributes showing the dependence of autophagy and ferroptosis in CSCs.  

 

 

 

 

 

 



 

 56 

INTRODUCTION 

 

Pancreatic Cancer is one of the most lethal cancer subtypes with a 11.5% five-

year survival rate[1]. There are limited options for treatments and many of the current 

options are not effective. One reason for this high mortality in this cancer subtype is the 

presence of cancer stem cells (CSCs), a portion of the tumor that retains stem-like 

abilities and is responsible for tumorigenesis and tumor resurgence.[2] CSCs also are 

thought to account for the heterogeneity in a tumor due to their ability to differentiate 

into a variety of cells.[2] There are no clinically available drugs targeting this population 

currently which could provide a novel strategy to combat the aggressive nature of this 

cancer.  

A strategy to target CSCs is through inhibition of autophagy. Autophagy is a 

lysosome-mediated catabolic process in which macromolecules are recycled to provide 

nutrients used to fuel tumor growth.[3] Pan tumor types, autophagy is considered a 

double-edged sword, as autophagy is used both to recycle nutrients and remove 

damaged organelles to promote cell growth as well as a being a canonical death 

pathway in which essential organelles are degraded. In the cancer subtext, inhibiting 

autophagy at an early stage could promote tumor growth whereas inhibiting autophagy 

in the tumor maintenance stage results in tumor ablation.[2, 3] Nevertheless, the tumor 

context and subtype plays and important role in determining effectiveness of autophagy 

targeted treatment. Specifically in the case of pancreatic cancer, there is a high 

autophagic flux and a reliance on autophagy for both growth and maintenance of the 

tumor.[4] In addition to pancreatic tumors, autophagy flux is thought to be dysregulated 
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in cancer stem cell populations which require high levels of autophagy to maintain their 

pluripotent ability, metastatic potential, and differentiation abilities.[2] Currently, many 

clinical trials for pancreatic cancer are utilizing chloroquine (CQ) and more commonly its 

safer derivative, hydroxychloroquine (HCQ), in combination with the standard of care 

chemotherapy, gemcitabine.[5, 6] However, HCQ and CQ are not very potent and the 

concentration needed to inhibit autophagy are not clinically feasible.[7]  

To address these problems, we employed the use of our previously described 

one component new chemical entity nanomedicine (ONN) series.[8-11] This series has 

been developed from the divalent chloroquine derivative, Lys05, one of the current most 

potent chloroquine derivatives.[7] Lys05 is a bisaminoquinolone (BAQ) derivative that we 

further functionalized with the lysomotropic detergent MSDH to promote self-assembly 

in our previous work to form the lead compounds, BAQ12 and BAQ13.[8] These ONNs 

combined the advantages of small molecule drug design and the delivery advantages of 

nanomaterials to provide very potent lysosome targeting nanoparticles that inhibited 

autophagy. Here we expand on this work to include a new ONN generation with BAQ N-

oxide 12O (BAQ12O). BAQ12O like the previous generations can self-assemble into a 

nanoparticle, however some notable differences are present between the two 

generations. First, BAQ12 and 13 form liposomes while BAQ12O self assembles into a 

micelle-like particle, so there are intrinsic differences in size, functionality and load-

carrying capabilities.[12] Next, we noticed the phenomenon that BAQ12O is selectively 

more potent in the CSC line our lab previously developed from a pancreatic ductal 

adenocarcinoma (PDAC) patient tumor.[8] We employed fluorescent assisted cytometric 

sorting (FACS) for known CSC markers CD326, CD24, and CD44, which were the first 



 

 58 

set of markers used to identify the CSC population in pancreatic tumors.[13] This model 

allowed us to explore the lysosome targeting and autophagy inhibition properties of 

BAQ12O in CSCs. We further found another difference in that BAQ12O autophagy 

inhibition led to ferroptosis induction in the CSCs.  

Ferroptosis is the iron-mediated, non-apoptotic death process characterized by 

Dixon et. al. in 2012.[14] Excess iron ultimately causes lipid peroxidation and leads to an 

oxidative stress related death. We identified this pathway after BAQ12O treatment in 

CSCs using two sequencing methods, both in the mRNA level and proteomic pathway 

analysis, after noticing the lack of standard apoptotic morphology and marker activation. 

Further studies showed that BAQ12O treatment resulted in excess reactive oxygen 

species, increased labile iron levels, decreased glutathione and notable lipid 

peroxidation. The relationship between autophagy and ferroptosis is well established, 

however there is still debate on how they modulate each other.[15, 16] Ferroptosis is also 

a promising strategy for CSC targeting which often require non-conventional 

chemotherapeutics to be completely eradicated.[16] BAQ12O combines this unique 

strategy to target CSCs in pancreatic tumors through the duality of autophagy inhibition 

and ferroptosis induction as well as the functionalities of both small molecules and 

nanomedicine for drug delivery. This study shows that BAQ12O had excellent safety 

profiles, potent autophagy inhibition leading to ferroptosis induction in CSCs, and high 

efficacy in mouse CSC xenograft models. There was also synergy with the current 

standard of care for pancreatic cancer, gemcitabine, making BAQ12O a promising 

translational drug candidate.  
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MATERIALS AND METHODS 

Bisaminoquinolone nitric oxide (BAQ12O) Synthesis  

Characterization and Synthesis of BAQ12O can be found in Supplementary Figure 1. 

 

Preparation and Characterization of BAQ 12O Nanoparticle 

BAQ12O was dissolved with DSPE-PEG2000 in a 4:1 ratio in methanol. This solution was 

added dropwise into DI H2O and allowed to mix for 5 minutes in a 1:10 volume. Next the 

solution underwent rotary evaporation (40 °C, 20 min), followed by the characterization 

with Zetasizer Nano ZS (Malvern) for dynamic light scattering measurement (DLS) and 

zeta potential. The TEM samples were prepared by dropping 0.5 mM NPs on carbon 

square mesh and dried naturally, which were then observed under the Talos L120C 

TEM (FEI) at an accelerating voltage of 80 kV. Fluorescence of BAQ12O NP and 

BAQ12O that was not formulated was completed on the  

 

Pharmacokinetic Study 

Three female Sprague Dawley rats (Envigo) were administered BAQ12O intravenously 

through the jugular vein catheter. Blood was collected at the shown timepoints, and 

serum was collected after blood was allowed to clot for 1 hour. Fluorescence of 

BAQ12O was used to determine drug concentrations in each sample. Pharmacokinetic 

parameters were determined using a two-compartment model. 
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Cell Culture/CSC Culture 

MIA-PaCa2 and Panc1 were cultured in DMEM (Corning) supplemented with 10% FBS 

(Sigma) and 1% Penicillin/Streptomycin (Sigma). ASPC-1 and BXPC3 were cultured in 

RPMI-1640 (Corning) with the same additives. CSCs were sorted from tumor cells as 

previously described.[8] Plates were coated with 1% Vitronectin (Gibco A14700) for 3 

hours for CSC culture. Media (Gibco A2858501) was changed every 2 days and cells 

were passaged using gentle cell dissociation reagent (Stem Cell Technologies 07174). 

A549 cells stably transduced with LC3B-GFP were kindly given by Professor Priya 

Shah’s lab. All cells were grown in 37°C at 5% CO2. 

 

Cytotoxicity assays 

Cytotoxicity was determined using CellTiterGlo assay (Promega). Three replicate wells 

were used for each condition and six wells for untreated control was used as 100% 

viability. 

 

3D Culture 

Growth-Factor reduced Matrigel (Corning, 354230) at 5 mg/mL was used to coat a 24 

well plate Pancreatic cancer cells or CSCs were seeded at 3000 cells/well suspended in 

3:2 ratio of Matrigel: Cell suspension. All cells were cultured in serum free stem cell 

growth media (Gibco A2858501). After 24h of adherence, wells were subjected to their 

respective drug treatments and imaged 9 days after seeding. Imaging was completed 

with confocal microscopy (Zeiss LSM 800). All image analysis was done using ImageJ. 
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Western blot 

Tissue or cell lysates were harvested using RIPA buffer supplemented with protease 

inhibitors. Lysates were resolved on a 12% SDS-PAGE gel and transferred to PVDF 

membranes. Membranes were blocked for 1 hour in 5% milk in TBST and incubated 

overnight with antibodies (Cell Signaling Technologies) at 4°C and probed with 

secondary-HRP conjugated antibody for 1 hour at RT. Membranes were developed 

using enhanced chemiluminescence substrate (National Diagnostics) and detected 

using ChemiDoc system (Bio-Rad). 

 

Tumor xenograft studies 

NOD-Rag1null IL2rgnull (NRG) mice were purchased from Jackson Laboratory (4-6 weeks 

old). All experiments involving mice were performed in accordance with the Institutional 

Animal Care and Use of Committee policy, University of California-Davis. Animals were 

housed in 12-hour light/dark cycle with controlled temperature and humidity facility. 

Tumor volume (mm3) was measured using calipers and calculated using length*width/2.   

 

Tumorigenesis Study: 

Male NRG mice were injected with 104 CSCs in a 1:1 Matrigel (Corning) solution in both 

the right and left flank. Treatment began 1 day after injection and continued twice a 

week with the following treatment groups: Lys05 (50 mg/kg) IP; BAQ12O administered 

IV (50 mg/kg) and orally (100 mg/kg) until palpable tumors formed in the majority of the 

saline treated control for a total time of 35 days. 
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Quantitative Real Time PCR (qPCR) 

RNA was collected using TRIzol reagent (Invitrogen). Reverse transcriptase PCR was 

performed with 1 µg of RNA using High-Capacity RNA-to-cDNA kit 

(AppliedBiosystems). cDNA was diluted to 1:5 and 2 µL of sample was used for a total 

reaction volume of 15 µL with SYBR green Master Mix reagent (Applied Biosystems). 

Reaction was run on BioRad CFX96 Real-Time PCR Detection System. All data was 

normalized to GAPDH amplification.  

 

Endocytosis Study 

3*105 CSCs were allowed to attach overnight in 6 well plates. Cells were exposed to 

conditions either temperature or endocytosis inhibitor listed for 30 minutes and then 

washed. Drug was added for 6h and Lysates were collected using DMSO containing 

0.1% Triton X. Lysates were placed in a fluorescent 96 well plate and read at BAQ12O 

fluorescence (385/506l). 

 

LC3B-GFP-RFP 

3*104 CSCs were plated in 8 chamber slides (Ibidi) and allowed to attach. Premo LC3B-

GFP-RFP (Thermofischer Scientific) was added to CSCs and 12h later drugs were 

added for 16h. Cells were fixed after treatment in 4% paraformaldehyde to prevent 

increased signal during imaging. Images were taken on 63x objective using confocal 

microscope (Zeiss). Puncta were quantified using ImageJ using the Otsu model for 

thresholding.  
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DQ-BSA Vacuoles 

CSCs or A549 transduced with LC3B-GFP were plated in 4 chamber slide (Lab Tek II) 

and given 10 µg/mL before drug treatment. After 6h to allow the dye to enter the cell 

drugs were treated for 16h with 3 µM of listed treatments. After treatment, cells were 

stained with Hoescht 33342 1:2000 for 20 min and fixed in 4% Paraformaldehyde. 

Imaging was completed using Zeiss confocal microscopy at 63x oil objective and 

quantified using Image J. Vacuoles were thresholded using Otsu model and quantified.  

 

Proteomics (Data independent Acquisition-Label Free Quantitation (DIA-LFQ)) 

CSCs were exposed 24h to BAQ12O 6 µM after allowing adherence for 1 day and 

lysates were collected as previously mentioned using RIPA buffer containing protease 

and phosphatase inhibitors. Lysates were concentrated using Acetone overnight in  

-20°C and given to the UC Davis Proteomics Core Facility.  

 

Measurement of ROS 

5000 CSCs were seeded in a 96 well plate and allowed to adhere overnight. Drugs 

concentrations listed were dosed and ROS level was determined after washing cells 

and adding DCFDA dye (10µM) for 30 minutes at 37°C. After dye, cells were washed 3x 

and read at fluorescence 485/535 nm on Spectramax iD5. 

 

FerroOrange Labile Fe2+ detection 
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FerroOrange dye was added to CSCs plated in a 96 well plate. Drugs were incubated 

for 24h at the listed concentrations and washed in PBS. 1 µM of dye was added to well 

for 30 minutes and detected at (507/547l) using Spectramax fluoresecence plate 

reader. 

 

Measurement of Glutathione and Oxidized Glutathione (GSH/GSSG) 

5000 CSCs were seeded in 96 well plates and allowed to attach overnight. Drugs were 

added for 24h and GSH/GSSG was measured according to the manufacturer’s 

instructions (Promega). Luminescence was measured using Spectramax iD5 plate 

reader.  

 

Measurement of Lipid Peroxidation 

2.5*104 cells were seeded into 4 chamber slide plates (Lab Tek II) and allowed to attach 

overnight. Drug treatments were added as noted for 16h and BODIPY 665/676 dye (20 

µM) was stained for 30 min along with Hoescht 33342 1:2000 for 20 min. Cells were 

fixed with 4% Paraformaldehyde and washed 3x in PBS before drying and attaching 

coverslips. Imaging was performed using confocal microscopy (Zeiss LSM 800). All 

image analysis was done using ImageJ. For flow cytometric evaluation, 3*105 cells were 

attached overnight in 6 well plates. Drug was added similarly and the same BODIPY 

dye staining conditions were applied. Propidium Iodide (final 1µg/mL) was used as 

viability marker and samples were analyzed on a Becton Dickinson FACS Canto I 

Analytical Cytometer. 
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Combination Index 

Combenefit software was used to graph combination index. Combination Index (CI) was 

also calculated by (IC50 Drug 1 in combination/ IC50 Drug 1 alone) + (IC50 Drug 2 in 

combination/ IC50 Drug 2 alone) where CI <1 was considered synergistic. 

 

Combination Study 

Female NRG mice were subcutaneously injected with 104 CSCs in a 1:1 Matrigel 

(Corning) solution in both the right and left flank. Tumors were allowed to grow to 100-

150 mm3 and grouped to normalize average tumor weight. Each group was randomly 

assigned to a treatment (n=6). The groups were as follows: vehicle control; Gemcitabine 

50 mg/kg IP once a week; Gemcitabine 50 mg/kg IP once a week + BAQ12O 50 mg/kg 

IV every 2 days. The treatment period was a total of 43 days. Tumors were collected for 

immunohistochemical and western blot analysis.   

 

Maintenance Study 

Female NRG mice were subcutaneously injected with 104 CSCs in a 1:1 matrigel 

(Corning) solution in both the right and left flank. Tumors were allowed to grow to 100-

150 mm3 and grouped to normalize average tumor weight. Treatment groups were 

assigned randomly (n=6). All mice were given Gemcitabine 50 mg/kg IP twice a week 

then separated into one group receiving BAQ12O 50 mg/kg IV every 3 days and the 

other receiving vehicle. The total treatment period was 52 days. Tumors were collected 

for immunohistochemical and western blot analysis.  
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Immunohistochemistry 

Tumors were collected from each mouse and fixed 24h in 10% formalin. The next day 

tissue was transferred to 70% Ethanol and sent for paraffin embedding. Sections are 4 

µm. Primary antibodies were incubated 2 h rt and overnight then detected.  

 

Statistics 

Unpaired, two-sided t test, c2, 2-way ANOVA and survival analysis were performed 

using Graphpad Prism 6. 

 

 

RESULTS 

BAQ12O Nanoparticle Characterization  

We previously characterized a series of bisaminoquinolone derivatives for lysosomal 

targeting drugs. We have modified these lead compounds to find the current most 

promising candidate showing cancer stem cells selectivity, BAQ12O. This compound is 

similar to BAQ12 but includes a nitric oxide bond shown in Figure 1a. BAQ12O shows 

the same property of self-assembly but forms a micelle instead of a liposome seen by 

BAQ12 or BAQ13 self-assembly. The micelle was further stabilized by addition of 

DSPE-PEG2000 promoting both stability of micelle and the property of blood circulation 

stability in vivo characteristic of pegylation.[17] Both dynamic light scattering and 

transmission electron microscope images confirmed the formation of BAQ12O 

nanoparticle (NP) into a micelle of around 130 nm (Figure 1c,d). Another property of 

BAQ12O not seen in the previous generation of BAQ12 and BAQ13 is its fluorescent 
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properties (Figure 1e) resulting from the additional nitric oxide bond[18], allowing for easy 

monitoring of the drug in both in vitro and in vivo systems. The addition of PEG also 

showed BAQ12O stability in FBS as well (Figure 1f). The critical aggregation 

concentration of BAQ12O was shown to be very low at 0.08 μM indicated a quicker 

micelle formation (Figure 1g). Finally, pharmacokinetic parameters were calculated after 

IV administration of BAQ12O nanoparticle in catheterized rats. BAQ12O showed very 

quick uptake into tissue after administration which we later confirmed to be tumor 

retention in subsequent biodistribution studies in mouse xenograft models (Figure 5b). 

Additionally, BAQ12O NP toxicity was characterized in mouse and rat models showing 

no obvious body weight changes after repeated administration of 120 mg/kg and 50-75 

mg/kg respectively (Supplemental Figure 2a,b). There was also no apparent organ 

toxicity nor any significant changes in hematological analysis of serum or complete 

blood count compared to animals treated with PBS (Supplemental Figure 2c,d). In cell 

lines, BAQ12O had much higher IC50 in normal noncancerous cells including normal 

human donor mesenchymal stem cells (MSCs) compared to CSCs. (Supplemental 

Figure 2e).  

 

BAQ12O Shows Selectivity for CSCs and Inhibits CSC Pluripotency and 

Tumorigenesis 

Some of the key characteristics of CSCs include their self-renewal and their tumorigenic 

potential. BAQ12O has been shown to inhibit both functions. First, potency was noted in 

the CSC line compared to bulk pancreatic tumor cell lines (Figure 2a) and also in 

comparison to the current most potent chloroquine derivatives tested in CSCs 
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(Supplementary Figure 3a). Very interestingly, BAQ12O showed more potency than 

oxidized Lys05 (Lys05-O) and BAQ12 in CSCs as well as Lys05 itself (see structures in 

Supplementary Figure 3a). In fact, Lys05-O did not show any cell killing or autophagic 

inhibition (Supplementary 3a,b) which highlights the advantage of BAQ12O micelle 

formation for lysosome targeting. Another noteworthy point is that BAQ12 showed 

consistent toxicity in bulk and stem cell populations according to our previous work[8] 

while BAQ12O is far more selective to CSCs. To further this point, a direct comparison 

with the stem cell population was performed using two different methods in various cell 

lines. CSCs were differentiated with FBS[18] and Panc1 CSC population was selected by 

promoting stemness in tumorsphere conditions.[19] In direct comparison to CSCs and 

differentiated CSCs BAQ12O was a little over 5 times more potent in CSCs and in 

Panc1 tumorsphere cells, BAQ12O showed similar 4-fold potency compared to the 

whole population (Figure 2b). A similar effect was seen in other pancreatic tumor cell 

lines also selected for tumorsphere cells (Supplementary Figure 3c). It is also notable 

that this selectivity is not serum dependent, so the media interaction as seen with 

varying degrees of serum (10, 2.5 and 0) did not affect the IC50 value in MIA-PaCa2 

cells normally cultured in 10% serum media (Supplementary Figure 3d) combined with 

the stability of BAQ12O NP in FBS (Figure 1f) shows there is an alternate explanation 

for BAQ12O selectivity. To verify whether BAQ12O specifically targets CSCs and 

tumorigenesis in vivo, a treatment regimen was performed to target the cells before they 

differentiated and formed the tumor bulk.[20] Autophagy is thought to provide a role in 

tumorigenesis by providing pre-malignant cells the ability to escape various stressors 

(e.g. metabolic, inflammatory, and genotoxic) that could prevent tumor growth, 
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especially in pancreatic tumors.[2, 4] CSCs were injected and allowed to graft in the 

mouse for one day before treatment began and continued every 3 days until palpable 

tumors began to form in the vehicle treated group (35 days of treatment). The groups 

were as follows: (i) vehicle (ii) Lys05 50 mg/kg IP (iii) BAQ12O 50 mg/kg IV (iv) 

BAQ12O 100 mg/kg oral administration. Lys05 was not tolerated by tail vein injection at 

50 mg/kg and thus was given through intraperitoneal injection as the original authors 

utilized in their in vivo mouse models.[7] The results indicate that BAQ12O significantly 

impeded tumor development and had a dose response effect with the various routes of 

administration (IV vs. PO). After treatment ceased with palpable tumors in the vehicle 

group, no tumors had formed in either of the BAQ12O groups compared to 75% of 

tumors in the Lys05 treatment group. After allowing 2 weeks of monitoring without 

treatment, tumors arose in the BAQ12O groups but still with a significantly better 

survival outcome than the Lys05 treatment (Figure 2c). A similar result was seen in vitro 

tumorigenesis with 3D tumorsphere formation. CSCs were seeded onto Matrigel and 

treated with 3 mM of either BAQ12O or the precursors. Treatment with BAQ12O 

prevented sphere formation not only in CSC but also in two other established pancreatic 

cell lines. There were no spheres formed in the BAQ12O treatment while other drugs 

failed to prevent sphere formation that was significantly different from the group treated 

with vehicle (Figure 2d,e). Very interestingly, the same effect was not seen in Lys05-O 

or BAQ12 which failed to prevent tumor formation in the same three cell lines. Along 

with preventing CSC function, BAQ12O also had an effect on stem cell pluripotency 

markers. Pluripotency is a defining characteristic of stem cells in which certain genes 

participate in maintaining the characteristic undifferentiated stem cell state of CSCs.[21] 
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Upon quantitative analysis of mRNA, Sox2, Nanog and Oct3/4 genes were markedly 

decreased compared to vehicle treated CSCs. In addition, BAQ12O treatment 

significantly decreased expression of Sox2 protein while the precursors did not (Figure 

2f,g).  

 

BAQ12O enters CSCs through Clathrin-Mediated Endocytosis, Targets the 

Lysosome and causes Autophagic Dysfunction. 

To verify the mechanism of BAQ12O NP uptake into the CSC we performed an 

endocytosis pathway study. First, CSCs were incubated in 4°C for 30 minutes and 

compared to 37°C conditions to determine whether drug entry was energy mediated 

(Figure 3a). After seeing a noticeable decrease in BAQ12O signal we then incubated 

cells with various endocytosis inhibitors and compared drug uptake signal. There was 

no significant decrease with Genistein pretreatment showing little influence of caveolae-

mediated endocytosis. Macropinocytosis may account for a small percentage of uptake 

of BAQ12O, as there was slight decrease with amiloride pretreatment. However, this 

decrease was not significant. Chloropromazine showed the most significant decrease in 

uptake which likely indicates the higher BAQ12O dependence on clathrin-mediated 

endocytosis (CME). This result matches the findings of other nanoparticles which have 

a size around 100 nm[23] (Figure 3a). After entering the CSC through an endosome, 

BAQ12O reaches the lysosome within 2h (Figure 3c). Autophagic inhibition was 

observed with an increase in the microtubule associated light chain protein B (LC3B I 

and II) and Sequestosome (p62) protein markers with the divalent chloroquine 

derivative, Lys05, as a control (Figure 3b). Furthermore, transmission electron 
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microscope (TEM) images showed an increase of autophagosomes upon BAQ12O 

treatment as well as the presence of autophagic vacuole-like vesicles arising from 

lysosomal dysfunction. BAQ12O showed a prominent increase in this type of 

morphology particularly compared to the precursors (Figure 3d). These two experiments 

indicate late stage autophagic inhibition. The increase of LC3B was further evaluated by 

transfecting the LC3B-GFP-RFP plasmid into CSCs. This demonstrated the precise late 

stage of autophagy inhibition. Two main controls were used, chloroquine, which will 

alter the pH of the lysosome result in higher GFP and RFP signal from increased LC3B 

while Leupeptin does not change alter the pH by targeting lysosomal proteases and 

consequently shows decreased GFP signal comparatively, which is more susceptible to 

acidic degradation.[24] BAQ12O showed more similarity to Leupeptin while Lys05 and 12 

showed more similarity to chloroquine and caused increased yellow puncta (Figure 

3e,f). Finally, BAQ12O showed CSC lysosomal dysregulation by increased signal of 

DQ-BSA (a commercial BODIPY labeled bovine serum albumin fluorescent marker) 

which was unique to BAQ12O and not seen in the previous generation compounds 

(Figure 3g,h), matching the TEM images showing vacuole like vesicles arising from 

BAQ12O treatment (Figure 3d). This phenomenon is selective to the CSCs as seen by 

the increased LC3B signal in stably transduced LC3B-GFP-A549 cells but no DQ-BSA 

signal after a comparatively higher dose of BAQ12O was given (Supplementary Figure 

2e).  

 

BAQ12O Eliminates CSCs through Ferroptosis related death 
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Ferroptosis is a non-apoptotic form of death that was characterized by Dixon et.al. in 

2012. Many papers have shown there is a close relationship between autophagy and 

ferroptosis and the two processes highly regulate each other. Initial interest in this 

pathway came from the proteomic analysis of CSCs treated with BAQ12O which were 

compared to untreated CSCs. In enrichment analysis, ferroptosis and associated 

processes showed significance in the top ten enriched pathways (Figure 4a). We also 

evaluated classical death pathways and saw no change in apoptosis proteins Caspase 

3 or PARP cleavage or in activation of necroptosis proteins RIP3, MLKL, or HMGB1 

levels (Supplementary Figure 6). To further evaluate ROS production was measured in 

comparison to known ferroptosis inducers, Erastin and RSL3. BAQ12O showed more 

significant ROS increase in CSCs and a dose dependent increase (Figure 4b). To 

measure the redox effect, the reduced and oxidized glutathione were measured by the 

GSH/GSSG ratio (GSH-reduced glutathione to GSSG-oxidized). This process is 

mediated by GPX4 so the ferroptosis inducer RSL3 was used as the more direct 

comparison.[14]BAQ12O showed again a dose dependent decrease in GSH/GSSG ratio 

portraying an oxidative stress profile seen in ferroptosis (Figure 4d). Labile iron was 

labeled with FerroOrange dye that selectively binds Fe2+ and produces fluorescence, 

compared to untreated, the amount of Fe2+ showed an increase with BAQ12O treatment 

in CSCs (Figure 4c). The main markers of ferroptosis include the resulting lipid 

peroxidation leading to cell death. Lipid peroxidation was seen in confocal analysis with 

a dose dependent increase in peroxidated lipid droplets in confocal analysis (Figure 4f) 

and in flow cytometric analysis using BODIPY 665/676 dye (Figure 4e). Ferroptosis 

genes which showed upregulation in the proteomic analysis were confirmed with qPCR 
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and there was significant increase in ferritin proteins (FTL, FTH1, ferritin light and heavy 

chain respectively) as well as in HMOX (heme oxygenase 1), another marker of 

oxidative stress and a marker of excess iron in pancreatic b-cells[24] (Figure 4g). The 

qPCR analysis also validated findings from bulk RNA sequencing performed on CSCs 

treated with BAQ12O. HMOX, FTL, and FTH1 all increased and many other ferroptosis 

associated genes (Supplementary Figure 8). Finally, Figure 4h shows increase in 

transferrin receptor 1 (TrF1) in CSCs, a marker of ferroptosis induction which is 

confirmed by the positive control RSL3 increase in TrF1 levels. BAQ12O showed more 

increase in CSC TrF1 compared to RSL3 treatment.  

 

BAQ12O shows Efficacy in Combination with Current Chemotherapy and as a 

Maintenance Therapy to Prevent Tumor Resurgence 

One important aspect of clinically relevant novel drugs is their ability to synergize with 

existing chemotherapeutics. Particularly in the case of cancer stem cell targeting drugs, 

combination is a viable strategy to target the small subset of CSCs and the bulk of the 

tumor simultaneously.[27] Currently, the autophagy inhibitors, HCQ and CQ, are also in 

clinical trials in combination with several chemotherapeutics.[3] Most recently, the 

addition of HCQ in combination with gemcitabine and nab-Paclitaxel even failed to 

improve survival outcomes.[5] Unfortunately, from clinical data, HCQ shows insufficient 

autophagy inhibition and moreover has notable retinopathy toxicity rate after long term 

use. In two separate experiments, BAQ12O showed synergy with a current standard of 

care drug for pancreatic cancer, gemcitabine [28] (Figure 5a). Along with synergy, 

BAQ12O has favorable biodistribution with selective tumor retention in mice bearing 
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CSC implanted tumors (Figure 5b). There was significant tumor retention that was 

maintained from an early stage after drug administration and low signal in other organs 

matching the results seen from the previous pharmacokinetic and toxicity studies 

(Figures 1h and Supplementary Figure 2).BAQ12O was additionally evaluated in two 

different treatment regimens, traditional combination chemotherapy and maintenance 

therapy. Maintenance therapy begins with an induction phase consisting of 

chemotherapeutic only which is then is substituted with another drug.[29] It has been 

previously shown to be a promising strategy to alleviate the toxicities of chemotherapy 

and promote a longer overall and progression-free survival in several types of 

cancers.[29, 30] In the following studies mice were subjected to one of the following 

treatment schedules (Figure 5c, Supplementary Figure 7). In the maintenance therapy, 

all groups received an induction of gemcitabine and were then separated into two 

groups with one receiving BAQ12O maintenance and the others receiving the vehicle 

control. After these treatments, a significant reduction in tumor volume was seen in the 

BAQ12O treated groups compared with gemcitabine treated only in all treatment 

regimens (Figure 5c). Upon histological analysis, there was a marked decrease in Ki67 

in BAQ12O treated groups compared to gemcitabine matching the H&E staining of less 

viable nuclei (Figure 5d). Autophagic markers were also evaluated showing a marked 

increase in p62 and LC3. Both markers were evaluated to ensure autophagic inhibition 

as LC3 increase is also a marker of autophagic induction.[24] Western blot analysis of 

three tumors from each group showed autophagy inhibition and ferroptosis induction 

with increase of transferrin receptor as comparable to the CSC cell line result. (Figure 

5e). 
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This result is a promising for pancreatic cancer treatment. Although the combination of 

HCQ with gemcitabine and nab-paclitaxel has failed, there was no analysis of the effect 

of autophagy inhibition in this trial. In a clinical study examining the effects of HCQ as 

adjuvant therapy with gemcitabine, the patients who showed a greater than 51% 

increase in the LC3B-II levels in their peripheral blood mononuclear cells showed 

improvement in disease-free survival and overall survival.[6] The drug BAQ12O we have 

described here is far more potent than the current most potent HCQ and CQ derivative 

which holds some promise for clinical translation.  

 

Discussion 

Here we have synthesized and characterized another molecule in our previously 

defined first-in-class series of self-assembling small molecules combining nanomedicine 

and medicinal chemistry properties in the ONN strategy. BAQ12O showed the ability to 

self-assemble into a micelle that we have further stabilized using DSPE-PEG2000. TEM 

and DLS characterization show the BAQ12O NP micelle forms a size of approximate 

130 nm. The micelle had a low critical aggregation concentration of 0.08 µM and is 

stable even in FBS for a week. BAQ12O NP also showed fluorescent properties that 

allowed for ease of imaging and due to its ability to form a NP, BAQ12O has the ability 

to load dyes for imaging needing a longer wavelength or to manage tissue penetration 

issues. BAQ12O NP also showed no obvious toxicity with a maximum tolerated dose 

above 120 mg/kg in mice and no obvious systemic toxicity in major organs and 

hematological complete blood counts and serum proteins (Supplementary Figure 2). 

The other notable phenomenon is that BAQ12O had a higher selectivity for CSCs 
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compared to normal stem cells (human MSCs) which even share 1 common marker 

(CD44). A future toxicity study to complete would be to compare long term usage of the 

drug to ensure there is no retinopathy similar to the toxicity profile seen in some patients 

receiving long term HCQ therapy.[5]  

BAQ12O showed not only low toxicity but a selectivity for the population of the 

pancreatic tumor cell population, CSCs, that are often left untreated and lead to 

tumorigenesis and tumor recurrence. Not only did BAQ12O target this population it also 

effected their functions including tumorigenesis both in vivo and in vitro and pluripotency 

markers that determine CSC self-renewing capabilities. In these cells, BAQ12O also 

showed lysosomal dysfunction leading to late-stage autophagy inhibition. BAQ12O 

produced more vacuoles measured by DQ-BSA analysis compared to the previous 

generation compounds and had subsequently more potent autophagy inhibition shown 

by increased levels of LC3B and p62 autophagy markers compared to the same 

previous generation compounds. We attribute these as autolysosomes based on their 

ability to degrade GFP in the LC3B-GFP-RFP transfected CSCs.  

This study also sheds light on the role of ferroptosis in both stem cell processes and in 

relation to autophagy. There is currently much debate on whether autophagy induction 

or inhibition induces ferroptosis. In the original characterization of ferroptosis by Dixon 

et.al, autophagy inhibition and ferroptosis could occur together. However, some recent 

reports by Mancias et. al showed that autophagy induction led to ferritinophagy in which 

the autophagic carrier NCOA4 (nuclear receptor Coactivator 4) responsible for 

degrading ferritin, the iron transporter is activated causing ferritin degradation, 

increased iron and thus induction of ferroptosis. Further studies showed that RSL3, the 
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GPX4 inhibitor causing ferroptosis bypasses ferritinophagy[31] which agrees with our 

results. The likely method in this case is oxidative stress resulting from inability to 

manage ROS and labile Fe levels as well as a decline in oxidative stress response 

systems including glutathione. In any case, our study looking at pancreatic CSCs 

provides a novel targeting strategy of both inhibiting autophagy and inducing ferroptosis 

provides a promising perspective for CSC targeting drugs.[16] Future studies can involve 

precisely which autophagic marker is causing the ferroptosis induction ruling out 

ferritinophagy.  

 Finally, this mechanism provided potent in vivo efficacy in mouse engrafted with 

CSC tumors. Particularly, the ability to work synergistically with the current standard of 

care for pancreatic cancer, gemcitabine. These results combined with its excellent 

safety profile and biodistribution showing tumor targeting and retention indicate there is 

a promising translational application of this drug to clinic. Future studies not completed 

in this work include evaluating BAQ12O in orthotopic and immune competent tumor 

models which will be required for future translation. Autophagy has already been shown 

to be an important process for immune cell evasion of pancreatic cancer.[32]  

Currently, there is no specific clinical drug against CSCs. Additionally, HCQ and CQ are 

approved for use as autophagy inhibitors but show inconsistent autophagy inhibition in 

clinic. The drug we have designed in this project tackles these issues by showing a 

more potent autophagy inhibition than the current most potent chloroquine derivatives 

as well as targeting CSCs. There is also currently no ferroptosis inducer available for 

clinical use. Thus, BAQ12O provides several unique advantages to address the highly 

lethal nature of pancreatic cancer. In addition, its ability to self-deliver and ease of scale 
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up make it a promising translational compound. Its nanoparticle qualities make 

functionalization and load carrying capabilities make its application in drug delivery 

feasible and relevant to more autophagy-dependent tumor subtypes.  
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Figure 1: BAQ12O Nanoparticle Characterization
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FIGURE 1: BAQ 12O Nanoparticle Characterization 

a Structure of bisaminoquinolone nitric oxide BAQ12O b Scheme to self-assemble 

BAQ12O into nanoparticle and pegylation with DSPE-PEG2000 for added stability. c 

Dynamic Light scattering of BAQ12O showing nanoparticle size of 131 nm. Zeta 

potential was also measured at -9.3 ζ. d Transmission Electron Microscopy image of 

BAQ12O showing micelle formation and size of 130 nm. Zoom in on top right. Scale bar 

is 100 nm. e Fluorescence intensity of BAQ12O in nanoparticle form as well as in 

solution. BAQ12O showed an excitation/emission of 385/506 λ f Stability of BAQ12O 

nanoparticle in FBS vs. PBS solution. g Critical aggregation concentration of BAQ12O 

NP is 0.08 µM. h Serum blood concentration of BAQ12O in Pharmacokinetic study of 

rats given BAQ12O IV injection. Average of n=3. Parameters calculated from a 2-

compartment model.  
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Figure 2: BAQ12O shows selectivity for CSCs and inhibits CSC Pluripotency and 

Tumorigenesis 

a IC50 screen of BAQ12O in various pancreatic cell lines. b IC50 screen of tumorsphere 

cells collected from Panc1 cells grown in nonadherent conditions and differentiated 

CSC cells shown in the scheme above. BAQ12O is more potent in the population with 

more stem-like characteristics. c Tumorigenesis in vivo shown in treatment schedule 

below, tumor formation was evaluated after drug treatment finished at the indicated time 

points. Tumors formed and compared to number of tumors injected in mice. Treatment 

began after CSC implantation. Statistics were calculated using 𝜒2 analysis. d 

Tumorigenesis evaluated in vitro measuring tumorsphere production after seeding cells 

(CSCs, MIA-PaCa2, and Panc1) in matrigel. Structures of drugs shown below of 

precursors and previous generation compounds. Scale bar of whole and zoomed in 

window are 200 µm. e Quantification of sphere or cells. Student’s t test was used to 

calculate p value. f Western blot analysis of stem cell marker Sox2 in treated CSCs. g 

Decrease in stem cell markers of CSCs in qPCR analysis.   
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Figure 3: BAQ12O enters CSCs through clathrin-mediated endocytosis, 
targets the lysosome and causes autophagic dysfunction.
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Figure 3: BAQ12O enters CSCs through clathrin-mediated endocytosis, targets 

the lysosome and causes autophagic dysfunction. 

a BAQ12O signal after treatment with the indicated temperatures or inhibitors in CSCs. 

Student’s t test was used to calculate p value. b Immunoblotting of autophagy proteins 

p62 and LC3B after 24h treatment at the indicated doses in CSCs. c time course of 

BAQ12O uptake into CSC with lysotracker red staining, drug fluorescence and Calcein 

as a viable cell maker. d TEM image of BAQ12O treated CSCs compared to Lys05, 

Lys05-O, 12 and vehicle treated CSCs. More vacuolization is seen in 12O treated 

CSCs. Scale bar=5 µm e Transfected CSCs with LC3B-GFP-RFP along with indicated 

drug treatments Lys05, 12, 12O at 3µM and controls Chloroquine 100 µM, Leupeptin A 

200 µM for 16h. Hoechst 33342 used to stain nucleus. Pictures have been edited to 

focus on 1 representative cell from each group. Scale bar=10µm f Quantification of GFP 

and RFP puncta. p value from Student’s t test.  g Vacuoles shown DQ-BSA after 16h 

treatment in CSCs. Pictures were zoomed in 2x to show vacuoles. Scale bar=10µm. h 

DQ-BSA vacuoles quantified. p value from Student’s t test.  
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Figure 4: BAQ12O Eliminates CSCs through Ferroptosis 
related Death

a b

Veh
icl

e

RSL3 1
 uM

RSL3 3
 uM

RSL3 3
0 u

M

12
O 1 

uM

12
O 3 

uM

12
O 30

 uM
0

1

2

3

4

GSH/GSSG Ratio

G
SH

/G
SS

G
 R

at
io

*
*
**

c Vehicle
RSL3 3 µM

RSL3 6 µM

12O 6 µM

12O 3 µM

Ce
ll n

um
be

r

Lipid ROS (BODIPY 665/676)

d e

f

Veh
icl

e

Lys
05

 3 
µM

Lys
05

 6 
µM

12
O 3 

µM

12
O 6 

µM

Eras
tin

 6 
µM

Eras
tin

 10
 µM

0

1

2

3

fo
ld

 c
ha

ng
e

Ferroptosis and Oxidative Stress genes

FTL
FTH1
HMOX

g

Vehicle RSL3 12O 6 µM12O 3 µM

Li
pi

d 
pe

ro
xi

da
tio

n

Veh
icl

e

RSL3 1
 µM

RSL3 3
 µM

12
O 1 

µM

12
O 3 

µM
0

50000

100000

150000

Fe2+  

Fl
uo

re
sc

en
ce

 In
te

ns
ity * *ns

ns

Veh
icl

e

12
O 0.

37
 µM

Eras
tin

 0.
37

 µM

12
O 3.

3 µ
M

Eras
tin

 3.
3 µ

M

12
O 90

 µM

Eras
tin

 90
 µM

0

50000

100000

150000

Fl
uo

re
sc

en
ce

 In
te

ns
ity

ROS production

***

****

Veh
icl

e

RSL3 1
 µM

RSL3 3
 µM

12
O 1 

µM

12
O 3 

µM
0

100000

200000

300000

400000

ROS production 

Fl
uo

re
sc

en
ce

 In
te

ns
ity

* *

h

TrF1

GAPDH

Vehicle​
RSL3
3 µM​

RSL3​
6 µM​

12O ​
3 µM​

12O ​
6 µM​

0 5 10 15

-log10(P)

Proteomics
Pathway Enrichment Analysis

Top KEGG Pathway

Top GO Biological Process Pathway

Ferroptosis

Stress response to metal ion



 

 86 

Figure 4: BAQ12O Eliminates CSCs through Ferroptosis related Death 

a Pathway enrichment analysis from proteomic analysis of CSCs treated with BAQ12O 

and vehicle treated cells. Ferroptosis and related pathways highly significant among all 

proteins showing a significant change between vehicle treated and BAQ12O treated 

CSCs. The top pathways from GO Biological Pathways and KEGG databases are 

shown b ROS production measured by DCF-DA fluorescence signal showing increased 

ROS production with BAQ12O treatment with two ferroptosis inducers, Erastin and 

RSL3 in CSCs. p value calculated using Student’s t test. c Labile Fe signal measured 

with FerroOrange dye after drug treatment for 24h in CSCs. p value calculated using 

Student’s t test. d Oxidized glutathione ratio measured 24h after the noted 

concentration of drug. More potent decrease of glutathione redox potential with 

BAQ12O treatment in CSCs. e Flow cytometry analysis of CSCs stained with BODIPY 

665/676 dye after 24h of indicated drug treatment. f Lipid peroxide staining using 

BODIPY 665/676 dye in CSC after indicated drug treatment (RSL3 = 6µM). Increased 

lipid droplets with peroxidation with treatment. Representative pictures shown with 10 

µm scale bar. g qPCR of ferroptosis and oxidative stress genes after treatment for the 

indicated doses for 24h. h Western blot analysis of Fe transporter transferrin receptor in 

CSC lysates collected after 24h drug treatments.  
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Figure 5: BAQ12O shows tumor targeting and efficacy in 
combination with current chemotherapy and as a 
maintenance therapy to prevent tumor resurgence
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Figure 5: BAQ12O shows Tumor Targeting and Efficacy in Combination with 

Current Chemotherapy and as a Maintenance Therapy to prevent Tumor 

Resurgence  

a Combination synergy between Gemcitabine and 12O. Calculated from n=3 

independent replicates. b Ex-vivo Biodistribution of 12O in CSC tumor mouse models. c 

Tumor volumes for combination and maintenance treatment regimens. Gemcitabine 

was given 50 mg/kg IP either once or twice/week and 12O was given 50 mg/kg IV either 

2 or 3 times/week for the indicated period. d Representative histological analysis of 

tumors from both treatment regimens along with immunohistological staining of Ki67, 

p62 and LC3. Scale bar is 100µm. e Western blot analysis of individual tumor samples 

from each group for ferroptosis markers and autophagy markers. 
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1: Chemical Characterization of BAQ12O 

 

Chemical synthesis of BAQ12O 

1. Synthesis of DCQO. 4,7-dichloroquinoline (2 g, 10 mmol) was dissolved in 50 mL 

and was vigorously stirred (500 rpm) on an ice-water bath for 15 min. mCPBA (2.7 g, 12 

mmol) was added carefully in bath (4 times) to the reaction solution. The resulting 

reaction mixture was allowed to stir (500 rpm) at room temperature for 12 hr. TLC 

indicated complete conversion of starting materials to one major spot. Dichloromethane 

(100 mL) and potassium carbonate (4.1 g, 30 mmol) were added to the reaction 

solution, which was stirred (300 rpm) for 1 hr at room temperature. The mixture was 

poured into a 500 mL beaker containing 200 mL water and stirred (300 rpm) for another 

1 hr. (The organic phase was collected, washed with saturated sodium carbonate (75 

mL×3), water (75 mL×3), brine (75 mL×3), respectively, and dried with anhydrous 

sodium sulfate overnight. After filtration, solvent was evaporated under reduced 

pressure, and the resulting crude material was recrystallized with 80 mL acetonitrile. 

The resulting solid product was filtered for collection, and then was dried under vacuum 

to afford 1.8 g DCQO as white solid. 1HNMR (600 MHz, CDCl3) δ 8.79 (d, J=1.8 Hz, 2 

H), 8.44 (d, J=6.6 Hz, 2 H), 8.44 (d, J=8.4 Hz, 2 H), 7.71 (d, J1=9.0 Hz, J2=2.4 Hz, 2 H), 

7.38 (d, J=6.0 Hz, 2 H). HRMS (ESI): m/z calculated for C9H6Cl2NO [M+H]+ 213.9821, 

found 213.9834. 
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Supplementary Figure 1a: H1NMR spectra of DCQO in CDCl3. 

 

 

Supplementary Figure 1b: Mass spectra of DCQO 
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2. Synthesis of BAQO. Sodium bicarbonate (840 mg, 10 mmol) and diethylenetriamine 

(432 μL, 4 mmol) were added to the solution of DCQO (2.14 g, 10 mmol) in 30 mL 

anhydrous ethanol. The mixture was refluxed at 95 °C for 48 hr. TLC was used to 

indicate the generation of the target materials material (TM, the yellow spot). Ethanol 

was evaporated under reduced pressure and the residue was re-resuspended by 30 mL 

methanol, which was slowly dropped into a 300 mL beaker with the mixed solution of 

100 mL hydrochloric acid (1 M) and 50 mL dichloromethane. The aqueous phase was 

collected, washed with dichloromethane (50 mL×2), alkalized to pH 10 using 10 M 

NaOH (12 mL) to generate yellow precipitation. The precipitation was collected, washed 

by water (30 mL×3) and dried under vacuum to afford 850 mg BAQO as yellow solid. 

1HNMR (600 MHz, CD3OD) δ 8.51 (d, J=1.8 Hz, 2H), 8.35 (d, J=7.2 Hz, 2H), 8.14 (d, 

J=9.0 Hz, 2H), 7.55 (d, J1=9.0 Hz, J2=2.4 Hz, 2H), 6.63 (d, J=7.2 Hz, 2H), 3.58 (t, J=6.0 

Hz, 4H), 2.94 (t, J=6.0 Hz, 4H). HRMS (ESI): m/z calculated for C22H22Cl2N5O2 [M+H]+ 

458.1145, found 458.1126. 
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Supplementary Figure 1c: H1NMR spectra of BAQO in CD3OD 

 

 

Supplementary Figure 1d: Mass spectra of BAQO 
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3. Synthesis of BAQ12O. The mixture of BAQO (916 mg, 2 mmol), dodecyl aldehyde 

(1.8 mL, 8 mmol) and acetic acid (20 μL) was vigorously stirred (500 rpm) at room 

temperature for 30 min. Sodium cyanoborohydride (377 mg, 6 mmol) was then added 

slowly. The reaction mixture was stirring at room temperature for another 12 hrs. TLC 

indicated the complete conversion of starting materials to one major spot. The solvent 

was concentrated to 25 mL and then the resulting residue was diluted in 75 ml 

dichloromethane). The organic phase was washed with 100 mL saturated sodium 

bicarbonate three times. The emulsion layer was collected, and then was filtered to 

provide a yellow solid, which was washed by water (30 mL ×3) and ethyl ether (30 mL 

×3). The collected yellow solid was dried under vacuum to afford 1.2 g BAQ12O. 

1HNMR (CD3OD, 600MHz) δ 8.43 (d, J=1.8 Hz, 2H), 8.31 (d, J=7.2 Hz, 2H), 7.82 (d, 

J=9.0 Hz, 2H), 7.31 (d, J1=9.0 Hz, J2=2.4 Hz, 2H), 6.56 (d, J=7.2 Hz, 2H), 3.50 (t, J=6.0 

Hz, 4H), 2.94 (t, J=6.0 Hz, 4H), 2.71 (t, J=7.2 Hz, 2H), 1.55 (m, 2H), 1.32 (m, 18H), 0.92 

(t, J1=6.6 Hz, 3H). CNMR (CD3OD, 150MHz) δ 148.0, 140.1, 139.9, 138.4, 127.6, 123.9, 

118.7, 117.9, 98.09, 54.9, 52.3, 41.5, 32.4, 30.2, 30.1, 30.1, 29.8, 28.1, 27.7, 23.1, 13.8. 

HRMS (ESI): m/z calcd for C34H46Cl2N5O2 [M+H]+ 626.3023, found 626.3060. 
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Supplementary Figure 1e: H1NMR spectra of BAQ12O in CD3OD 

 

 

Supplementary Figure 1f: Mass Spectra of BAQ12O 
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Supplementary Figure 1g: C13NMR spectra of BAQ12O in CD3OD  
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Heart Lung Liver Intestine Kidney Spleen

PBS

12O

RBC WBC Platelets ALP Bilirubin BUN Creatinine Albumin Glucose

Mouse-
PBS

10.48�
0.91

10.3�
1.2

374�47 79�42 0.4�0.1 19.5�
1.4

0.3�0.1 2.9�0.2 128�32

Mouse-
12O

11.0�
0.15

9.4�
0.5

386�69 99�14 0.8�0.2 19.2�
0.8

0.2�0.0 2.9�0.1 114�2

RBC WBC Platelets ALP Bilirubin BUN Creatinine Albumin Glucose

Rat-PBS
8.25�
0.91

12.6�4.9 162�73 320�91 0.4�0.4 20.1�
7.3

0.4�0.1 4.5�0.2 164�107

Rat-12O
7.87�
0.31

10.2�2.6 195�114 317�
103

0.4�0.4 27.4�
5.3

0.5�0.2 4.3�0.4 114�8

a b

c

d

e
Cell line NIH-3T3 human 

MSC

IC50 (µM) 13.91 11.2



 

 97 

 

Supplementary Figure 2: BAQ12O Toxicity 

a-b Systemic toxicity in (a) mouse and (b) rat given BAQ12O in the listed treatment 

regimens. No obvious loss of body weight in either species. c Representative H&E 

images of main organs in mice. No obvious pathological toxicities. Scale bar is 100 µm. 

d Representative hematologic indexes in mouse and rat. Tissue or blood samples 

collected 12h after last administration. Data is shown as mean ± SD, n=3. e IC50 

evaluated in non-cancerous cells. MSC are mesenchymal stem cells collected from 2 

different donors, IC50 is average from two donors. Each value was calculated from n=3 

independent experiments incubated for 48h.   
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Supplementary Figure 3: BAQ12O is more potent than precursors and selective to 

CSCs 

a BAQ12O is the most potent in the CSC cell line. Previous generation and their 

structures are shown below including Lys05 and its oxidized form Lys05-O, BAQ12 and 

BAQ12O for comparison. b BAQ12O is the most potent in in inhibiting autophagy 

compared to the precursors showing the most increase in autophagic markers p62 and 

LC3B in the following western blot in CSC treated lysates. c Screening of IC50 in 

tumorsphere cells using different pancreatic cancer cells which were cultured in sphere 

forming conditions and compared to their normal media and culture conditions. Shown 

on right is Panc1 tumorspheres before being dissociated and collected. Scale bar is 100 

µm. d Selectivity of BAQ12O is not due to serum binding and inactivation of drug. MIA-

PaCa2 cell line was cultured in the following conditions and BAQ12O was treated for 

48h. Each IC50 is relative to untreated cells in that specific condition and n=3. e DQ-BSA 

seen clearly in CSC cells after BAQ12O treatment is not seen in A549 containing stably 

transduced LC3-GFP vector. BAQ12O dose was increased showing autophagy 

inhibition but no signal from DQ-BSA was observed. 
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Supplementary Figure 4: Hemolysis 

Hemolysis: pH dependent hemolysis. Red blood cells were treated as indicated for 4h. 

Representative images are shown. n=3. Hemolysis was measured by absorbance at 

541 nm.  

 

 

Supplementary Figure 5: Endocytosis 

Endocytosis: Cytotoxicity of endocytosis inhibitors on CSC. CSCs were incubated with 

the inhibitors for 30 min. n=3 Arrows indicate the dose of drug used in the experiment.  
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Supplementary Figure 6: Death Pathways 

a-b immunoblotting for the following apoptosis and programmed necrosis proteins in 

CSCs. There is no significant difference with vehicle treated group at a toxic dose of 

BAQ12O in cleaved caspase 3, cleaved PARP, MLKL, RIP3, or HMGB1. Other 

precursors were included for comparison. GEM=gemcitabine as an apoptosis positive 

control. c Western blot for measuring ferritinophagy marker NCOA4 which shows 

increase in both RSL3 ferroptosis inducer as well as BAQ12O treated CSC lysates. 

Indicating that ferroptosis induction is not caused through ferritinophagy in CSCs with 

BAQ12O.  
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Supplementary Figure 7: The treatment schedules for the mouse efficacy studies. 

CSCs were engrafted in the mouse flanks and allowed to grow until the tumor reached 

100-150 mm3 upon which the following treatment regimens were started. The bottom 

maintenance shows the phases of treatment including the induction with no BAQ12O 

treatment then maintenance to prevent regrowth.  
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Supplementary Figure 8: RNA sequencing data 
ferroptosis
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Supplementary Figure 8: RNA Sequencing data ferroptosis 

Differential expression of genes obtained from RNA sequencing of CSCs treated with 

BAQ12O (5 µM, 24h) compared to vehicle treated CSCs. List of ferroptosis related 

genes was obtained from the GSEA database and analyzed using R program DESeq2. 

The heat map shows the top ten upregulated and downregulated statistically significant 

genes in the ferroptosis pathways. Volcano plot showing upregulated ferroptosis genes 

with a fold change of greater than log2. Gene Set Enrichment Analysis of Ferroptosis 

related genes and oxidative stress. Both showed positive enrichment scores.  
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CONCLUSION 

Here we have summarized the current state of pancreatic cancer including what 

is known about disease progression and current chemotherapies. First, the most 

common subtype of pancreatic cancer is pancreatic ductal adenocarcinoma (PDAC) 

accounting for the vast majority of pancreatic cancer occurrences and deaths.[1]  The 

current first in line treatments including gemcitabine and the FOLFIRNOX composed of 

fluoruracil, luecovorin, irinotecan, and oxaliplatin, are not enough to address the high 

mortality rate associated with pancreatic cancer. Additionally, chemotherapies are 

particularly important for pancreatic cancer treatment which in many patient cases have 

already metastasized upon detection (52% of new cases) and patients are unable to 

undergo surgical resection.[2] New treatment modalities are urgently needed to improve 

this lethal cancer subtype.  

One new targeting approach discussed extensively in this dissertation is to 

develop lysosome targeting drugs that modulate autophagy. Autophagy is the process 

of degrading macromolecules, including proteins, lipids, and cell organelles, in the 

lysosome. A general overview of the process begins with an initiation and nucleation of 

a phagophore to begin enveloping the targeted cargo marked for degradation, followed 

by maturation of the membrane to form a vesicle around the cargo known as the 

autophagosome, and then finally degradation in which the autophagosome and 

lysosome fuse to full degrade the cargo.[3] Autophagy is widely given the term “double-

edged sword” because the context of the cell is highly important as to whether 

autophagy inhibition or induction leads to cell death.[3] In relation to many cancer 

subtypes, autophagy is initially used to inhibit tumor formation and growth and after 
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tumor establishment, autophagy is hijacked to sustain tumor growth and 

maintenance.[3] However, in pancreatic cancer the level of basal autophagic flux is 

already high and many have proven that autophagy is required in PDAC for growth and 

maintenance.[4]  

Within the heterogenous tumor population, there is a subset of cells that display 

marked autophagy dysfunction.[5] Cancer stem cells (CSCs) are a rarer type of cell in 

the tumor that possess, as their name suggests, stem cell-like properties. They can 

self-renew, differentiate into other types of cells, cause tumor recurrence and 

metastasis as well as avoid many chemotherapies that target actively replicating cells, 

due to their often-quiescent state.[5] CSCs use autophagy to regulate many of their 

functions including pluripotency, differentiation, migration/invasion, and for their own 

homeostasis.[5] Targeting this process particularly for eliminating CSCs provides a 

viable strategy for the highly lethal pancreatic tumor. The current autophagy inhibitors, 

chloroquine (CQ) and its safer, more widely used derivative, hydroxychloroquine (HCQ) 

are the main drugs chosen for autophagy inhibitors in clinical trials for PDAC and 

several other cancer types. Unfortunately, the concentration of drug needed for 

sufficient autophagy inhibition using HCQ and CQ is not clinically relevant.[3] More 

potent autophagy inhibitors are needed for clinical translation. This seems to be in part 

the reason why a study done by Balic et.al. using CQ to treat pancreatic cancer stem 

cells used another mechanism apart from autophagy.[6]  

In order to produce a more potent autophagy inhibitor, nanomedicine provided an 

innovative approach for ease of functionalization and favorable drug delivery 

properties. This dissertation reviewed strategies to design nanomaterials to optimize 
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drug delivery to the target tumor. To bypass the many biological barriers from drug 

administration to the target, the nanoparticle must first remain stable in blood circulation 

including avoid shear stress and premature clearance to reach the target location and 

stable enough to prevent any type of drug release. After passing blood circulation, the 

nanoparticle should be able to penetrate the tumor and still be able to be internalized 

by the cell in the often-harsh tumor microenvironment. Particularly in PDAC, there is 

dense fibrosis making tumor penetration challenging in this subtext. Finally, the drug 

should have tumor retention along with a timely clearance to prevent excessive toxicity.  

We used this targeting strategy and the properties of both small molecules and 

nanomedicine to develop the bisaminoquinolone derivative N-oxide, BAQ 12O. BAQ 

BAQ12O was in the second generation of the series of compounds we previously 

described in the one-component new-chemical-entity nanomedicines which comprise of 

small molecules that can self-assemble and target the lysosome. These derivatives 

began with the divalent CQ derivative, Lys05,[7] and resulted in potent autophagy 

inhibition. BAQ 12O showed similar autophagy inhibition, however in comparison to the 

previous generation BAQ12, there was selectivity for pancreatic CSCs. BAQ 12O 

formed a micelle which we further PEGylated with DSPE-PEG2000 to promote 

nanoparticle stability and confer the benefits of PEG, a polymer known to promote 

stability in blood circulation.[8] BAQ12O not only inhibited autophagy in the CSCs but 

after proteomic analysis and RNA sequencing we identified that BAQ12O induced 

ferroptosis in the CSC population. Ferroptosis is the iron-mediated oxidative death 

pathway discovered by Dixon et. al in 2012 that is canonically different from deaths 

induced by apoptosis, necrosis, and autophagy.[9] Treatment with BAQ12O resulted in 



 

 113 

notable lipid peroxidation along with lower glutathione levels, high reactive oxygen 

species (ROS), and high labile Fe2+ ions. We saw this phenomenon both in CSCs in 

vitro as well as in vivo from tumor tissues collected from BAQ12O efficacy studies in 

mice. BAQ12O showed potent tumor efficacy in mouse engrafted with CSCs and 

particularly in combination with standard of care, gemcitabine, making it a promising 

translational drug candidate. Future studies need to be completed in order to further 

characterize the efficacy of BAQ12O in more preclinical models as well as elucidate the 

lysosome targeting mechanism of the compound. In this work, we have provided the 

basis for future studies in this area of CSC targeting nanomaterials and the role of 

autophagy and ferroptosis in pancreatic CSCs.  
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