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ABSTRACT 

Breast cancer is the most common malignancy and the second leading cause of death 

among women in the United States. The commonly used breast cancer treatment strategies 

include surgery, chemotherapy, radiation, and hormonal therapy. Since chemotherapeutic agents 

do not adequately differentiate between normal and cancerous cells, systemic toxicity and 

adverse effects associated with these anticancer drugs limit their therapeutic efficacy. In addition, 

uncontrolled cell proliferation and insufficient blood supply produce low oxygen partial pressure 

or hypoxia in almost all solid tumors. Hypoxia increases cancer cell survival through 

aggressiveness, metastasis, and resistance to chemotherapy, leading to poor clinical outcomes. 

Targeted drug delivery nanoparticles can significantly reduce off-target toxicity of chemotherapy 

by selectively targeting tumor tissues. Polymersomes are self-assembled drug-encapsulated 

polymeric nanoparticles in which an aqueous core is enclosed by a bilayer membrane. To attain 

the appropriate therapeutic efficacy, polymersomes need to rapidly release their anticancer drug 

at the tumor sites. To fulfill this requirement, stimuli-responsive polymersomes have been 

developed. Since most of the tumors have hypoxic areas inside, hypoxia-responsive 

polymersomes are one of the most effective drug delivery vehicles for cancer treatment. To 

prepare targeted drug delivery systems, functionalizing polymersomes with specific ligands 

intended to be recognized by the receptors of the cancer cells, is the most common strategy. 

Herein, we designed three distinct hypoxia-responsive polymersomes for targeting breast 

cancer tissues. More than 80% of breast cancers express estrogen receptor (ER-positive), and 

about 15-25% of them do not express any receptors (triple-negative).  Hence, we decorated our 

polymersomes with three different ligands including estradiol and endoxifen for targeting ER-

positive breast microtumors, and iRGD peptide for targeting triple-negative breast tumors.  
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1. INTRODUCTION AND DISSERTATION ORGANIZATION 

1.1. Breast cancer and biomarkers 

Breast cancer is the most common malignancy and the second leading cause of death 

among women in the United States.1  Breast cancer is curable if diagnosed at an early stage. 

However, breast cancer would be hardly treatable when it metastasizes to the lymph nodes and 

distant organs such as bone, lung, and liver.2,3 Biomarkers are small molecules found in tissues, 

body fluids, and blood which are measurable indicators of a natural or abnormal process.4,5 The 

invasiveness, metastasis, recurrence, and treatment of Breast cancer have been conducted by its 

tissue-based biomarkers for a long time.5,6 There are 3 major biomarkers for the breast cancer 

including estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 

factor receptor 2 (HER2).7,8 Breast tumors are divided into subgroups based on these biomarkers, 

i.e., ER+PR+HER2- (tumors with either ER or PR, but without HER2), ER+PR+HER2+ (tumors 

with all 3 biomarkers), ER-PR-HER2+ (HER2 positive tumors), and ER-PR-HER2- (tumors 

without 3 biomarkers or triple negative).9 The clinical use of biomarkers is to determine the most 

appropriate therapy for the breast cancer patients.8 

1.1.1. Estrogen receptor (ER) 

ERs are classified as ERα and ERβ. ERα has an important role in mammary gland 

development.10 However, elevated level of ERα demonstrates an increased risk of breast 

cancer.11 ERα expression in breast cancer is used for anti-hormonal therapy, including selective 

estrogen receptor modulators and aromatase inhibitors.12 ERβ is expressed in about 80% of 

normal breast epithelial cells and its role in breast cancer is not completely clear.13 However, five 

ERβ variants have been identified, ERβ1-5, that are detected in both normal tissues and breast 

cancer tissues.14,15 For instance, some studies reported that ERβ2 expression demonstrated 
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cellular proliferation,16 while other studies indicated the role of ERβ5 in preventing breast cancer 

recurrence.17 

1.1.2. Progesterone receptor (PR) 

PR is a steroid hormone receptor that is expressed in around 70% of all ER-positive 

breast cancers.18 PR has two different isoforms called PR-A and PR-B with different functions.19 

It has been observed that PR-B is stronger activator of the genes than PR-A in human breast 

cancer cells.20 In addition, the proliferative effects of progesterone hormone in breast cancer is 

mainly mediated by PR-B.21,22 PR is used as a predictive biomarker to determine the optimum 

endocrine therapy for breast cancer patients.23 

1.1.3. Human epidermal growth factor receptor 2 (HER2) 

HER2 is a member of epidermal growth factor (EGF) family. HER2 is highly expressed 

in 20% to 30% of breast tumors.24 HER2 overexpression causes aggressiveness, disease relapse, 

and shorter survival rate of the patients.25,26 One of the most productive goals of anticancer drug 

development is the research into targeting HER2 agents.27 Overall, HER2 targeting is classified 

into two categories: the first one consists of the drugs targeting HER2 overexpressed tumor cells 

which includes antibodies. The second one includes the drugs that inhibit the signaling function 

of HER2 such as tyrosine kinase inhibitors.28 

1.1.4. Triple negative breast cancer (TNBC) 

Triple negative breast cancer (TNBC) is a subtype of breast cancer in which the cells do 

not express ER, PR, and HER2.29 The incidence of TNBC is about 10% to 15% of all breast 

cancer cases.30 Triple negative breast tumors are aggressive enough to metastasize and spread to 

different organs such as bone, liver, lung, and central nervous system. Quantification of TNBC 
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biomarkers is the most important process to predict a therapeutic response and the survival rate 

of the patients.31 

1.2. Drugs for breast cancer treatment 

Surgery, radiation therapy, chemotherapy, and hormone therapy are the most common 

treatment options for breast cancer.32 Anticancer drugs can be categorized into different groups 

including chemotherapeutics, hormonal drugs, anti-vascular and antigrowth factors.33 

Doxorubicin (DOX) is a chemotherapeutic drug which is a member of anthracyclines for treating 

various cancers including breast cancer. However, DOX has adverse side effects such as 

gastrointestinal or cardiac toxicity.34 Paclitaxel (PTX) is another chemotherapy drug which 

hinders microtubule depolymerization and acts as a mitotic inhibitor.35 Capecitabine and 

cyclophosphamide are another chemotherapeutic drugs that act as an alkylating agent by 

inhibiting DNA synthesis.36,37 Since about 75% of breast cancers express ER, hormonal drugs 

can be a good candidate for ER+ breast cancer therapy.38 These hormonal drugs can be classified 

into two groups including the ones which inhibit estrogen production (aromatase inhibitors) and 

the second group which are ER antagonists (selective estrogen receptor modulators, SERMs).39 

Tamoxifen is the most commonly used SERM with antagonistic activity for treating ER+ breast 

tumors. Tamoxifen efficacy is attributed to its two active metabolites, 4-hydroxy tamoxifen and 

endoxifen.40 Raloxifene is another SERM which reduces the incidence of invasive breast cancer 

compared to tamoxifen which is superior to raloxifene in treating noninvasive breast cancers.41 

Anastrozole and letrozole are both aromatase inhibitors for treating early-stage breast cancer. 

Anastrozole is a well-tolerated drug which usually administered after tamoxifen treatment.42 

Letrozole has potential efficacy for preventing distant breast cancer recurrence and increasing 

survival rate of the patients.43 HER2 positive breast cancer consists of about 20% of all breast 
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cancer cases. Trastuzumab is a monoclonal antibody with anti-HER2 activity which has been the 

first-line therapy for the HER2 positive breast cancer.44 HER2 signaling blockade by 

trastuzumab improves the survival outcome in metastatic breast cancer.45 Microtubules have 

been studied as potential targets for anticancer drugs. Microtubules form the spindles during 

metaphase-anaphase transition of cell division. Any interruption in microtubule function will 

induce cellular apoptosis.46 Combretastatin is an anti-vascular agent that inhibits microtubule 

polymerization and causes vascular destruction and tumor cell death.47 Combretastatin has 

demonstrated significant reduction in breast tumor perfusion.48 

1.3. Nanoparticle-mediated drug delivery for breast cancer treatment 

A new compound that exhibits potent biological activity but poor half-life or solubility, 

will not have that much chance to develop as a new drug molecule. On the contrary, poor 

biologically active molecules with potent pharmaceutical characteristics might have the potential 

to develop.49 Nanotechnology will use the nanosized materials to overcome the hurdles of low 

solubility, circulation half-life, drug release, and immunogenicity.50 Nanomedicine, the 

collaboration of medical sciences  and nanotechnology, has provided novel perspectives towards 

disease therapy. A great deal of nanoparticle-mediated therapeutics has been produced for cancer 

treatment during the last 30 years.51 Several types of nanoparticles have been employed for 

breast cancer treatment including polymersomes, liposomes, quantum dots, metal and protein-

based nanoparticles, mesoporous silica nanoparticles, carbon nanotubes and dots, and so 

more.7,52–54 A list of nanoparticles that have been reported in the literature are included within 

Table 1.1. Nanoparticles have become spectacular carriers for chemotherapeutics due to 

increasing solubility and bioavailability of drugs.55 In addition, nanoparticles can be modified 

with specific molecules called ligands that selectively interact with overexpressed receptors on 
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the surface of preferred cancer cells.56 This phenomenon is called targeted drug delivery which 

increases drug accumulation within breast cancer tumors and reduces undesired side effects.57 

Table 1.1. Nanoparticles (NPs) for breast cancer treatment. 

Type of NP Drug cargo Type of BC cell Reference 
Dendrimer Doxorubicin MCF-7 58 
Micelle Docetaxel,  

Paclitaxel,  
Doxorubicin, 
Dosatinib 

MDA-MB-231 
MCF-7 
4T1 
MDA-MB-231 

59 
60 
61 
62 

Liposome Paclitaxel 
Doxorubicin 
Docetaxel 

MCF-7 
MDA-MB-231 
SK-BR-3 

63 
64 
65 

Polymersome Doxorubicin MCF-7 7,66 
Exosome Doxorubicin BT-474, SK-BR-3 67 
Gold NPs Tamoxifen 

Docetaxel 
Doxorubicin 

MCF-7 
MCF-7 
MCF-7 

68 
69 
70 

SPIONs Violamycine B1 
Doxorubicin 

MCF-7 
MDA-MB-231 

71 
72 

Quantum Dots Trastuzumab SK-BR-3, BT-474 73 
MSNs Doxorubicin MCF-7 74 
Fullerene Docetaxel MCF-7, MDA-MB-231 75 
CNTs Doxorubicin 4T1 76 
CDs Cisplatin MCF-7, MDA-MB-231 77 
Viral NPs Trastuzumab 

Doxorubicin 
SK-OV-3, SK-BR-3 
MDA-MB-231 

78 
79 

SLNs Tamoxifen 
Paclitaxel 
Docetaxel 
Doxorubicin 

MCF-7 
MCF-7 
MCF-7 
MCF-7/ADR 

80 
81 
82 
83 

 
1.4.  Polymeric nanoparticles (polymersomes) 

Polymersomes are polymeric nanoparticles that are made from synthetic amphiphilic 

block copolymers.84 Polymersomes have an aqueous core which is surrounded with a bilayer 

membrane. This membrane has a lipophilic middle section that is sandwiched between 

hydrophilic polymers. Many proteins, nucleic acids, and hydrophilic drugs can be encapsulated 

within the aqueous core of the polymersomes.7,85 However, lipophilic drugs can be incorporated 
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into the polymersome bilayer.52,53 The relative mass of the hydrophilic block to the total mass of 

the copolymers which is known as hydrophilic fraction (f) determines the morphology.86 The 

hydrophilic fraction for the polymersome preparation ranges between 20-40%.87 The membrane 

thickness is greater than 4 nm and the molecular weight is almost high in the polymersomes.86 

Incorporation of polyethylene glycol (PEG) as a hydrophilic block into the surface of polymeric 

nanoparticles will increase the circulation time of the  polymersomes by diminishing steric 

repulsion and interfacial free energy.88 

Polymersomes can be self-assembled by either solvent-exchange method or polymer 

dehydration method.89 During the solvent-exchange method, block copolymers are first dissolved 

in an organic solvent. Then the hydration will be carried out by either injecting the organic 

copolymer solution into water or via slow insertion of water to the copolymer solution. Due to 

enhancing interfacial tension between water and lipophilic blocks, copolymers start self-

assembling into the polymersomes.90 The self-assembly of block copolymers to polymersomes 

can be rendered by hydrating of copolymer films during the polymer rehydration method. In this 

method, organic copolymer solution will be evaporated to prepare a thin-layer film by removing 

the organic solvent. The film is then hydrated by adding water which penetrates among polymer 

layers. This results in polymer swelling, protuberance production, and surface vesicular 

separation.91 

Polymerization of a monomer or accumulation of chemically and physically similar 

monomers produces a block copolymer. Two or more block copolymers can self-assemble to 

polymersomes. Various combinations of non-biodegradable block copolymers such as 

polystyrene (PS), polybutadiene (PBD), polyethyl ethylene (PEE), and polydimethylsiloxane 

(PDMS), or biodegradable block copolymers including polytrimethylene carbonate (PTMC), 
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polylactide (PLA), and polycaprolactone (PCL) can be used for polymersome preparation.92 

Polyglutamic acid (PGA), polyacrylic acid (PAA), and PEG are commonly used as hydrophilic 

blocks in the structure of the polymersomes.93–95 

Polymersome solutions can be characterized by dynamic light scattering (DLS) which is 

used to evaluate size distribution, nanoparticle size, charge, critical aggregation concentration, 

and nanoparticle disruption.7,95,96 Optical microscopy such as scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) are high resolution techniques for 

visualizing polymersomes (Figure 1A).97 Polymersomes can be labeled with fluorochromes and 

visualized by fluorescence microscope.92 Confocal laser scanning microscopy (CLSM) is another 

tool for supplying three-dimensional z-stacked images from the polymersomes.98 Atomic force 

microscopy (AFM) is a functional method for measuring the size and evaluating the topography 

of polymersomes which employs a microscopic tip for scanning nanoparticles (Figure 1.1.B).99 

 
 

Figure 1.1. (A) TEM image (scale bar: 100 nm) and (B) AFM image of polymersomes. 

1.4.1. Drug-encapsulation and release from polymersomes 

Polymersomes are appropriate vehicles for drug delivery, diagnostics, and imaging. The 

amphiphilic and hydrophobic molecules, lipophilic drugs, membrane proteins, and dyes can be 
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incorporated into the polymersome’s membrane.52,100,101 However, the hydrophilic anticancer 

drugs can be encapsulated within the aqueous core of the polymersomes (Figure 1.2.).7  

  

Figure 1.2. (A) Polymersomes with hydrophilic drugs (red circles) in the core and hydrophobic 
drugs (blue squares) in the bilayer. (B) Polymersomes with targeted ligands (yellow triangles). 

Therapeutic drugs can be actively or passively loaded into polymersomes. In passive 

loading, the drug of interest is usually incorporated in the water or aqueous phase where the 

polymersomes form. In active loading or pH-gradient method, polar chemicals or low molecular 

weight drugs can pass through the polymersome membrane, ionize to get charge, and 

consequently are trapped inside the low or high aqueous pH of vesicle.102 The membrane 

thickness of the polymersomes is robust enough to retain the encapsulated drugs for a prolonged 

circulation time before reaching the disease site.103 Doxorubicin (DOX) is a potent anthracycline 

drug for the treatment of many types of solid tumors including breast cancer.104–106 To reach a 

high DOX loading content within nanoparticles, previous studies demonstrated that generating a 

pH gradient (active loading) with lower pH level inside and higher level outside the membrane, 

enhances the amount of incorporated weak amines such as DOX into the aqueous core of the 

nanoparticles.107 
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Drug release from polymersomes occurs through diffusion from membrane via a driving 

force created from different drug concentrations between inner and outer sides of the 

membrane.108 The size of the polymersome is a key factor for the drug release rate.109 Based on 

the limitations related to the appropriate block copolymers used in the polymersome structure, 

the rate of drug release can only change within a limited range.110 

1.4.2. Stimuli-responsive polymersomes 

To optimize the polymersomes for the controlled drug delivery, some chemical and 

physical changes have been administered to the polymersome structure to be responsive to 

various stimuli. There are three types of stimuli which include chemical (i.e., pH, hypoxia, 

oxidation-reduction), physical (i.e., light, temperature, magnetic field), and biological (i.e., 

enzymes or glucose concentration) stimuli.111–115 The pH-responsive polymersomes can carry the 

encapsulated drugs in blood circulation (pH 7.4) and release the drug within acidic tumor 

microenvironment. Hypoxia-responsive polymersomes are composed of an oxygen sensitive 

group such as nitroimidazole or diazobenzene which carry the encapsulated anticancer drugs in 

the bloodstream and release the drugs after translocating to the hypoxic niches of cancer 

cells.7,116,117 Oxidation-reduction (redox)-responsive polymersomes have been made based on 

implementing disulfide bonds between hydrophilic and hydrophobic blocks which reversibly 

break under reductive environment within cells and release polymersomes’ encapsulated 

drugs.118 Light-responsive polymersomes are drug delivery systems that contain a photo-

responsive linker such as spiropyran or diazonaphthoquinone between block copolymers which 

degrade by adjusting intensity of light wavelengths and release the drugs.119 Temperature-

responsive polymersomes contain a thermo-sensitive polymer block which is usually poly N-

isopropylacrylamide (PNIPAAm). This polymer self-assembles into polymersomes above body 
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temperature to encapsulate drugs. PNIPAAm has a lower critical solution temperatire (LCST) of 

32 °C which causes polymersome degradation by decreasing temperature with external stimuli 

and releasing encapsulated drugs.120 Magnetic field-responsive polymeric vesicles are prepared 

by encapsulating paramagnetic or ferromagnetic iron oxide materials and drugs into 

polymersomes. An external magnetic field stimulus triggers polymersome disintegration and 

drug release within target tissues.121 Enzyme-responsive nano-vesicles have been developed by 

incorporating an enzyme-sensitive substrate between block copolymers. Based on upregulation 

of some specific enzymes within disease sites, these polymersomes would disassemble and 

release the encapsulated drugs when subjected to the enzymes.122 An example of enzyme-

responsive polymersomes is the incorporation of Gly-Phe-Leu-Gly-Phe peptide between PEG 

and polylactide (PLA) copolymers which is degraded when exposed to upregulated cathepsin B 

lysosomal enzyme within tumor tissues.123 Glucose-responsive polymersomes are a type of 

stimuli-responsive nanoparticles that are prepared by integrating various glucose-sensitive 

materials such as phenyl boronic acid or glucose oxidase into the polymersomes loaded with 

insulin.124,125 Phenyl boronic acid is in a balance between charged/uncharged mood. When it 

reacts with glucose, it reversibly converts to hydrophilic form and releases encapsulated insulin 

from polymersomes.126  

1.4.3. Tumor-targeted drug delivery polymersomes 

Targeted drug delivery systems increase the therapeutic efficacy of anticancer drugs by 

selectively addressing therapeutics towards tumor tissues and reduce chemotherapy side effects. 

Two different types of tumor-targeted drug delivery include passive and active tumor 

targeting.127 Enhanced endothelial cell proliferation and reduced amount of pericytes during 

angiogenesis in tumor microenvironment creates leaky vasculature.128 In addition, impaired 
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lymphatic drainage present in tumor tissues along with increased vascular permeability causes an 

accumulation of nanoparticles within tumors via enhanced permeability and retention (EPR) 

effect (passive tumor targeting).129 Cancer cells overexpress some receptors on their surfaces 

which are ideal traps for specific ligands incorporated into the surface of drug delivery 

nanoparticles. Through ligand-receptor mediated drug delivery systems, chemotherapeutic drugs 

can be directed to the ideal tumor destination (active tumor targeting).57 Different types of 

ligands have been incorporated into the polymersomes to increase tumor penetration including 

peptides, nucleic acids, proteins, small molecules, and polysaccharides.130 A list of ligand-

decorated polymersomes for active targeting has been shown in Table 1.2. 

Table 1.2. Ligands used for polymersome-based targeted drug delivery. 

Type Ligand Target site Cargo Application Reference 
Protein Trastuzumab HER2 γFe2O3 Breast cancer 

imaging 
131 

Protein Anti-EGFR EGFR Acridine 
orange 

Breast cancer drug 
delivery 

123 

Protein Transferrin Transferrin 
receptor 

Coumarin-6 Brain drug delivery 132 

Peptide PR_b peptide αvβ1 integrin TNFα Prostate cancer 
drug delivery 

133 

Peptide iRGD peptide αvβ3 integrin Doxorubicin Breast cancer drug 
delivery 

104 

Peptide iRGD peptide αvβ3 integrin Napabucasin 
and Gemcitabin 

Pancreatic cancer 
drug delivery 

53 

Nucleic acid A10-RNA 
aptamer 

PSMA Docetaxel Prostate cancer 
drug delivery 

134 

Small molecule Folate Folate receptor Doxorubicin Cervix cancer drug 
delivery 

135 

Small molecule Estradiol Estrogen 
receptor 

Doxorubicin Breast cancer drug 
delivery 

7 

Polysaccharide Hyaluronic acid 
particles 

Hyaluronic acid 
receptor 

Adamplatin Breast cancer drug 
delivery 

136 

 
1.5. Pharmacokinetics and biodistribution of the polymersomes 

The fate of drug-loaded nanoparticles is evaluated by calculating their pharmacokinetic 

properties. Blood clearance of nanoparticles depends on size, charge, and surface characteristics 



 

12 

of nanovesicles.137–139 The concentration of surface PEG molecules and molecular weight of 

nanoparticles play an important role in the clearance process.140 It has been demonstrated that 

polymersomes accumulate in the liver at the beginning step.95 Kupffer cells (liver macrophages) 

digest the polymersomes.139 It has been shown that slight charge on the polymersome surface 

will increase the circulation times of the vesicles, but highly charged polymeric nanoparticles 

will be rapidly cleared by the liver.141,142 

The size of the nanoparticles affects the circulation time. PEGylated nanoparticles which 

are greater than 200 nm will be filtrated through phagocytosis in the spleen.143 However, 

nanoparticle which are below 70 nm will be accumulated in the liver.144 It has been demonstrated 

that the optimal polymersome size for the enhanced blood circulation and tumor accumulation 

would be below 200 nm.92 

A reported study compared pharmacokinetic parameters between doxorubicin-loaded 

polymersomes and commercial liposomal doxorubicin administered on induced mammary 

carcinoma female rats.145 According to this report, DOX-loaded polymersomes demonstrated 

longer circulation half-life (21.9 vs. 0.49 h), higher AUC (569 vs. 4 h*μg/mL), reduced volume 

of distribution (137.7 vs. 1091 mL/kg) and clearance (10.5 vs. 1579 mL/h/kg) compared to that 

of free DOX. Tissue distribution displayed an enhanced DOX accumulation within tumor and 

reduced accumulation in heart compared to that of free DOX. A comparison was also made 

between DOX-loaded polymersomes and liposomal DOX which showed lower circulation half-

life (22 vs. 35 h) and AUC (568 vs. 2291 h*μg/mL) of polymersomes compared to liposomes. 

These results demonstrated that DOX-loaded polymersomes had better pharmacokinetics and 

biodistribution profiles compared to free DOX and had comparable efficacy to liposomal DOX. 
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1.5.1. Metabolism and clearance of doxorubicin 

Doxorubicin is a member of anthracycline antibiotics with an extensive spectrum of 

application against neoplastic malignancies. DOX has a rapid distribution within the body with a 

volume of distribution between 20 to 30 L/kg followed by a slow elimination rate due to biliary 

and renal metabolism and clearance. The high volume of distribution creates an increased drug 

accumulation within liver, kidney, heart, and lung. The enhanced DOX accumulation causes 

severe side effects such as cardiotoxicity which restricts its therapeutic dosing in clinic.146,147 

Although around half of DOX eliminates intact,  the metabolism of DOX occurs through 

three different routes in hepatic and extrahepatic tissues including deglycosidation, one-electron, 

and two-electron reduction.148 Two-electron reduction is the primary metabolic route by 

reduction of a carbonyl group that yields a secondary alcohol called doxorubicinol which is 

facilitated by different aldo-keto reductases in various cell types. One-electron reduction 

pathway forms a DOX-semiquinone radical by several oxidoreductase enzymes.149 About 1-2% 

of DOX metabolism occurs through deglycosidation reaction by different enzymes such as 

xanthine oxidase, NADPH dehydrogenase, and cytochrome P450 reductase which results in the 

formation of hydroxyaglycone and deoxyaglycone metabolites.150 The majority of final DOX 

metabolites, including doxorubicinol and aglycones, will be excreted in the bile within seven 

days and a small portion of excretion carries out by urine.151 

The pharmacokinetics of DOX is linear in a range between 20 to 60 mg/m2.152 Based on 

DOX administration in different malignancies, DOX clearance varies among different 

individuals. Owing to wide distribution of DOX, the total clearance of DOX from the body has 

been reported to be 62.4 L/h.153 According to a reported study, rapid elimination, terminal 

elimination, and distribution half-life of DOX has been 3.3 h, 29.6 h, and 12 minutes, 



 

14 

respectively.154 Based on another study with 12 breast cancer patients, the total DOX clearance, 

renal clearance, hepatic clearance, and total clearance of doxorubicinol metabolite were reported 

to be 30.7, 0.66, 29.97, and 0.39 L/h, respectively.155 Another study was performed on normal 

weight and obese lymphoma patients by infusing a dose of 50 mg/m2 DOX. The results 

demonstrated an average clearance of 1935 and 1951 mL/min for DOX and doxorubicinol, 

respectively.156 

1.6. Organization of the thesis 

The aim of nanoparticle-based targeted drug delivery is to enhance the therapeutic 

efficacy of chemotherapeutic agents, reduce off-target side effects, increase the survival, and 

improve the quality of life for the patients suffering from cancer. I have designed, developed, and 

characterized three targeted drug-encapsulated, hypoxia-responsive polymeric nanoparticles 

(polymersomes) that release their chemotherapeutic cargo in response to low oxygen 

concentration (hypoxia) within tumor microenvironments. To demonstrate the efficiency of my 

drug-loaded nanoparticles, I have employed estrogen receptor positive and triple negative breast 

cancer cells as model systems. I have performed in vitro (two-dimensional and three-dimensional 

cell cultures) and in vivo (induced breast cancer animal models) studies to evaluate the efficacy 

of my drug-loaded nanoparticle formulation on breast cancer cells and solid tumors. Breast 

cancer is the second leading cause of death among women in the United States. The treatment of 

breast cancer is complicated due to rapid tumor growth from inside out, invasiveness, and 

metastasis to various organs within body. Thus, developing new cancer treatment options is of 

great importance to the survival of the breast cancer patients. 

The following disquisition reports three independent studies. The second chapter has 

been published in the American Chemical Society ACS Molecular Pharmaceutics journal. The 



 

15 

results discussed in Chapter 3 will be published in a manuscript which is under revision by the 

American Chemical Society ACS Molecular Pharmaceutics journal. The fourth chapter has been 

published in the American Chemical Society ACS Applied Bio-Materials journal. 

In chapter 2, HYPOXIA-RESPONSIVE POLYMERIC NANOCARRIERS FOR 

TARGETED DRUG DELIVERY TO ESTROGEN RECEPTOR POSITIVE BREAST 

CANCER CELL SPHEROIDS, we prepared estradiol-conjugated, hypoxia-responsive 

polymersomes. These polymeric nanocarriers encapsulate an anticancer drug, doxorubicin, for 

delivering to estrogen receptor positive breast cancer cells. 

In chapter 3, ENDOXIFEN-CONJUGATED, HYPOXIA-RESPONSIVE POLYMERIC 

NANOPARTICLES FOR TARGETED DRUG DELIVERY TO BREAST CANCER 

MICROTUMORS, we incorporated endoxifen into the surface of polymersomes. Endoxifen acts 

as a ligand to distinguish and interact with estrogen receptors on the surface of estrogen receptor 

positive breast cancer cells. Subsequently, endoxifen-conjugated polymersomes selectively bind 

to the breast cancer cells, penetrate, and release their encapsulated drugs into the cells. 

In chapter 4, TARGETED POLYMERIC NANOPARTICLES FOR DRUG DELIVERY 

TO HYPOXIC, TRIPLE-NEGATIVE BREAST TUMORS, we synthesized tumor-homing and 

penetrating iRGD peptide and conjugated this peptide to the surface of prepared polymersomes 

using cycloaddition reaction. These targeted iRGD-conjugated polymersomes selectively bind to 

neuropilin-1 receptors on the surface of triple negative breast cancer cells. Subsequently, 

polymersomes translocate into the cells, break, and release their chemotherapeutic payload to kill 

breast cancer cells.  
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2. HYPOXIA-RESPONSIVE, POLYMERIC NANOCARRIERS FOR TARGETED DRUG 

DELIVERY TO ESTROGEN RECEPTOR-POSITIVE BREAST CANCER CELL 

SPHEROIDS 

2.1. Abstract 

Uncontrolled cell growth, division, and lack of enough blood supply causes low oxygen 

content or hypoxia in cancerous tumor microenvironments. 17β-Estradiol (E2), an estrogen 

receptor (ER) ligand, can be incorporated on the surface of nanocarriers for targeted drug 

delivery to breast cancer cells overexpressing ER. In the present study, we synthesized estradiol-

conjugated hypoxia-responsive polymeric nanoparticles (polymersomes) encapsulating the 

anticancer drug doxorubicin (E2-Dox-HRPs) for targeted delivery into the hypoxic niches of 

estrogen receptor-positive breast cancer microtumors. Estradiol-conjugated polymersomes 

released over 90% of their encapsulated Dox in a sustained manner within hypoxia (2% oxygen) 

after 12 hours. However, they released about 30% of Dox in normal oxygen partial pressure 

(21% oxygen, normoxia) during this time.  Fluorescence microscopic studies demonstrated 

higher cytosolic and nuclear internalization of E2-Dox-HRPs (targeted polymersomes) compared 

to Dox-HRPs (non-targeted polymersomes). Monolayer cell viability studies on ER-positive 

MCF7 cells showed higher cytotoxicity of targeted polymersomes in hypoxia compared to 

normoxia. Cytotoxicity studies with hypoxic three-dimensional spheroid cultures of MCF7 cells 

treated with targeted polymersomes indicated significant differences compared to normoxic 

spheroids. The novel estradiol-conjugated hypoxia-responsive polymersomes described here 

have the potential for targeted drug delivery in estrogen receptor-positive breast cancer therapy. 
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2.2. Introduction 

Breast cancer is the most common malignancy and the second leading cause of death 

among women in the United States.157 There are three significant biological markers in breast 

cancer: estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 

receptor 2 (HER-2). Based on these biomarkers, gene expressions, and molecular profiling, 

breast cancer is classified into different subtypes, including luminal A (ER+/PR+/HER2-), 

luminal B (ER+/PR+/HER2+), HER2 overexpression (ER-/PR-/HER2+), and basal-like tumors 

(ER-/PR-/HER2-).158,159 About 83% of breast cancer cases are hormone receptor-positive 

(ER+/PR+) and are susceptible to hormonal therapy for suppressing tumor growth.160  

Nanotechnology is an emerging field for targeted drug delivery in cancer therapy. 

Polymersomes are polymeric bilayer nanovesicles prepared from amphiphilic block 

copolymers.161–163 They have several advantages compared to lipid-based nanocarriers, including 

controllable elasticity, permeability, and mechanical property that depend on the molecular 

weight of the hydrophobic block of the copolymers.6 Polymersomes have an aqueous core 

surrounded by a bilayer membrane. This membrane has a hydrophobic part in the interior side 

and hydrophilic coronas on the outside and inside surfaces.164 Polymersomes encapsulate 

hydrophilic therapeutics (such as proteins, peptides, nucleic acid fragments, anticancer drugs, 

and enzymes) in the aqueous core while hydrophobic molecules are integrated into the 

bilayer.165–172 Polymersomes are rendered long circulating in the blood by the introduction of 

polyethylene glycol (PEG) as one of the main copolymers in their structure, or by conjugating 

PEG (PEGylation) on their surface.173 The presence of PEG in polymersomes minimizes protein 

opsonization and protects the vesicles from degradation by dendritic cells or phagocytes.173  
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Uncontrolled and rapid cell proliferation along with insufficient blood supply produce 

low oxygen partial pressure or hypoxia in almost all solid tumors.17 Hypoxia increases cancer 

cell survival through aggressiveness, metastasis to different organs, and resistance to 

chemotherapy and radiation therapy, leading to poor clinical outcomes.174–176  

The chemotherapeutic agents are toxic or ineffective above or below their optimal plasma 

level, respectively. Hence, the carrier nanoparticles should release all of their anticancer 

payloads selectively at the targeted tumor sites. To reach this requirement, polymersomes are 

reported which respond to physical, chemical, or biological stimuli such as temperature, light, 

magnetic field, pH, redox, hypoxia, enzymes, inflammation, etc.177–181 Since more than half of all 

tumors in breast cancer cases have less than 2.5 mm of Hg oxygen pressure,182 hypoxia-

responsive polymersomes are one of the favored nanocarriers for selective drug release in 

hypoxic niches of tumors.178 Ligand-decorated polymersomes have been engineered for targeted 

drug delivery into microtumors to improve therapeutic efficacy and reduce cytotoxicity of the 

chemotherapeutic medicines.10  

Estrogen is a hormone critical for the function of many organs such as bone, brain, 

cardiovascular, and reproductive systems. However, it is also associated with breast, ovarian, and 

uterine cancers.183 17β-Estradiol (E2) is the predominant hormone among the three forms of 

estrogen hormones.184 The cellular effects of estrogen are mediated by estrogen receptor α (ERα) 

and estrogen receptor β (ERβ), which are members of the nuclear hormone receptor superfamily 

of transcription factors. ERα expression is less than 10% in healthy breast cells but increases to 

80% in breast cancer tissues.185 To improve the cellular uptake of anticancer drugs and genes to 

ER-overexpressed cancer cells, estrogen conjugated liposomes have been developed. The 

reported liposomes encapsulated anticancer agents for targeted delivery to tumor tissues.186–188 
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In this study, we engineered estradiol conjugated hypoxia-responsive polymersomes 

loaded with doxorubicin for targeted drug delivery to hypoxic niches of ER-positive breast 

cancer microtumors. To our knowledge, this is the first report of receptor-mediated hypoxia-

responsive polymeric drug carriers targeting breast cancer cells through the overexpressed 

estrogen receptors. With further developments, these ER targeted polymeric nanoparticles have 

translational potential for delivering chemotherapeutics to cancer tumor tissues. 

2.3. Materials and methods 

2.3.1. Materials 

1-Ethyl-3-(3-dimethyl aminopropyl)-carbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), dimethylaminopyridine, tin (II) ethoxyhexanoate, CuCl2.2H2O, 

pentamethyl diethylenetriamine, tetrahydrofuran (THF), and 17β-ethynylestradiol were 

purchased from Millipore Sigma (St. Louis, MO, USA). Azobenzene, 3,3′-dicarboxylic acid was 

purchased from TCI America (Montgomeryville, PA, USA). mPEG-NH2 (MW: 2000) was 

purchased from BiochemPeg (Watertown, MA, USA). The water used in experiments was 

prepared by a Millipore Sigma water purification system (Burlington, MA, USA). The NMR 

spectra were recorded using a Bruker Advance II HD instrument.  Gel-permeation 

chromatography (GPC) was performed using a Tosoh Bioscience (King of Prussia, PA, USA) 

EcoSEC HLC-8320 instrument. THF was used as mobile phase in GPC, and polystyrene was the 

standard used for calibration. 

2.3.2. Synthesis of the diblock copolymer PLA8500-Azo-PEG2000 

Excess Azobenzene, 3,3′-dicarboxylic acid (27 mg, 0.14 mmol, TCI chemicals) was 

dissolved in 5 mL of pyridine in a round bottom flask wrapped in aluminum foil. 1-Ethyl-3-(3-

dimethyl aminopropyl)-carbodiimide hydrochloride (EDC.HCl, 27 mg, 0.14 mmol), N-
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hydroxysuccinimide (NHS, 11.5 mg, 0.14 mmol) and dimethylaminopyridine (DMAP, 0.6mg, 

5%mol) were then added. The reaction mixture was stirred for 1 h under a nitrogen atmosphere. 

mPEG-NH2 (MW: 2000, 100 mg, 0.05 mmol) was dissolved dropwise in 1 mL CHCl3, added 

into this reagent mixture, and stirred overnight. Then, the solvent was removed under reduced 

pressure, the rest of the mixture was suspended in 50 mL water, and centrifuged at 2000 g for 10 

min. The supernatant was filtered to remove the unreacted dicarboxylic acid, and the filtrate was 

dialyzed in 4 L water (molecular weight cut-off: 1000) for 2 days. The dialysate was dried under 

reduced pressure to obtain a yellow solid (yield: 62%). 1H NMR (400 MHz, chloroform-d) δ 

ppm: 8.00-8.23 (aromatic CH=CH-CH, m, 8 H), 3.67 ((CH2-CH2-O), t, 4 H), 3.40 ((CH3-O), s, 3 

H).  

The synthesized PEG−diphenylazocarboxylate (50 mg, 0.023 mmol) was dissolved in 

pyridine (1.25 mL). To this solution, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC.HCl, 6.7 mg, 0.0345 mmol), and N-hydroxysuccinimide (NHS, 4 mg, 

0.0345 mmol) were added followed by excess 3-aminopropanol (9 µL, 8.75 mg, 0.116 mmol). 

The reaction mixture was stirred overnight. The solvent was then evaporated. The residue 

obtained was dissolved in 10 mL dichloromethane and washed with water three times. The 

bottom organic layer was dried under vacuum to obtain the PEG conjugate (yield: 51%). 1H 

NMR (400 MHz, chloroform-d) δ ppm: 8.00-8.23 (aromatic CH=CH-CH, m, 8 H), 3.67 ((CH2-

CH2-O), t, 4H), 3.40 ((CH3-O), s, 3 H), 0.88 ((NH-CH2-CH2-CH2-OH), m, 2 H). 

For the synthesis of PLA8500-Azo-PEG2000, D, L-lactide (500 mg, 3.5 mmol) and tin (II) 

ethoxyhexanoate (3 µL, 0.009 mmol) were added to anhydrous toluene (5 mL) in a 35 mL high-

pressure reaction vessel. The product (100 mg, 0.05 mmol) obtained from the previous step was 

then added to the reaction mixture. The high-pressure reaction vessel was purged with nitrogen 
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for 5 minutes and stirred at 120° C for 24 hours. After cooling to 25° C, the reaction mixture was 

added dropwise to cold ether. The top clear supernatant was decanted and the precipitate was 

washed again with ether and dried (yield: 65%).  The resultant polymer was analyzed by 1H-

NMR spectroscopy and gel permeation chromatography for purity and molecular weight. 1H 

NMR (400 MHz, chloroform-d): 5.19 ((-CH-C=O), q, 1 H), 3.67 ((CH2-CH2-O), t, 4 H), 1.59 

((CH3-CH-C=O), d, 3 H). Polydispersity index: 1.17 (gel-permeation chromatography: Mn = 

10,700; Mw = 12,500). 

2.3.3. Synthesis of polymer PLA17000-PEG2000-Estradiol 

Hydroxyl-PEG2000-azide (100 mg, 0.05 mmol), D, L-lactide (800 mg, 5.6 mmol), and tin 

(II) ethoxyhexanoate (3 μL, 0.009 mmol) were added to anhydrous toluene (5 mL) in a 35 mL 

glass high-pressure vessel and then purged with nitrogen. The solution was stirred at 120° C 

under nitrogen for 24 hours. After cooling to 25° C, the reaction mixture was added dropwise to 

cold ether. The top clear supernatant was decanted, the precipitate was washed with ether and 

dried under vacuum (yield: 72%). To characterize the purity and molecular weight, the product 

was analyzed by 1H NMR spectroscopy and gel permeation chromatography. 1H NMR (400 

MHz, chloroform-d): 6.70((CH=CH-C=O), d, 1 H), 6.52((CH=CH-C=O), s, 1 H), 5.18 ((-CH-

C=O), q, 1 H), 3.94 ((CH2-C=O), d, 2 H), 3.66 ((CH2-CH2-O), t, 4 H), 1.58 ((CH3-CH-C=O), d, 

3 H), 0.89 ((CH3-C-), s, 6 H).   

The ethynylestradiol was reacted with N3-PEG2000-PLA17000 polymer using [2 + 3]-

cycloaddition reaction (Scheme 2.1). Briefly, a solution of Cu2+ complex (0.053 M) was 

prepared by mixing 3 mL of CuCl2.2H2O (90.3 mg, 0.53 mmol) and 3 mL of pentamethyl 

diethylenetriamine (PMDETA) (442 µL, 2.1 mmol) in water, diluting the mixture to 10 mL in 

water, and stirring for 2 hours. Ethynylestradiol (3 mg, 10 µmol) and N3-PEG2000-PLA17000 (100 
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mg, 5 µmol) were dissolved in 5 mL tetrahydrofuran (THF). Then, 100 µL of fresh sodium 

ascorbate water solution (27 mg/mL) and 100 µL copper complex (0.053 M) were added to the 

solution and stirred at 25° C for 24 hours. The reaction mixture was added into 40 mL water and 

the precipitate was pelleted using a centrifuge at 2906 g for 10 minutes. The precipitate was 

washed three times with water, added to an ion exchange resin (100 mg, Dowex.HCR-W2) in 20 

mL water (to remove any remaining Cu2+ complex or amine), and stirred for 2 hours. Then, the 

mixture was dried under vacuum. 1H NMR (400 MHz, chloroform-d) δ ppm: 6.70((CH=CH-

C=O), d, 1 H), 6.52((CH=CH-C=O), s, 1 H), 5.18 ((-CH-C=O), q, 1 H), 3.94 ((CH2-C=O), d, 2 

H), 3.66 ((CH2-CH2-O), t, 4 H), 1.58 ((CH3-CH-C=O), d, 3 H), 0.89 ((CH3-C-), s, 6 H).  

Polydispersity index: 1.15 (gel-permeation chromatography; Mn = 16,400, Mw = 18,900). 

Percentage of estrogen attached: For 100% attachment of the estradiol, the integration of the 1H 

NMR signals at 3.66 ppm (PEG) and 6.52 ppm (benzene ring in estradiol) should be 188:1.  

From the calculated ratio in the 1H NMR spectrum, we estimate the attachment of estradiol to be 

20%.  

2.3.4. Preparation of Dox-encapsulated (non-targeted) polymersomes and Estradiol-

conjugated Dox-encapsulated (targeted) polymersomes 

PLA8500-Azo-PEG2000 and PLA17000-PEG2000-Estradiol were separately dissolved in 

acetone (10 mg/mL). Doxorubicin hydrochloride was dissolved in deionized water (20 mg/mL) 

and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)-N-lissamine rhodamine B 

sulfonyl ammonium salt (LR) lipid was dissolved in chloroform (0.01 mg/mL). PLA8500-Azo-

PEG2000 (95%), LR dye (5%), and doxorubicin hydrochloride were used to prepare non-targeted 

Dox-encapsulated polymersomes. For making targeted polymersomes, a combination of LR 

(5%), PLA8500-Azo-PEG2000 (93%) and PLA17000-PEG2000-Estradiol (2%) were used. 
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Doxorubicin was encapsulated in the nanocarriers with the pH gradient method.178 Briefly, 1 mL 

LR solution was added into two glass vials and chloroform was evaporated to make a thin film. 

The thin film in each glass vial was hydrated with 1 mL citrate buffer (20 mM, pH 4). One of the 

glass vials was used to prepare non-targeted polymersomes by adding PLA8500-Azo-PEG2000 

polymer solution (100 µL) dropwise into the citrate buffer and stirring for 10 min at 25° C. The 

second glass vial was used for targeted polymersome preparation. The PLA8500-Azo-PEG2000 

polymer and PLA17000-PEG2000-Estradiol polymer solutions (100 µL and 3.6 µL, respectively) 

were added dropwise into the citrate buffer and stirred for 10 minutes at 25° C. Acetone in the 

resultant solutions was evaporated by passing air through the mixture for 45 minutes. 

Polymersomes were formed after sonicating the glass vials with polymer solution for 1 hour in a 

bath sonicator (Symphony 117V, 60 Hz, Level 9). The polymersomes were passed through a 

Sephadex G-100 gel filtration column to build the pH gradient across the membrane. 

Doxorubicin was added to these polymersomes (polymer: drug ratio 5:1) and the mixture was 

stirred for 4 hours at 25° C. The solutions were again passed through Sephadex G-100 column to 

remove unencapsulated drugs from the polymersomes. The drug encapsulation efficiency was 

determined by UV-vis spectroscopy at 480 nm. 

2.3.5. Preparation of buffer-encapsulated polymersomes 

Buffer-encapsulated polymersomes were prepared to assess the cytotoxicity of the 

vesicles without any doxorubicin. PLA8500-Azo-PEG2000 solution and LR lipid dye were used in 

the molar ratio of 95:5. Briefly, the LR solution was evaporated into a glass vial. Then, PLA8500-

Azo-PEG2000 solution (10 mg/mL, 100 µL) was added into the vial and the mixture was added 

dropwise into another glass vial containing 1 mL HEPES buffer (25 mM, pH 7.4). The acetone 

solvent in the polymer solution was removed by passing the air through the vial for 45 minutes. 
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The mixture was then sonicated for 60 minutes and passed through Sephadex G-100 

chromatography column to separate unencapsulated Dox-loaded polymersomes from 

encapsulated ones. 

2.3.6. Characterization 

2.3.6.1. Atomic Force Microscopy (AFM) 

Polymersomes were prepared before and after 24-hour exposure to hypoxia. For the 

hypoxic condition, 100 µM NADPH solution, and 100 µL human liver microsomes were 

dispersed in 1 mL polymersome solution. Polymersome samples (1 mg/mL) were prepared by 

incubating 10 µL of each solution on silicon substrates (University Wafer) for 10 minutes in a 

sealed compartment. The samples were then rinsed with deionized water (Millipore) and dried 

under purified nitrogen flow. The imaging was performed using a commercial atomic force 

microscope (NT-MDT NTEGRA AFM). The samples were imaged under ambient conditions in 

semi-contact mode using an AFM tip with a resonant frequency of 190 kHz (Budget sensors). 

2.3.6.2. Dynamic Light Scattering (DLS) 

After polymersome preparation, the size and zeta potential of non-targeted and targeted 

Dox-encapsulated polymersomes were analyzed before and after 24-hour exposure to hypoxia 

(the same conditions as described for AFM imaging) by Dynamic Light Scattering (Malvern 

Zetasizer Nano-ZS90). Four measurements were carried out for each sample and an average of 

all measurements was recorded. 

2.3.6.3. Transmission Electron Microscopy (TEM) 

Polymersomes were prepared before and after 24-hour exposure to hypoxia (the same 

conditions as described for AFM imaging). To pretreat TEM grids, poly L-lysine (1%) was 

added on 300 mesh Formvar-carbon coated copper grids. After standing for 1 minute, grids were 
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air-dried. A drop of polymersome suspension (1% diluted, 10 µL) was placed on the grids for 30 

seconds and a filter paper was used to absorb the liquid. Phosphotungstic acid (0.1%, pH 7.0) 

was added to the grids, allowed to stand for 2 minutes, and then wicked away from the grids. 

Images were obtained (when the grids were dried) in a JOEL JEM-2100 LB6 transmission 

electron microscope (Peabody, Massachusetts, USA). 

2.3.7. Drug loading and release from the polymersomes 

The encapsulation efficiency and loading content of doxorubicin in Dox-encapsulated 

polymersomes were estimated by using a UV-vis spectrophotometer at 480 nm. A calibration 

curve was created by preparing different Dox concentrations dissolved in deionized water.  To 

evaluate the hypoxia-mediated release behavior of the polymersomes, 1 mL of E2-Dox-HRPs (2 

mg/mL), NADPH (100 µM), and 100 µL human liver microsomes were dispersed in 1 mL 

HEPES buffer (pH 7.4, 25 mM) within a cellulose membrane tube (MWCO: 10 KDa). The tube 

was immersed in 20 mL HEPES buffer containing 100 µM NADPH within a hypoxia chamber 

(2% oxygen). For the normoxic condition (control), the tube was immersed in 20 mL HEPES 

buffer containing 100 µM NADPH at standard atmospheric conditions (21% oxygen) (both 

hypoxic chambers and normoxic incubators contained 5% CO2 during all experiments). Each 

sample was gently shaken at 100 rpm. The release medium was withdrawn and replenished with 

the medium at predefined time intervals. Dox concentration was measured by absorption at 480 

nm. 

2.3.8. Cell culture 

The MCF7 cell line (ER+ breast carcinoma) was purchased from American Type Culture 

Collection (ATCC, Manassas, VA). The MCF7 cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (Avantar Seradigm) and 
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1% v/v antibiotics (Penicillin, Streptomycin, Amphotericin B solution, Corning). For normoxia, 

a humidified incubator containing 5% CO2, 21% oxygen, 74% nitrogen, and 37° C was used. 

The Biospherix C21 hypoxic chamber supplemented with 2% oxygen, 93% nitrogen, and 5% 

CO2 was used to induce hypoxia for the cells. 

2.3.9. Cellular uptake study 

The MCF7 cells were cultured in two twelve-well plates (starting with 5000 cells per 

well) and allowed to grow in normoxia (21% oxygen) and hypoxia (2% oxygen) separately for 

one doubling time. Both the plates were treated with buffer-encapsulated polymersomes (non-

targeted and targeted, 30 µL each well) for 3 hours. Subsequently, the cells were washed with 

PBS for 3 times and cytoskeleton actin filaments and nuclei of the cells were stained using 

Phalloidin (Biotium) and DAPI (NucBlue, Invitrogen) dyes, respectively. To demonstrate the 

role of receptor-mediated endocytosis, another cellular uptake study was performed using 3 µM 

free estradiol, equivalent amount of targeted Polymersomes, and a combination of 3 µM free 

estradiol and targeted polymersomes. A fluorescence microscope (Leica, 20x objective) was 

used for imaging. 

2.3.10. Cytotoxicity studies with plain polymersomes 

Different concentrations of the HEPES buffer-encapsulated polymersomes (20 to 100 

µg/mL) were used to treat the MCF7 cells. The cells were seeded into two 96-well plates (5000 

cells per well) and grew in normoxia (21% oxygen) and hypoxia (2% oxygen) separately. Then, 

buffer-encapsulated polymersomes were used to treat the cells. After 3 days, the cell viability 

was measured by the Alamar Blue assay. Briefly, a mixture of DMEM and Alamar Blue reagent 

(9:1 ratio) was prepared and added into each well of 96-well plates. After 5 hours, the 
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fluorescence was recorded (excitation: 560 nm, emission: 595 nm), and the cell viability was 

calculated. 

2.3.11. Monolayer cell viability assay 

The MCF7 cells were seeded into two 96-well cell culture plates (5000 cells per well) 

and allowed to grow in normoxia (21% oxygen) and hypoxia (2% oxygen) (one plate under each 

condition). When the cells reached 85-90% confluency, they were divided into 4 different 

treatment groups: control (without treatment), Dox-encapsulated hypoxia-responsive 

polymersomes (Dox-HRPs, non-targeted polymersomes), estradiol-conjugated Dox-encapsulated 

hypoxia-responsive polymersomes (E2-Dox-HRPs, targeted polymersomes), and free Dox. The 

cells were treated for 3 days with 5,10, and 15 µM of free Dox and the equivalent amount of Dox 

in both non-targeted and targeted polymersomes. Subsequently, the plates were washed with 

phosphate buffered saline (PBS) three times and the cell viability assessed by the Alamar Blue 

assay. 

2.3.12. Three-dimensional spheroidal cell viability assay 

Three-dimensional spheroids of MCF7 cells were prepared using a magnetic 3D cell 

culture kit (Greiner-Bio-one, Monroe, NC). Briefly, 200 µL NanoShuttle-PL magnetic 

nanoparticles were added into an 85-90% confluent MCF7 cell culture flask and incubated 

overnight. Unattached nanoparticles were removed by washing the flask with PBS. Then, the 

cells were detached from the flask by trypsin and added into each well (15,000 cells per well) in 

a 96-well 3D culture plate and placed on top of a magnetic spheroid drive to form spheroids 

within 15 min. The cells grew overnight in normoxia (21% oxygen) and hypoxia (2% oxygen) 

separately. Then, the cells were divided into 4 treatment groups (same as the monolayer cell 

culture) and treated for 3 days with the same concentrations of Dox (5, 10, and 15 µM) in both 
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normoxia and hypoxia. The spheroids were washed with PBS, dislodged from the plates by 

removing the magnetic spheroid drive, transferred into a new cell culture plate, and cultured 

overnight. The following day, the cell viability was measured using Alamar Blue assay. To 

evaluate the effect of the drugs on the growth rate of the three-dimensional cultures, a different 

group of the 6-day old spheroids were treated with 10 µM free Dox, non-targeted and targeted 

Dox-encapsulated polymersomes for 72 hours in both normoxia (21% oxygen) and hypoxia (2% 

oxygen). Then, the spheroids were washed with PBS and their growth was monitored until day 

16. NIH ImageJ software was used to analyze and measure the percent growth rate of the 

spheroids. 

2.3.13. Statistical analysis 

OriginPro software (version 9.3, Northampton, Massachusetts) was used for statistical 

analysis. The results were presented as mean ± SD (n = 3). The significant statistical difference 

(p < 0.05) between normoxia and hypoxia with different drug concentrations and polymersome 

treatments was analyzed by a one-way ANOVA Tukey HSD test. 

2.4. Results and discussion 

2.4.1. Synthesis of the polymers and preparation of polymersomes 

We synthesized the estradiol-conjugated polymer PLA17000-PEG2000-Estradiol from 

ethynyl estradiol and the azide polymer using [2 + 3]-cycloaddition reaction (Scheme 2.1). The 

hypoxia-responsive PLA8500-Azo-PEG2000 polymer was synthesized by following an analogous 

protocol developed in our laboratory.178  
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Scheme 2.1. Synthesis of the polymer PLA17000-PEG2000-Estradiol 

The synthesized polymers were characterized by NMR spectroscopy and gel permeation 

chromatography (GPC). GPC analysis indicated the polydispersity indices to be 1.17 for 

PLA8500-Azo-PEG2000 and 1.15 for PLA17000-PEG2000-Estradiol. We performed GPC for PLA8500-

Azo-PEG2000 polymer before and after exposure to hypoxia (Supporting Information A10, A11). 

The azobenzene linker group between PEG and PLA molecules is responsible for the 

polymersome disintegration in hypoxic conditions and acts as a hypoxia-sensitive moiety.189 The 

surface PEG groups help in the prolonged blood circulation of the polymersomes. The ratio of 

molecular weights for the hydrophilic block to the whole polymer of 20-40% is critical for the 

polymersome formation.190 In the synthesized polymers, this ratio was 20%. As it was mentioned 

in the polymer synthesis, the yield of estradiol attachment to PLA-PEG-N3 polymer was around 

20%. To prepare targeted polymersomes with high efficiency to bind the surface receptors, we 

optimized our polymersomes contain 2% PLA-PEG-Estradiol polymer in their combination (2% 

PLA-PEG-Estradiol, 93% PEG-Azo-PLA, 5% lissamine-rhodamine dye) (Figure 1). 
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Figure 2.1. Chemical structures of polymers and fluorescent lipid used for polymersome 
preparation. (A) PLA8500–Azo–PEG2000 polymer, (B) PLA17000–PEG2000–Estradiol polymer, and 
(C) 1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B sulfonyl 
ammonium salt. 

Both non-targeted and targeted polymersomes accumulate within the tumors via 

enhanced permeability and retention (EPR) effect which is due to the leaky vasculature and 

impaired lymphatic drainage present in the solid tumors.181  Subsequently, the targeted 

polymersomes enter the cells mediated by the interaction between estradiol groups of the 

polymersomes and estrogen receptors on the surface of breast cancer cells (Figure 2).186 
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Figure 2.2. Schematic illustration of the targeted Dox-loaded polymersomes and internalization 
into ER-positive breast cancer cells. (A) Components of the ER targeted polymersomes; (B) 
ligand-receptor mediated endocytosis of ER targeted polymersomes into the cells.29 (C) 
Mechanism of Dox release in hypoxia. 

The polymersomes were prepared using the solvent exchange method191 and 

characterized by dynamic light scattering, transmission electron microscopy, and atomic force 

microscopy. The average encapsulation efficiency and loading content of Dox within Dox-HRPs 
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were found to be 48% and 9 weight percent, respectively. The average encapsulation efficiency 

and loading content of Dox within targeted E2-Dox-HRPs were 59% and 11.3 weight percent, 

respectively. The hydrodynamic diameter and zeta potential of the non-targeted and targeted 

polymersomes were measured before and after exposure to hypoxia. The zeta potential of the 

polymersomes was slightly positive and did not change significantly under normoxia and 

hypoxia (Table 1). We observed that the average hydrodynamic diameters of the non-targeted 

polymersomes changed from 126 ± 2 nm in normoxia to 41 ± 5 nm and 439 ± 25 nm in hypoxia 

(Figure 3A, Supporting information A12). However, the targeted polymersomes with 17β-

estradiol on the surface were larger, likely due to the incorporation of the higher molecular 

weight PLA17000-PEG2000-Estradiol polymer conjugate (168 ± 3 nm in normoxia and 52 ± 6 nm 

and 695 ± 32 nm in hypoxia, respectively, Figure 3B, Supporting information A13, Table 2.1). 
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Figure 2.3. Hydrodynamic diameters of the polymersomes in normoxia. (A) Non-targeted, Dox-
encapsulated and (B) ER-targeted Dox-encapsulated polymersomes. 
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Table 2.1. Hydrodynamic diameter and polydispersity index (PDI) of the polymersomes 

Polymersome Average diameter (nm) Zeta potential (mV) PDI 
Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 

Non-targeted 126 ± 2 41 ± 5, 439 ± 25 0.12 ± 0.12 0.23 ± 0.17 0.12 ± 0.03 0.71 ± 0.14 
Targeted 168 ± 3 52 ± 6, 695 ± 32 0.21 ± 0.11 0.32 ± 0.14 0.13 ± 0.02 0.77 ± 0.18 

 
2.4.2. Hypoxia-mediated drug release from polymersomes 

The hypoxic microenvironment of solid tumors is rich in reductase enzymes and other 

reducing agents.192 The azobenzene groups of the polymers undergo four-electron reduction 

under hypoxia to separate the hydrophobic PLA and the hydrophilic PEG blocks of the polymer. 

In fact, when reductase enzymes reduce the azobenzene moieties to separated aniline 

components, PEG and PLA polymers that are bound to opposite sides of azobenzene linker will 

break apart which causes polymersome disintegration. This phenomenon has been approved by 

various retrospective studies (Figure 2C).193–195 Previously, we demonstrated that such reduction 

leads to the disintegration of the polymersome structure and release of the encapsulated drug.178 

To test the release of drug under hypoxia, doxorubicin was encapsulated into the 

estradiol-conjugated hypoxia-responsive polymersomes (E2-Dox-HRPs). Dox release was 

measured as a function of time in hypoxia and normoxia (Figure 4).  
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Figure 2.4. Cumulative release of encapsulated Dox from the targeted polymersomes under 
hypoxia (2% oxygen, blue squares) and normoxia (21% oxygen, red circles) (n = 3). 

The release rate of Dox from polymersomes in hypoxia was significantly higher than Dox 

release in normoxia. The polymersomes released more than 90% of Dox in a sustained manner 

under hypoxia after 12 hours, while about 30% of Dox was released in normoxia during this 

time. The results demonstrated that hypoxia-responsive polymersomes preferentially release the 

encapsulated drug in hypoxic conditions due to the reduction of azobenzene moiety within the 

polymer structure (Figure 2C).193,194 Polymersomes lost their spherical shape after exposure to 

hypoxic conditions, demonstrating vesicular disintegration (Figure 5A-D). Dynamic light 

scattering experiments showed a reduction in hydrodynamic diameter of the polymersomes and 

an increase in the polydispersity index under hypoxia (Table 2.1). 

 



 

35 

 

Figure 2.5. Transmission electron microscopic (TEM) and atomic force microscopic (AFM) 
images of estradiol-polymersomes under normoxia (A, C) and hypoxia (B, D). 

2.4.3. Cellular uptake study 

To determine the internalization of the estradiol-conjugated polymersomes within ER-

positive breast cancer cells, 5% DPPE-lissamine rhodamine (Figure 1C) was incorporated into 

the bilayer of the vesicles. The MCF7 cells were incubated with 3 µM targeted and non-targeted 

polymersomes (without Dox) for 3 hours under normoxia and hypoxia (Figure 6A). Cellular 

localization was observed after 3-hour treating the cells with the polymersomes. The 

fluorescence intensity of the microscopic images was normalized with respect to the number of 

the MCF7 cells. The images were analyzed using the NIH ImageJ software and the quantitative 

fluorescence integral density per unit area of targeted and non-targeted treatments in both 

normoxia and hypoxia were calculated (Figure 6B). The integral density of the targeted 
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polymersomes was 9.7 times higher compared to non-targeted vesicles under hypoxia and 3.5 

times higher compared to targeted polymersomes in normoxia, respectively. 

Nanoparticle retention within the cancer cells depends on various processes, including the 

size of nanoparticles, endo- and exocytosis, cellular homeostasis, and the degree and duration of 

hypoxia exposure. Based on previous studies, nanoparticle uptake in breast cancer cells changes 

in a dynamic way in hypoxia.196 A prior study on MCF7 breast cancer cells demonstrated an 

elevated uptake of gold nanoparticles in hypoxia.197 Since the MCF7 cells overexpress the 

estrogen receptors on surface, we anticipated that the targeted polymersomes would show 

increased cellular internalization compared to the non-targeted counterparts.198 We observed that 

3-hour exposure to hypoxia led to increased internalization of the E2-targeted polymersomes in 

the MCF7 cells (Figure 6).  To further demonstrate the role of receptor-mediated endocytosis, we 

performed another uptake study using 3 µM free estradiol, equivalent amount of targeted 

polymersomes (E2-HRPs), and a combination of 3 µM both free estradiol and targeted 

polymersomes. The results demonstrated that estradiol decreased cellular uptake of the targeted 

polymersomes (Supporting Informations A8-9). This might be due to a competitive inhibition by 

free estradiol molecules to bind estrogen receptors. Thus, there would be less or no room for 

targeted E2-polymersomes to bind estrogen receptors on the surface of the cells and pass through 

the membrane. 
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Figure 2.6. (A) Fluorescence microscopic images of cellular internalization of non-targeted and 
targeted polymersomes in monolayer cultures of MCF7 cells in normoxia and hypoxia (scale bar: 
50 μm). (B) Quantitative fluorescence integral density indicating cellular uptake after treating the 
MCF7 cells with targeted polymersomes in normoxia and hypoxia (n = 3, *p < 0.05, **p < 0.01). 

2.4.4. Cytotoxicity and cell viability in monolayer cultures 

To determine the toxicity, we incubated MCF7 cells with varying amounts of the HEPES 

buffer-encapsulated estradiol-targeted polymersomes. The polymersomes showed minimal 

toxicity with more than 87% cell viability after 72 hours in both normoxic and hypoxic 

conditions up to a total polymer concentration of 100 μg/mL (Figure 7A). To determine the 

effectiveness of the drug-loaded polymersomes, we incubated the MCF7 monolayer cell cultures 

for 72 hours with four treatments: non-targeted Dox-encapsulated hypoxia-responsive 

polymersomes (Dox-HRPs), targeted estradiol-conjugated Dox-encapsulated hypoxia-responsive 

polymersomes (E2-Dox-HRPs), free Dox, and control (no treatment) (Figure 7B). In hypoxic 

conditions, treating the MCF7 cells with 15 μM (Dox concentration) targeted E2-Dox-HRPs 

reduced the viability to 14%. We also observed that non-targeted Dox-HRPs with 15 μM 

doxorubicin reduced the cell viability to 39% under hypoxia. There was a significant difference 

(p < 0.05) between normoxia and hypoxia when the cells were treated with targeted E2-Dox-
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HRPs. A substantial reduction in the viability was also observed when the cells were treated with 

non-targeted Dox-HRPs in hypoxia compared to non-targeted Dox-HRPs in normoxia.  

 

Figure 2.7. (A) Toxicity of the HEPES buffer encapsulated estradiol-polymersomes in normoxia 
and hypoxia for the MCF7 cells. (B) Viability of the MCF7 monolayer culture after 72 h 
treatment with free Dox, non-targeted Dox-encapsulated polymersomes (Dox-HRP) and targeted 
Dox-encapsulated polymersomes (E2-Dox-HRPs) under normoxia and hypoxia (n = 6, *p < 
0.05). 

The results demonstrated that both targeted and non-targeted polymersomes could lower 

the viability of the breast cancer cells in hypoxia compared to normoxia.  However, the targeted 

Dox-polymersomes were more effective compared to the free drug (Figure 7B).  Also, the 

targeted Dox-polymersomes were significantly more effective in killing breast cancer cells under 

hypoxia compared to normoxia.  We did not observe such a trend for free doxorubicin.  Based on 

the Dox release profile (Figure 4), the polymersomes will release about 40% of the encapsulated 

drug in 3 hours and about 80% after 8 hours.  Hence, 72-hour treatment of the breast cancer cells 

with the polymersomes ensures enough time for the vesicles to enter the cells, undergo structural 

destabilization, and release the encapsulated drug in the cytosol.  
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2.4.5. Viability of breast cancer cells in three-dimensional spheroid cultures 

Although the monolayer cultures offer valuable information about the cells, it does not 

mimic the three-dimensional structure of the tumors. To provide a better model system, MCF7 

cells were cultured as three-dimensional spheroids. Hypoxic cells within the core of the 

spheroids can simulate hypoxic niches within tumors for in vitro hypoxia-responsive targeted 

drug delivery studies. The spheroids were treated for 72 hours with the two polymersome 

formulations and free drug the same as monolayer cell cultures (15 μM free Dox and equivalent 

amount of non-targeted and targeted Dox-encapsulated polymersomes) and the cell viability was 

determined (Figure 8A). Under hypoxia, treating the breast cancer cell spheroids with targeted 

E2-Dox-HRPs (15 μM Dox) significantly (p < 0.05) reduced the cell viability to 21% compared 

to targeted E2-Dox-HRPs in normoxia (55%). However, we did not observe significant 

differences in cell viability under hypoxia and normoxia when the cells were treated with non-

targeted polymersomes or free Dox.  

Due to the enhanced permeability and retention effect, both targeted and non-targeted 

polymersomes can pass through the leaky vasculature and reach the tumor site.199  However, the 

targeted polymersomes will show enhanced tumor penetration and cytotoxicity based on 

receptor-mediated endocytosis. However, we note that some polymersomes may release their 

encapsulated Dox before cellular entry. In this case, free Dox will diffuse into the cell through 

the plasma membrane.200 The passive diffusion would be less predominant when Dox is 

delivered to the cancer cells via the targeted hypoxia-responsive polymersomes. We observed 

that majority of the polymersomes internalized into the breast cancer cells in 3 hours under 

hypoxia (Figure 6), while less than 40% of the drug was released after 3 hours (Figure 4).  
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To further evaluate the efficacy of non-targeted and targeted polymersomes, the 6-day 

old spheroids were treated with 10 μM free Dox and equivalent amount of non-targeted Dox-

HRPs and targeted E2-Dox-HRPs for 72 hours in both hypoxia and normoxia and their growth 

was monitored until day 16 (Figures 8B, C). 

 

Figure 2.8. (A) Viability of MCF7 cell spheroids after 72-hour treatment with free Dox, non-
targeted (Dox-HRPs) and targeted polymersomes (E2-Dox-HRPs) under normoxia and hypoxia 
(n = 6, *p < 0.05). (B) Representative images of three-dimensional spheroid cultures of the 
MCF7 cells before and after 72-hour treatment with free Dox, non-targeted and targeted 
polymersomes in normoxia and hypoxia (scale bar: 100 µm). 

We observed that targeted E2-Dox-HRPs were more toxic to the MCF7 cells by shrinking 

the volume of the spheroids up to 68%, while non-targeted polymersomes reduced the volume of 

the spheroid by 24% in hypoxia (Figure 9A). The targeted polymersomes significantly reduced 

the spheroid volume compared to non-targeted Dox-HRPs (p < 0.05) and control group (p < 

0.01) in hypoxia (Figure 9A). A significant difference (p < 0.01) was also observed between 

targeted E2-Dox-HRPs and the control group in normoxia (Figure 9B), although not as 

pronounced as the cells under hypoxia. In addition, non-targeted polymersomes demonstrated 

less toxicity toward spheroids compared to free Dox in both hypoxia and normoxia. Overall, the 

results demonstrated that targeted polymersomes have the potential to shrink the microtumors in 
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hypoxia compared to non-targeted polymersomes. Targeted polymersomes could also shrink the 

spheroids compared to the control group in both hypoxia and normoxia. 
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Figure 2.9. Growth curve for the MCF7 spheroids in hypoxia (A) and normoxia (B) treated with 
free Dox, non-targeted and targeted Dox-encapsulated polymersomes (n = 6, *p < 0.05, **p < 
0.01). 

2.5. Conclusion 

The 17β-estradiol-conjugated polymersomes described here are the first reported targeted 

polymeric hypoxia-responsive drug delivery nanocarriers for reducing ER-positive breast cancer 

cell viability. Targeted polymersomes significantly reduced the volume of MCF7 spheroids in 

hypoxic conditions compared to non-targeted polymersomes and free drugs. Due to the presence 

of 17β-estradiol on the surface of targeted polymersomes, they can bind to the ER on the surface 

of the breast cancer cells and internalize. The targeted polymersomes encapsulated doxorubicin 

with an efficiency of 59%. The hypoxia-responsive group employed in polymer structure 

allowed the release of Dox within hypoxic breast cancer cells and enhanced doxorubicin 

therapeutic efficiency against ER-positive breast cancer cells. The merits of our targeted 

polymeric nanoparticles are: ability to selectively target the estrogen receptor-positive breast 

cancer cells, break in the hypoxic niches of microtumors, release the encapsulated anticancer 

drug, and reduce cancer cell viability. With further developments, the 17β-estradiol-conjugated 
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hypoxia-responsive polymersomes have the translational potential for targeted drug delivery in 

ER-positive breast cancer therapy. 
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3. ENDOXIFEN-CONJUGATED, HYPOXIA-RESPONSIVE POLYMERIC 

NANOPARTICLES FOR TARGETED DRUG DELIVERY TO BREAST CANCER 

MICROTUMORS 

3.1. Abstract 

Endoxifen is the major active metabolite of tamoxifen, a nonsteroidal selective estrogen 

receptor modulator (SERM). Endoxifen is widely used for the treatment of estrogen receptor 

positive (ER+) breast cancer. In this study, endoxifen was conjugated to the surface of polymeric 

nanoparticles (polymersomes) for targeted delivery of DOX to estrogen receptor positive breast 

cancer cells (MCF7). Rapid cell growth and insufficient blood supply results in low oxygen 

concentration (hypoxia) within the solid breast tumors. The polymersomes developed here are 

prepared from amphiphilic diblock polylactic acid (PLA) and polyethylene glycol (PEG) 

copolymers containing diazobenzene linker as the hypoxia-responsive moiety. We prepared two 

nanoparticle formulations: DOX-loaded hypoxia-responsive polymersomes (DOX-HRPs), and 

endoxifen-conjugated DOX-loaded hypoxia-responsive polymersomes (END-DOX-HRPs). 

Cellular internalization studies demonstrated 8 times higher cytosolic and nuclear localization 

after incubating breast cancer cells with END-DOX-HRPs (targeted polymersomes) in contrast 

to DOX-HRPs (non-targeted polymersomes). Cytotoxicity studies on monolayer cell cultures 

exhibited that END-DOX-HRPs were 3 times more toxic to ER+ MCF7 cells compared to DOX-

HRPs and free DOX in hypoxia. The cell viability studies on three-dimensional cultures in 

hypoxia also demonstrated 2 times more toxic when the spheroids were treated with targeted 

polymersomes in contrast to the non-targeted polymersomes. The newly designed targeted 

endoxifen-conjugated, hypoxia-responsive polymersomes offered in this study might have 

translational potential for ER+ breast cancer treatment. 
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3.2. Introduction 

Breast cancer (BC) is characterized by uncontrolled cell proliferation, angiogenesis, and 

metastasis to other organs.201 Surgery and radiation therapy are effective treatment options for 

the localized disease.202 Hormone therapy and chemotherapy are the most common regimen for 

the invasive BC.203 Unfortunately, chemotherapeutic agents show various side effects that limit 

their administration in cancer therapy.204–207 In addition, low solubility, high therapeutic dosage, 

reduced systemic blood circulation, and increased cytotoxicity are common drawbacks of 

anticancer drugs.208,209 Uncontrolled cell proliferation and limited blood flow generate low 

oxygen concentration (hypoxic condition) in solid tumor tissues of various cancers including 

BC.210–214 Hypoxia contributes to invasiveness, metastasis, and resistance against 

chemotherapeutic drugs.215 Nanomedicine and nanotechnology are emerging fields in drug 

delivery, diagnosis, and development of nanoscale materials for cancer therapy.216–219 

Nanocarrier-based drug delivery systems have the possibility to address the shortcomings of 

traditional chemotherapy by improving circulation half-life, tumor penetration, and cellular 

internalization.220,221 Among various types on nanoparticles, polymersomes show considerable 

promise to deliver drugs into cancerous tissues. They are self-assembled bilayer vesicles 

prepared from amphiphilic copolymers with hydrophilic and hydrophobic blocks.222–224 Vesicle 

formation is fovored when the ratio of the hydrophilic block to the whole polymer is 20-

40%.210,222,225 Polymersomes carry hydrophilic drugs within the aqueous core and hydrophobic 

drugs within the bilayer simultaneously.212,226 Polyethylene glycol (PEG) is commonly used as 

hydrophilic block due to its biocompatibility, reduction in protein adsorption, and the resultant 

prolonged circulation time of the polymersomes.227 Because of the higher molecular weights of 

the polymers compared to lipids, polymersomes are more robust and stable compared to 
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liposomes.226 However, enhanced stability requires a stimulus for releasing the encapsulated 

drugs.227,228 The stimuli-responsive polymersomes are stable in systemic circulation and 

disintegrate within the disease sites by responding to physical, chemical, or biological stimuli.229–

232 Hypoxia-responsive polymersomes release therapeutic agents in response to the low oxygen 

partial pressure within solid tumors.210–212 In addition, modifying polymersomes’ surface with 

ligands for selective binding to overexpressed receptor on cancer cells facilitates tumor 

penetration and cellular internalization, reducing the off-target side effects of chemotherapeutic 

agents.233–236  

Estrogen receptors (ERs) are overexpressed in about 80% of BC cases (ER+ BC).237 ERs 

are divided into ERα and ERβ subclasses. A class of ERα (G-protein coupled receptors) are 

expressed on the membrane of BC cells.238 Tamoxifen (TAM) is a pioneering medicine for ER+ 

BC treatment that belongs to selective estrogen receptor modulators (SERM).239 TAM competes 

with estrogen for binding to ERs and reduces breast tumor growth.240 TAM can be incorporated 

as a ligand into the surface of nanoparticles for targeting overexpressed ERs on the surface of BC 

cells.241 However, TAM is a prodrug which converts to the active metabolites, such as 4-hydroxy 

TAM or endoxifen (END).240 END is the most active metabolite of TAM. It binds to the ER 

about 100 times more strongly and about 30 times more potent in reducing the growth and 

proliferation of ER+ breast cancer cells compared to TAM.242,243  

Herein, we conjugated to END to an amphiphilic block copolymer of polyethylene glycol 

(PEG) and polylactic acid (PLA).  We prepared polymersomes from the END-conjugated and a 

hypoxia-responsive copolymer, encapsulating the anticancer drug doxorubicin inside.  Due to the 

END ligands, the polymersomes selectively bind to overexpressed ERs on the surface of ER+ 

BC cells, translocate into the cells, disintegrate, and release their chemotherapeutic payload 
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selectively within hypoxic BC cells. This is the first report of employing END as a high affinity 

ligand to target ER+ breast cancer cells by polymersomes. We anticipate that these targeted 

nanoparticles have a potential for chemotherapeutic drug delivery to ER+ hypoxic cancer 

microtumors. 

3.3. Materials and methods 

3.3.1. Materials and reagents 

Endoxiden hydrochloride was purchased from Selleckchem. Doxorubicin hydrochloride 

was purchased from Advanced Chemblocks. The chemicals for synthesizing the copolymers 

were from Millipore Sigma. The medium and antibiotics for the cell culture were purchased from 

VWR International. A humidified incubator (Thermo Scientific) containing 5% CO2, and 21% 

O2 at 37° C was used for normoxic condition. For all experiments, a hypoxia chamber containing 

5% CO2 and 2% O2 was used. 

3.3.2. Synthesis and characterization of copolymers 

The polylactate-diazobenzene-polyethylene glycol (PLA8500-Azo-PEG2000) and 

polylactate- polyethylene glycol azide (PLA17000-PEG2000-N3) polymers were synthesized and 

characterized according to the previously reported protocol (Supporting Information, Figures 

A1-5).212 For the synthesis of endoxifen-hexynol, 5-hexyn-1-ol (11 μL, 100 μM) and 

triethylamine (0.1 mL) were dissolved in 5 mL of anhydrous dichloromethane. Then, N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride EDC.HCl (27 mg, 100 μM), N-

hydroxysuccinimide (NHS) (11.5 mg, 100 μM), and dimethylaminopyridine (DMAP) (3 mg, 5% 

mol) were added and the mixture was stirred at 25° C for 1 h under nitrogen atmosphere. 

Endoxifen HCl (41 mg, 100 μM) was added to the reaction mixture and stirred overnight, 

followed by washing 3 times and drying under vacuum to get a solid compound (0.62 g, yield: 
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40%). 1H-NMR (400 MHz, chloroform-d): 7.13-6.51 ((CH2=CH2), d, 13 H), 4.11 ((CH2-CH2-

N), t, 2 H), 3.99 ((CH2-O-C=O), t, 2 H), 3.70 ((CH2-CH2-N), t, 2 H), 3.59 ((CH3-N), s, 3 H), 

3.01 ((CH≡C-), s, 1 H), 2.51 ((CH≡C-CH2), t, 2 H), 2.24 ((CH3-CH2), q, 2 H), 1.65 ((CH2-CH2- 

CH2), m, 2 H), 1.28 ((CH2-CH2- CH2), m, 2 H), 0.85 ((CH3-CH2), t, 3 H). 

Endoxifen-hexynol (7 mg, 10 µmol) and azide polymer (100 mg, 5 µmol) were dissolved 

in 5 mL THF. The cycloaddition reaction between endoxyfen-hexynol and azide polymer was 

performed according to a protocol developed in our laboratory.212 The final product was dried 

under vacuum (7 mg, yield: 57%) and characterized by 1H-NMR and gel filtration 

chromatography (GPC). 1H-NMR (400 MHz, chloroform-d): 7.00 (C=CH-CH=C, s, 1 H), 5.19 

((-CH-C=O), q, 1 H), 3.67 ((CH2-C=O), d, 2 H), 2.29 ((CH3-NH), d, 3 H), 1.58 ((CH3-CH-

C=O), d, 3 H), 0.89 ((CH3-C-), s, 6 H). GPC: Mw = 12k, Mn = 9.3k, and PDI = 1.29 

3.3.3. Polymersome preparation 

Polymers were dissolved in acetone (10 mg/mL) and lissamine rhodamine lipid dye (LR) 

was dissolved in chloroform (0.01 mg/mL). Plain (HEPES buffer-encapsulated) and non-targeted 

polymersomes were prepared by adding 95:5 molar ratio azobenzene polymer to LR. Targeted 

polymersomes were prepared by 85:10:5 molar ratios of azobenzene polymer, END-conjugated 

polymer, and LR dye. A consistent amount of doxorubicin HCl (0.2 mg/mL) was encapsulated 

into both non-targeted and targeted polymersome samples. Plain, non-targeted, and targeted 

polymersomes were all prepared according to the previously reported protocols from our 

laboratory.212 

3.3.4. Characterization 

Polymersomes were incubated in normoxic (21% O2) and hypoxic (24 hours, 2% O2) 

conditions. A mixture of NADPH (50 µM), microsomes (50 µL), and polymersomes (500 µL) 
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was used to prepare hypoxic samples. An atomic force microscope (AFM, NTEGRA) was used 

for AFM imaging, and transmission electron microscope (TEM, JOEL JEM-2100) was 

employed for TEM imaging using both normoxic and hypoxic polymersomes, as it was 

previously reported.212 

Dynamic Light Scattering (DLS, Malvern Zetasizer) was used for determining the charge 

and size of the polymersomes under hypoxic and normoxic conditions by measuring each sample 

six times and recording the averages. 

3.3.5. Release study 

A series of DOX concentrations was used to create a calibration curve. The loading 

content and percent encapsulation of DOX within the vesicles were calculated by measuring the 

absorbance (480 nm). DOX release from the polymeromes was determined by preparing a 

combination of targeted nanoparticles, NADPH, human liver microsomes, and HEPES buffer 

(pH 7.4, 25 mmol) within a membrane, based on the reported protocol.212 

3.3.6. Cellular internalization 

The MCF7 ER+ and MDA-MB231 triple negative (ER-, PR-, HER2-) breast cancer cells 

were cultured in DMEM medium containing 10% FBS. The cells (5,000/well) were seeded in 

two cell culture plates and incubated in normoxic (21% O2) and hypoxic (2% O2) conditions 

overnight. Then, 5.5 µM END and the equivalent amount of non-targeted and targeted buffer-

encapsulated nanoparticles, and a mixture of 5.5 µM END and END-conjugated nanoparticles 

were used for treating the cells for 3 hours. After washing, the cell nucleus and skeleton were 

stained with DAPI (Invitrogen) and Phalloidin (Biotium) dyes, and then washed again with PBS. 

The cells were imaged by 20x objective of a Leica DMi8 fluorescence microscope (Leica 

Microsystems Inc). 
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3.3.7. Polymer toxicity 

The cells (5,000/well) were cultured in two plates and incubated in normoxia (21% O2) 

and hypoxia (2% O2) overnight. HEPES buffer-encapsulated END-polymersomes (20 to 100 

µg/mL) were incubated with the cells for 72 hours. Then, a 1:9 volume ratio of Alamar Blue to 

cell culture medium was incubated with the cells for 5 hours. The cytotoxicity was calculated by 

measuring the fluorescence using an excitation wavelength of 560 nm and emission wavelength 

of 595 nm. 

3.3.8. Toxicity of DOX-polymersomes in monolayer culture 

The cells (5,000/well) were cultured in two plates and incubated in normoxic (21% O2) 

and hypoxic (2% O2) conditions overnight. When the cells were 80% confluent, they were 

divided into four treatments: control (without treatment), free DOX, non-targeted polymersomes 

(DOX-HRPs), and targeted polymersomes (END-DOX-HRPs). Subsequently, 2, 4, and 8 µM 

DOX within all doxorubicin-containing formulations were used to treat the cells for 72 hours. 

The plates were then washed with PBS and the cytotoxicity was calculated using Alamar Blue 

assay described in the previous paragraph. 

3.3.9. Spheroid cytotoxicity study 

The MCF7 cell spheroids were prepared by NanoShuttle three-dimensional kit (Greiner 

Bio one). NanoShuttle-PL magnetic nanoparticles (150 µL) were added into an 80% confluent 

MCF7 cell culture T-25 flask and incubated for 24 hours. The flask was washed to with PBS and 

the cells were then dislodged, counted, and 25,000 cells were added into each well, while placing 

the plates on a spheroid drive for 30 minutes. The plates were separately incubated in normoxia 

(21% O2) and hypoxia (2% O2) overnight. Subsequently, the cells were incubated with the same 

four treatments as monolayer cultures and treated with 2, 4, and 8 µM DOX in the formulations 



 

50 

for 3 days. The spheroid drives were removed to detach the spheroids. Then, the spheroids were 

moved into new plates and incubated for 24 hours. The cytotoxicity was evaluated by Alamar 

Blue assay.  To further assess the effect of free drug, non-targeted, and targeted polymersomes 

on the growth of the spheroids, another plate of 6-day-old spheroids were incubated with 8 µM 

DOX, non-targeted DOX-HRPs, and targeted END-DOX-HRPs for 3 days under normoxic (21% 

O2) and hypoxic (2% O2) conditions. The spheroids were then washed, and their growth was 

monitored until day 16. The percent growth rate was analyzed by the NIH ImageJ software. 

3.3.10. Statistical analysis 

All statistical analyses were carried out by OriginPro 9.3 (Northampton, Massachusetts) 

and the results were shown as mean ± SEM. The significant difference among various drug-

treated groups in hypoxic and normoxic conditions were evaluated by ANOVA. 

3.4. Results and discussions 

3.4.1. Polymer characterization and polymersome preparation 

The PLA16000-PEG2000-Endoxifen polymer was synthesized by cycloaddition reaction 

between alkyne-endoxifen and PLA-PEG-N3 (Scheme 3.1).  The polymers were characterized by 

gel permeation chromatography (GPC) and 1H NMR spectroscopy (Supporting Information, 

Figures B1-2). DOX was encapsulated within the polymersomes. Lissamine rhodamine lipid dye 

was incorporated into the polymersomes to visualize them while passing them through the gel 

filtration chromatography column to isolate the drug-encapsulated vesicles. The structures of the 

polymers used in polymersome preparation are shown in Scheme 3.2. Polymersomes are formed 

when the molar mass ratio of hydrophilic part to the total polymer is between 1:5 to 2:5.244 For 

our studies, this ratio was 1:5. The surface PEG enhance the systemic half-life of the vesicles in 

blood circulation.212 The targeted nanoparticles were optimized to contain 10% PLA-PEG-
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Endoxifen polymer for efficient interactions with the membrane-associated estrogen receptors on 

the MCF7 cells. 
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Scheme 3.1. Cycloaddition reaction between PLA-PEG-N3 polymer and Alkyne-Endoxifen to 
prepare PLA-PEG-Endoxifen polymer. 
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Scheme 3.2. Structures of synthesized polymers and fluorescent lipid dye. (A) PLA8500-Azo-
PEG2000 polymer, (B) PLA16000-PEG2000-Endoxiden. 

We prepared both DOX-encapsulated non-targeted (DOX-HRPs) and targeted hypoxia-

responsive polymersomes (END-DOX-HRPs). These nanoparticles are expected to passively 

accumulate within the tumors based on the EPR effect.220 However, the functionalized 

polymersomes with targeting ligands not only accumulate within the tumor environment via EPR 

effect, but also selectively interact with the overexpressed surface receptors on cancer cells and 

enter the cells through active transport (Figure 1).213,220 
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Figure 3.1. Illustration of non-targeted and targeted polymersomes containing doxorubicin. (A) 
Components of non-targeted polymersomes. (B) Internalization of non-targeted polymersomes in 
cancer cells via passive diffusion. (C) Components of targeted polymersomes. (D) 
Internalization of targeted polymersomes in cancer cells via receptor-mediated endocytosis. 

The solvent exchange procedure was used to prepare the polymersomes224 and 

subsequently characterized by DLS, AFM, and TEM imaging. The loading content and average 

percent encapsulation of doxorubicin within non-targeted and targeted polymersomes were 

calculated (Table 3.1). The average charge and hydrodynamic diameter of the nanoparticles were 

measured under hypoxic and normoxic conditions by dynamic light scattering (Figure 2, Table 

3.2). We observed that the average diameter of the DOX-encapsulated targeted polymersomes 

(164 + 7 nm) were larger compared to the non-targeted vesicles (122 + 5 nm).  The increased 

hydrodynamic diameter is likely due to the incorporation of the endoxifen conjugated polymer 

(PLA16000–PEG2000–Endoxifen, Scheme 3.2) with a higher molecular weight of the PLA block. 
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Table 3.1. Encapsulation efficiency (EE%) and loading content (LC%) of the polymersomes 

Polymersome Encapsulation efficiency (%) Loading content (%) 
Non-targeted (DOX-HRP) 46 ± 5 8.1 ± 1.29 

Targeted (END-DOX-HRP) 68 ± 6 10.2 ± 2.13 
 
Table 3.2. Average hydrodynamic diameter, ζ potential, and polydispersity index (PDI) of the 
DOX-encapsulated polymersomes 

Polymersome Average diameter (nm) ζ potential (mV) PDI 
Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 

Non-targeted 122 ± 5 41 ± 6, 425 ± 8 0.18 ± 0.03 0.32 ± 0.14 0.14 ± 0.06 0.66 ± 0.17 
Targeted 164 ± 7 68 ± 8, 678 ± 9 0.27 ± 0.19 0.44 ± 0.18 0.15 ± 0.05 0.73 ± 0.16 
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Figure 3.2. (A) Hydrodynamic diameter of non-targeted polymersomes under normoxia. (B) 
Hydrodynamic diameter of targeted polymersomes under normoxia. (C) Hydrodynamic diameter 
of non-targeted polymersomes under hypoxia. (D) Hydrodynamic diameter of targeted 
polymersomes under hypoxia. (E) Proposed mechanism of drug release under hypoxia in the 
presence of reducing agents.245 
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We observed that the size of the polymersomes changed substantially after exposure to 

hypoxia (Table 3.2, Figure 2). It is likely due to disintegration and coalescence to make smaller 

and larger vesicles with diameter ranges of 40-430 nm for non-targeted and 65-680 nm for 

targeted polymersomes (Figure 2C-D).  Accordingly, the polydispersity indices (PDI) for the 

polymersomes increased under hypoxia (Table 3.2).  TEM and AFM images corroborated these 

observations (Figure 3).  The hypoxic tumor microenvironment is enriched in reductase 

enzymes.246  For the in vitro studies, we simulated the reductive microenvironment with human 

liver microsomes (source of reductase enzymes) and NADPH (for enzyme activity).212  Under 

hypoxia, reduction of the diazo linker of the hypoxia-responsive polymer separates the 

hydrophobic PLA and hydrophilic PEG blocks (Figure 2E).211,245,247  The resultant structural 

collapse of the polymersomes facilitates the release of the encapsulated doxorubicin.212 The ζ 

potential was positive under both normoxic and hypoxic conditions.  

  

Figure 3.3. TEM and AFM images of endoxifen-nanoparticles under normoxic condition (A, C) 
and hypoxic condition (B, D). 
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3.4.2. Doxorubicin release from polymersomes 

To assess drug release from the polymersomes under hypoxic condition, DOX was 

encapsulated into the END-conjugated nanoparticles. These polymersomes were incubated under 

hypoxia (human liver microsomes, NADPH, 2% oxygen) and normoxia (human liver 

microsomes, NADPH, 21% oxygen) and drug release was evaluated for 12 hours (Figure 4). 
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Figure 3.4. Cumulative release of doxorubicin from targeted hypoxia-responsive nanoparticles 
in hypoxic (2% oxygen) and normoxic (21% oxygen) conditions (n = 3). 

We observed higher DOX release from the polymersomes under hypoxia compared to 

normoxia. Polymersomes released more than 96% of their cargo under hypoxia within 12 hours. 

However, less than 27% of DOX encapsulated in polymersomes was released in normoxia 

during the same time. The results indicated that the reduction of hypoxia-responsive benzene 

linker leads to the release of the encapsulated drug under hypoxia. 

TEM and AFM images demonstrated that polymersomes maintained their normal shape 

under normoxia, while disrupting their vesicular structure under hypoxia (Figure 3). 
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3.4.3. Cellular internalization 

To evaluate cellular internalization, the ER+ breast cancer cells (MCF7) were treated 

with 5.5 µM free END, equivalent amount of non-targeted and targeted buffer-encapsulated 

nanoparticles, and a mixture of 5.5 µM END and END-conjugated polymersomes under hypoxia 

and normoxia for 3 hours. Lissamine rhodamine dye was incorporated into the polymersome 

bilayer to follow the cellular uptake using a fluorescence microscope (Figures 5A, B).212 The 

fluorescence density of the images was normalized based on the number of breast cancer cells. 

NIH ImageJ was used for calculating the fluorescence intensity of all treatment groups under 

hypoxic and normoxic conditions (Figure 5C). 

 
Figure 3.5. Fluorescence images of cellular uptake in MCF7 cells. Free endoxifen (free END), 
non-targeted and targeted polymersomes, and the combination of END and targeted 
polymersomes after 3 hours under normoxia (A) and hypoxia (B) (scale bar: 50 µm). (C) 
Quantitative fluorescence intensity of the cells under normoxia and hypoxia (n = 3). 
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Figure 3.5. Fluorescence images of cellular uptake in MCF7 cells (continued). Free endoxifen 
(free END), non-targeted and targeted polymersomes, and the combination of END and targeted 
polymersomes after 3 hours under normoxia (A) and hypoxia (B) (scale bar: 50 µm). (C) 
Quantitative fluorescence intensity of the cells under normoxia and hypoxia (n = 3). 
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It was observed that targeted END-conjugated polymersomes penetrated to the breast 

cancer cells under both normoxia and hypoxia due to increased ligand-receptor interaction 

between endoxifen and estrogen receptors (insertions within Figures 5A, B). It was shown that 

the density of targeted polymersomes within the cells in both normoxia and hypoxia was higher 

than the combination of targeted polymersomes and END treatment (p < 0.05), and higher than 

non-targeted polymersomes (p < 0.01). We also observed that the fluorescence density of 

targeted polymersomes was 7.8 and 6 times higher than non-targeted polymersome-treated 

groups in hypoxia and normoxia, respectively. The fluorescence density in hypoxic targeted 

polymersomes was also higher than normoxic targeted polymersomes (p < 0.01). 

Various factors are involved in retaining nanoparticles inside cancer cells such as the size 

and concentration of the nanoparticles, the duration of cellular exposure to hypoxia, and uptake 

or efflux of the nanovesicles from the cells. According to a recent study on breast cancer cells, 

nanoparticle penetration into the cells increased under hypoxia in comparison to normoxia.248 

Another study on ER+ breast cancer cells indicated an enhanced internalization of gold 

nanoparticles into the hypoxic MCF7 cells.249 We observed that exposing the ER+ MCF7 cells to 

hypoxic condition for 180 minutes led to enhanced uptake of the targeted endoxifen-conjugated 

polymersomes into the cells (Figure 5B). It was observed that targeted END-polymersomes 

could penetrate more to the cancer cells compared to non-targeted vesicles likely due to the 

overexpression of membrane-bound estrogen receptors on the surface of breast cancer cells 

(Figure 5).241 To evaluate the potency of END-polymersomes for cellular internalization, we 

conducted another experiment by treating a group of ER+ MCF7 cells with free END, and 

another group of the cells with a combination of END-polymersomes and free END. We 

observed that free END could not penetrate to the cells. However, when we treated the cells with 
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a combination of free END and targeted END-polymersomes, free END particles inhibited END-

polymersome internalization into the cells. This was observed because free END binds to 

estrogen receptor and competitively inhibits END-polymersomes to interact with the receptors 

and penetrate to the cells. 

To probe the role of ER in cellular internalization, we incubated the triple-negative breast 

cancer MDA-MB-231 cells with the same polymersome formulations and imaged them using a 

fluorescence microscope (Figures 6A, B).  We observed a weak fluorescence intensity from both 

targeted and non-targeted polymersomes (deshed-line insertions in Figures 6A, B).  Moreover, 

the intensities were not significantly different in hypoxia (p = 0.124) and normoxia (p = 0.251) 

and in the absence and presence of added endoxifen (Figure 6C). We chose the same treatment 

options for triple negative breast cancer cells as we did for ER+ cells to compare ER- and ER+ 

breast cancer cells together. It was clear that, owing to the lack of estrogen receptors on the 

surface of MDA-MB-231 cells,214 endoxifen could not have any effect on nanoparticle uptake 

when the cells were incubated with a combination of END-polymersomes and free END (Figure 

6C). 
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Figure 3.6. Fluorescence images of cellular uptake in triple-negative MDA-MB-231 cells. Free 
endoxifen (free END), non-targeted and targeted polymersomes, and the combination of END 
and targeted polymersomes after 3 hours under normoxia (A) and hypoxia (B) (scale bar: 50 
µm). (C) Quantitative fluorescence intensity of the cells in normoxia and hypoxia (n = 3). 
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Figure 3.6. Fluorescence images of cellular uptake in triple-negative MDA-MB-231 cells 
(continued). Free endoxifen (free END), non-targeted and targeted polymersomes, and the 
combination of END and targeted polymersomes after 3 hours under normoxia (A) and hypoxia 
(B) (scale bar: 50 µm). (C) Quantitative fluorescence intensity of the cells in normoxia and 
hypoxia (n = 3).  

3.4.4. Cytotoxicity in monolayer and spheroid cultures 

To evaluate the toxicity, MCF7 cells were incubated with different concentrations of 

buffer-encapsulated END-polymersomes for 3 days. The cells were more that 85% viable with 

the highest amount of polymer concentration (100 µg/mL) tested in normoxia and hypoxia 

(Figure 7).  For the subsequent experiments, we used 1 mg/mL of total polymer in preparing the 

polymersomes. To determine the efficacy of DOX-loaded polymersomes, the MCF7 monolayer 

and three-dimensional spheroid cell cultures were incubated for 72 hours with four treatments: 

non-targeted nanoparticles (DOX-HRPs), targeted END-conjugated nanoparticles (END-DOX-

HRPs), control (buffer only), and free DOX (Figure 8A-B).  
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Figure 3.7. Toxicity of buffer-encapsulated endoxifen-conjugated polymersomes on MCF7 
breast cancer cells under normoxic and hypoxic conditions (72 hours, n = 3). 

The MCF7 cells were treated with various DOX concentrations within a range from 1 to 

15 μM. The minimum drug concentration which made significant differences in most of treated 

cell cultures was 8 μM. It was observed that treating the MCF7 monolayer and spheroid cultures 

under hypoxia with non-targeted polymersomes (DOX-HRPs; [DOX] = 8 μM) reduced the cell 

viability to 50% and 65%, respectively. The reduced cell viability is likely due to passive 

diffusion of the polymersomes inside the breast cancer cells and subsequent release of 

doxorubicin in the cytosol.  However, treating the monolayer and spheroids under hypoxia with 

the targeted polymersomes (END-DOX-HRPs; [DOX] = 8 μM) decreased the viability of the 

cells to 18% and 31%, respectively. The targeted nanoparticles show higher cellular 

internalization compared to the non-targeted counterparts, and this effect is enhanced in hypoxia 

(Figure 5).  Hence, the higher cell death with the targeted polymersomes in hypoxia is likely due 

to more efficient internalization and subsequent DOX release.   
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We observed that the cell viability in treated microtumor-like spheroid cultures was 

higher than monolayer cultures likely due to the dense structure of the spheroids. A significant 

difference (p < 0.05) was shown between hypoxia and normoxia when the monolayer and 

spheroid cultures were incubated with targeted polymersomes. It was demonstrated that under 

hypoxia, targeted polymersomes decreased the viability of the monolayer and spheroid cultures 

to 18% and 31%, respectively (Figures 8A, B, brown bars). We also observed a significant 

difference (p < 0.05) between targeted and non-targeted treatment groups under hypoxia within 

both monolayer and spheroid cell cultures (Figures 8A, B, purple and brown bars) which should 

be caused by enhanced targeted receptor-mediated cellular uptake.210 There was a significant 

difference (p < 0.05) between hypoxia and normoxia only in monolayer cultures when they were 

incubated with non-targeted treatment group (Figure 8A, green and purple bars). The cell 

viability decreased about 30% between these two groups. The reason why we observed a 

significant difference just in monolayer cultures should be due to their penetrable structure 

compared to the spheroids. 

The polymersomes release 35% of their cargo within 3 hours and 90% after 8 hours in 

hypoxia (Figure 4). This ensures that 72-hour treatment is enough for the vesicles to pass through 

the cancer cells, disintegrate, and release their encapsulated DOX. According to EPR effect 

(passive diffusion), both non-targeted and targeted polymersomes can accumulate into the 

tumor.220 However, in addition to passive diffusion, targeted vesicles demonstrate enhanced 

cellular uptake and toxicity regarding to estrogen receptor-mediated endocytosis. 

According to overexpression of the surface estrogen receptors on ER+ breast cancer 

cells,241 we expect to observe an increased receptor-mediated nanoparticle internalization into the 

cells. Even though staining the membrane-associated estrogen receptors demonstrated that 
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expression of surface estrogen receptors did not change between hypoxia and normoxia in breast 

cancer cells,250due to general overexpression of estrogen receptors and remaining unchanged 

under all conditions, we can expect to observe an enhanced ligand-receptor mediated cellular 

uptake of targeted nanoparticles. 

To further estimate the efficacy of the polymersomes, the 6-day old spheroids were 

treated with 8 µM free DOX, non-targeted, and targeted nanoparticles for 72 hours in hypoxia 

and normoxia and their growth was monitored for 16 days (Figure 8C-D). 
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Figure 3.8. Viability of MCF7 cells under normoxia and hypoxia after 72-hour treatment in 
monolayer (A) and three-dimensional spheroid cultures (B) (n = 3, *p < 0.05). Growth curves of 
MCF7 spheroid cultures in hypoxia (C) and normoxia (D) (n = 3, **p < 0.01, *p < 0.05). 
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It was shown that targeted polymersomes were more toxic toward breast cancer cells in 

hypoxia by shrinking the spheroid volume up to 73%, while non-targeted polymersomes reduced 

this volume by 32% in hypoxia (Figure 8C). The results of spheroid growth curve in hypoxia 

confirms higher toxicity of targeted polymersomes compared to non-targeted vesicles on 

spheroid cultures under hypoxia (Figure 8B). We also observed that targeted polymersomes in 

normoxia decreased the spheroid volume up to 52%, while non-targeted polymersomes only 

shrink this volume by 20% (Figure 8D). The targeted polymersomes could enter the MCF7 cells 

easier than the non-targeted vesicles. This is based on surface END ligands that selectively 

interact with the ERs on the breast cancer cells and shrink microtumor volume. In addition, 

targeted polymesomes significantly decreased the volume of spheroids compared to free DOX (p 

< 0.05), non-targeted polymersomes (p < 0.05), and control group (p < 0.01) in hypoxia (Figure 

8C). Overall, we observed that targeted polymersomes have a great potency to shrink the breast 

microtumors compared to non-targeted polymersomes and control group in all conditions. 

3.5. Conclusion 

The END-decorated doxorubicin-encapsulated polymersomes described in this study are 

targeted polymeric hypoxia-responsive nanoparticles for drug delivery to ER+ breast 

microtumors. These vesicles act as a dual-functional polymersomes. On one hand, they 

selectively bind to overexpressed ERs on the surface of breast cancer cells by the aid of surface-

anchored END molecules and enter the cytosol. In addition, they sustainably release their 

anticancer drug within hypoxic niches of tumor microenvironment by the help of their hypoxia-

responsive diazobenzene moieties. We note that some drug release from the nanocarriers can 

occur in the extracellular matrix also under hypoxia. Under hypoxia, targeted polymersomes 

demonstrated higher cytotoxicity on ER+ breast cancer monolayer and spheroid cultures 
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compared to non-targeted polymersomes and free drugs. In addition, targeted polymersomes 

shrank the breast microtumor volume more efficiently than non-targeted polymersomes in both 

hypoxia and normoxia. Based on the survey of previously published literature, this is the earliest 

use of targeted END-conjugated polymersomes with doxorubicin in treating ER+ breast cancer 

monolayer and spheroid cell cultures. Overall, the merits of our targeted polymersomes are the 

ability to specifically interact with estrogen receptors, disintegrate in the cancer cells under low 

oxygen partial pressure, selectively release their encapsulated drug in hypoxic breast cancer 

microtumors, diminish the cancer cell viability, and enhance therapeutic efficacy of anticancer 

drug. Most importantly, targeted END-conjugated DOX-loaded nanoparticles will have potential 

for delivering chemotherapeutic drugs and treating breast cancer. 
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4. TARGETED POLYMERIC NANOPARTICLES FOR DRUG DELIVERY TO 

HYPOXIC, TRIPLE-NEGATIVE BREAST TUMORS 

4.1. Abstract 

High recurrence and metastasis to vital organs are the major characteristics of triple-

negative breast cancer (TNBC). Low vascular oxygen tension promotes resistance to chemo- and 

radiation therapy. Neuropilin-1 (NRP-1) receptor is highly expressed on TNBC cells. The tumor-

penetrating iRGD peptide interacts with the NRP-1 receptor, triggers endocytosis and 

transcytosis, and facilitates penetration. Herein, we synthesized a hypoxia-responsive diblock 

PLA–diazobenzene–PEG copolymer and prepared self-assembled hypoxia-responsive 

polymersomes (Ps) in an aqueous buffer. The iRGD peptide was incorporated into the 

polymersome structure to make hypoxia-responsive iRGD-conjugated polymersomes (iPs). 

Doxorubicin (DOX) was encapsulated in the polymersomes to prepare both targeted and non-

targeted hypoxia-responsive polymersomes (DOX-iPs and DOX-Ps, respectively). The 

polymeric nanoparticles released less than 30% of their encapsulated DOX within 12 hours 

under normoxic conditions (21% oxygen), whereas under hypoxia (2% Oxygen), doxorubicin 

release remarkably increased to over 95%. The targeted polymersomes significantly decreased 

TNBC cells’ viability in monolayer and spheroid cultures under hypoxia compared to normoxia. 

Animal studies displayed that targeted polymersomes significantly diminished tumor growth in 

xenograft nude mice. Overall, the targeted polymersomes exhibited potent anti-tumor activity in 

monolayer, spheroid, and animal models of TNBC. With further developments, the targeted 

nanocarriers discussed here might have the translational potential as drug carriers for the 

treatment of TNBC. 
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4.2. Introduction 

Breast cancer is a challenging disorder for women, regardless of the treatment strategy 

used.251 A high recurrence rate and metastasis to different organs (e.g., lung, bone, liver, and 

lymph nodes) contribute to adverse outcomes.252 Metastatic breast cancer claims about 40,000 

lives in the US annually.253 Triple-negative breast cancer (TNBC) is marked by the loss of all 

biomarker expression254 and includes about 15% of all diagnosed breast malignancies.255 Based 

on the gene expression profiles, there are four subtypes of TNBC.256 Effective therapies are 

available for the estrogen, progesterone, and human epidermal growth factor receptor positive 

subtypes. However, no promising treatment exists for TNBC other than systemic 

chemotherapy.257 This is partially due to rapid cell proliferation and inadequate blood flow, 

which creates a low oxygen concentration (hypoxia) in tumors.258 Notably, hypoxia is a primary 

driver of metastasis and aggressiveness in TNBC, which hinders treatment.259–261  

Due to the lack of specific targeting, chemotherapeutic drugs for TNBC inflict severe 

damage to healthy tissues. Besides, low solubility, decreased bioavailability, and accelerated 

clearance of drugs from the bloodstream make it challenging to achieve the desired clinical 

outcomes.262 To address these problems, nanotechnology has emerged as a rapidly developing 

field to design drug carriers for TNBC treatment.263,264 Drugs encapsulated in nanocarriers have 

several advantages compared to the free molecules. For instance, polymeric nanoparticles help 

increase the solubility of lipophilic drugs by carrying these drugs within their bilayer.265–268 

Polyethylene glycol (PEG) on the outer layer extends the nanoparticles' circulation time and 

allows passing of cancer tissues through enhanced permeability and retention (EPR) effect.269 

Nanoscale carriers with targeting moieties for the overexpressed surface receptors target the 

disease site, thus minimizing off-target side effects.270,271 In addition, stimuli-responsive 



 

70 

nanoparticles respond to specific triggers for releasing anticancer drugs only in the presence of a 

stimulus.272 

Polymersomes are nanoparticles prepared from amphiphilic copolymers. Several 

properties render polymersomes more advantageous than other nanoparticles, including 

membrane stability, tunable molecular weight of the polymers, ligand conjugation capacity, and 

more.273,274 Hydrophobic molecules are encapsulated within the polymer bilayer, whereas 

hydrophilic drugs are incorporated into the aqueous core of the polymersomes, thereby carrying 

both types of drugs simultaneously.275  

The tumor-penetrating iRGD peptide (CRGDKGPDC) contains the RGD motif for 

specific interaction to overexpressed αvβ3 integrins on endothelial cancer cells.276 Subsequent 

cleavage of iRGD peptide exposes the CendR (RGDK) motif with a higher binding affinity to 

the neuropilin-1 (NRP-1) receptor.  This ligand-receptor Binding promotes transcytosis and 

endocytosis, leading to tumor penetration.277 Hence, surface conjugation of iRGD peptide to the 

drug-encapsulated polymersomes allows them to penetrate solid tumors 278 (Figure 1).   

Doxorubicin (DOX) is a common anthracycline drug used for treating various cancers, 

particularly TNBC.258,279 DOX can be encapsulated into biocompatible nanocarriers to increase 

therapeutic index and sustained release.280 In this study, we synthesized DOX-encapsulated, 

iRGD-conjugated, hypoxia-responsive, polymersomes (DOX-iPs) as targeted drug delivery 

vehicles to deliver DOX into solid tumors of TNBC.  The targeted polymersomes offered here 

are dual-functional nanoparticles that bind specifically to the surface NRP-1 receptors and 

translate into TNBC cells. Then, the diazobenzene linker of the PLA-PEG polymer undergoes 

reduction within hypoxia, disintegrates the polymersome membrane, and releases encapsulated 
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DOX in the tumor microenvironment. We also prepared non-targeted polymersomes (DOX-Ps) 

to evaluate their efficacy along with targeted polymersomes. 

 

Figure 4.1. Schematic illustration of the iRGD peptide-mediated targeting and penetration into 
the solid TNBC by the polymersomes. 

4.3. Materials and methods 

4.3.1. Materials 

The amino acids were purchased from Alfa Aesar. DPPE- lissamine rhodamine lipid dye 

was prepared from Avanti Polar Lipids. mPEG2000-NH2 was prepared from Biochempeg. All 

other chemicals for polymer synthesis were purchased from Millipore Sigma. The complete cell 

culture medium was prepared from VWR International. The antibiotic-antimycotic (Penicillin-

Streptomycin-Amphotericin B) solution was purchased from Corning. 

4.3.2. Synthesis and characterization of copolymers and peptide 

The PLA8500-Azo-PEG2000 polymer was synthesized in our laboratory, as previously 

reported.258 The 1H NMR, 13C NMR, and gel permeation chromatography (GPC) were used to 

analyze the final product (Supporting Information, Figures A2-4). A peptide synthesizer (Liberty 

Blue) was used for synthesizing Hex-iRGD in our lab, as previously reported.267 The product 
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(145 mg, 64%) was characterized by mass spectrometry and circular dichroism (Supporting 

Information, Figures C1-2). 

4.3.3. Synthesis of PLA8500–PEG2000–iRGD polymer 

The PLA8500–PEG2000–N3 polymer was synthesized in our laboratory, as previously 

reported.281 [2+3]-cycloaddition reaction was carried out for conjugating Hex-iRGD to PLA8500–

PEG2000–N3 polymer in our lab, as previously reported.267 The lyophilized product was freeze-

dried (yield: 50%) and characterized by circular dichroism spectroscopy (Supporting 

Information, Figure C2). 

4.3.4. Preparation of the polymersomes encapsulating doxorubicin 

The fluorescent lipid DPPE-N-lissamine rhodamine (LR, 5%), PLA8500-Azo-PEG2000 

polymer (85%), and PLA8500–PEG2000–iRGD (10%) were used for preparing targeted 

doxorubicin-encapsulated polymersomes (DOX-iPs). LR (5%) and PLA8500-Azo-PEG2000 

polymer (95%) were used to make doxorubicin-encapsulated polymersomes (non-targeted 

polymersomes, DOX-Ps). Doxorubicin encapsulated polymersomes were prepared using the pH 

gradient method.279 The method and chemicals using to prepare polymersomes were previously 

reported.258 Doxorubicin was added with a 1:5 drug/polymer molar ratio while stirring for 4 

hours. The vial content was filtrated by Sephadex G100 column to collect doxorubicin-

encapsulated nanoparticles.  

4.3.5. Preparation of plain polymersomes 

Plain (HEPES buffer-encapsulated) nanoparticles were made from the PLA8500-Azo-

PEG2000 polymer (95%) and LR dye (5%). Briefly, LR was air-dried to make a thin layer film. 

PLA8500-Azo-PEG2000 polymer (100 µL) was mixed with the dried LR and added dropwise into 

1000 µL HEPES buffer (pH 7.4) and evaporated for 45 minutes. Subsequently, the mixture was 



 

73 

sonicated for 1 hour and filtered by Sephadex G100 column. Plain polymersomes were the 

control for the cell cytotoxicity studies. 

4.3.6. Characterization 

The charge and size of the polymersomes were measured by Dynamic Light Scattering 

(DLS) instrument (Malvern Zetasizer). All samples were measured five times and the average of 

all measurements was recorded. 

Nanoparticle solutions (10 µL, 1 mg/mL) were dried by nitrogen flow. A microscope 

(NT-MDT NTEGRA AFM) was employed for acquiring AFM images. Samples were prepared 

for transmission electron microscopic (TEM) images based on a reported protocol.258 

4.3.7. Release studies 

The release kinetics of the nanoparticles were carried out by preparing a mixture of 

targeted polymersomes, NADPH, and liver microsomes under hypoxic (2% oxygen) and 

normoxic (21% oxygen) conditions according to previously reported protocol in our 

laboratory.258 The loading content and encapsulation efficiency of the drug in both non-targeted 

and targeted vesicles were calculated by measuring absorbance at 480 nm.282  

4.3.8. Cell culture 

The MDA-MB-231 cells were purchased from American Type Culture Collection 

(Manassas, VA).  For the normoxic conditions, cells were grown in an incubator at 37 oC 

containing 5% CO2 and 21% oxygen. For the hypoxic conditions, cells were incubated in a 

hypoxia chamber (Biospherix C21) with 5% CO2 and 2% oxygen at 37 oC. 

4.3.9. Neuropilin-1 protein expression 

The TNBC cells were seeded (2.5 x 105 cells/well) in cell culture plates and incubated in 

normoxic conditions. When the cells reached around 40 to 50% confluence, a set of plates were 
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moved to the hypoxia chamber (2% oxygen). The cells were then incubated in both hypoxic and 

normoxic chambers, and their protein was collected after 24 hours. The whole-cell lysates were 

analyzed using 10% SDS polyacrylamide gel electrophoresis. Proteins were transferred on PVDF 

membranes before incubation with NRP-1 (Abcam) and β-Actin (Applied Biological Materials) 

primary antibodies. Protein bands were detected by imaging the membrane, and densitometry 

analysis was carried out by Image Studio v.5.2 software. 

4.3.10. Cellular internalization 

The cells were seeded (5,000 cells/well) in two 12-well tissue culture plates and 

incubated under 5% CO2. When the cells reached 80% confluence, they were washed with 1X 

PBS and replenished with fresh cell culture media. Then, one of the plates was moved to the 

hypoxia chamber (2% oxygen) for one doubling time before starting the experiments. The cells 

in both plates were treated with iRGD-conjugated and non-conjugated polymersomes (targeted 

and non-targeted treatments, respectively, 20 µL each) for three hours. The plates were then 

washed three times with PBS, and the cell nuclei were stained with DAPI (NucBlue, Invitrogen). 

The images were taken by a Leica fluorescence microscope. The densitometry analysis was 

carried out by the NIH ImageJ (version: 1.52a) software. 

4.3.11. Cytotoxicity in monolayer cultures 

The cells were seeded (5,000cells/well) in the plates and grown 24 hours. The wells 

containing the cells were categorized into five treatments: HEPES-buffer encapsulated 

polymersomes, non-targeted polymersomes (DOX-Ps), targeted polymersomes (DOX-iPs), free 

DOX, and control (only HEPES buffer). 1, 2, and 4 µM of free DOX and the same amounts of 

drug-encapsulated polymersomes were used for 72 hours under hypoxic and normoxic 

conditions. For the cytotoxicity study, the cells were incubated with different concentrations of 
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plain polymersomes (20 to 100 μg/mL). The cytotoxicity was measured after 4 hours by 

recording the fluorescence (excitation at 560 nm and emission at 595 nm). 

4.3.12. Three-dimensional cytotoxicity studies  

The cells were cultured as spheroids using Nanoshuttle three-dimensional cell culture kit 

(Greiner Bio-one). The NanoShuttle nanoparticles (200 µL) were added into an 80-90% 

confluent MDA-MB-231 cells for magnetizing the cells overnight. The cells were dislodged, 

counted, and 20,000 cells were transferred into each well. The plates were laid on top of 

magnetic spheroid drives for 15 minutes to form spheroids and incubated for 24 hours. The wells 

were then categorized into five treatments and incubated for 72 hours in both hypoxia and 

normoxia with the same three different doxorubicin concentrations (1, 2, and 4 µM). The 

spheroids were then washed with PBS, transferred to new plates for growing 24 hours. 

Subsequently, the cytotoxicity was determined (same as monolayer cell viability assay). 

4.3.13. In vivo toxicity and anti-tumor efficacy 

The anti-tumor efficacy of the polymersomes was evaluated on tumor-bearing mouse 

models. The MDA-MB-231 cell suspension (106 cells per mouse) was mixed in Matrigel 

(Corning) at a 1:1 ratio (total 200 µL) and subcutaneously injected into the 8-week-old female 

athymic nude mice (Envigo). Three weeks after injection, 30 mice with a tumor volume ranging 

from 50-80 mm3 were randomly divided into five treatment groups. The treatment groups were 

vehicle, free DOX, polymersomes, non-targeted, and targeted nanoparticles. The control and 

polymersome-only groups received saline and polymersomes, respectively. The other 3 groups 

received 5 mg DOX/kg dose. All treatments were given twice per week for four weeks. The body 

weights and tumor volumes were evaluated once every three days. Two weeks after the treatment 
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ended, all mice were euthanized, the tumors were excised, and weighed. The vital organs were 

dissected and fixed in 10% formalin for histological evaluation. 

4.3.14. In vivo biodistribution 

Tumor-bearing female athymic nude mice were i.v. injected with iRGD-polymersomes 

containing lissamine rhodamine fluorescent dye. The mice were then euthanized after 3 and 8 

hours, the organs (lung, liver, and kidney) were excised and imaged. The fluorescence integral 

density of accumulated polymersomes in each organ tissue was analyzed. 

4.3.15. Statistical analysis 

The statistical analyses were all processed using Origin software (Origin 9.3, 

Northampton, Massachusetts) and presented as mean ± SEM. The significant statistical 

difference between normoxic and hypoxic conditions within treatment groups were evaluated by 

ANOVA. 

4.4. Results and discussion 

4.4.1. Synthesis and characterization of polymersomes 

Hypoxia contributes to the overall progression, migration, and invasion of TNBC and 

other solid tumors.283 We synthesized PLA8500-Azo-PEG2000 polymer with a hypoxia-responsive 

diazobenzene linker (Scheme 4.1), which self-assembles into polymersomes under appropriate 

conditions. 



 

77 

N
N

OHO

OHO
(1)        
      Pyridine, NHS, EDC (56%)

NH2
O

O
m

HO NH2

Tin (II) bis(2-
ethylhexanoate) 
(Catalyst) 120 

oC, 
Toluene, 24 h (51%)

O

O O

O

(2)        
      Pyridine, NHS, EDC (37%)

HO N
H

O
N N

H
N

O

O
OCH3

m

HO
O

O N
HO

CH3

CH3

O

n

O
N

N
H
N

O
O

OCH3

PLA8500
-Azo-PEG

2000

m

 

Scheme 4.1. Synthesis of the polymer with hypoxia-sensitive diazobenzene linker (green: PLA; 
red: hypoxia-responsive linker; blue: PEG). 

The polydispersity index was calculated from Gel Permeation Chromatography to be 

1.17.  The surface PEG groups increase circulation time and the amount of polymersomes in 

cancerous tissue microenvironment by EPR effect.266 The alkyne functional group on hexynoic 

acid was subsequently used for the conjugation of iRGD peptide to the azide (N3) functional 

group of PLA8500–PEG2000–N3 polymer (Scheme 4.2). This peptide conjugation with the polymer 

was evaluated by circular dichroism spectroscopy (Supporting Information, Figure C2). We 

actively encapsulated doxorubicin into the nanoparticles, while unencapsulated doxorubicin was 

separated by passing the sample through the gel filtration column. A standard curve was plotted 

by measuring doxorubicin absorption as a function of concentration (Supporting Information, 

Figure C3). The encapsulation efficiency and loading of the non-targeted polymersomes were 

51% and 9 weight percent, and for the targeted polymersomes were 63% and 11 weight percent, 

respectively. These polymersomes were stable over 8 weeks at 4 °C (Supporting Information, 

Figure C4). 
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Scheme 4.2. Reaction of PLA8500–PEG2000–N3 polymer and Hex-iRGD. 

The synthesized PLA8500–PEG2000–iRGD conjugate was then incorporated into the 

polymeric nanoparticles to prepare doxorubicin encapsulated hypoxia-responsive iRGD-

conjugated polymersomes (DOX-iPs). The iRGD peptide in the structure of polymersome first 

targets αvβ3 and αvβ5 integrins on the cells. Subsequent enzymatic cleavage exposes the CendR 

(RGDK) motif to interact with the NRP-1 receptors, cellular internalization, and endocytic 

transcytosis.284 The size, charge, and polydispersity index (PDI) of the nanoparticles were 

calculated by dynamic light scattering, DLS (Figure 2A, 2B, Table 4.1), and the spherical shape 

was confirmed by atomic force microscopic (AFM) imaging (Figure 2C, 2D).  The average size 

of the nanoparticles significantly changed in hypoxic conditions (Figure 2A, C5, Table 4.1). 

Targeted vesicles indicated larger diameters because of the conjugation of iRGD peptide. Figure 
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2B, C6, and Table 4.1). The slightly positive ζ potential almost remained consistent within all 

conditions for non-targeted and targeted polymersomes (Table 4.1).  
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Figure 4.2. The size of non-targeted (A) and targeted (B) nanoparticles. AFM images of non-
targeted (C) and targeted (D) nanoparticles. 

Table 4.1. Diameter, ζ potential, and PDI of different polymersomes 

Polymersome Average diameter (nm) ζ potential (mV) PDI 
Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 

Non-targeted 118 ± 4 43 ± 4, 419 ± 22 0.13 ± 0.09 0.21 ± 0.11 0.13 ± 0.02 0.73 ± 0.16 
Targeted 136 ± 7 51 ± 3, 574 ± 27 0.23 ± 0.12 0.31 ± 0.14 0.18 ± 0.05 0.76  0.19 

 
4.4.2. Release studies in hypoxia and normoxia 

Solid tumors have an environment that is rich in reducing agents.285 The diazobenzene 

moieties in the polymers' structure undergo a four-electron reduction reaction in hypoxia which 

leads to disassembling of block polymers. This disintegrates the polymersomes and releasing the 

encapsulated drugs 286 (Figure 3A). 
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To check the drug release from polymersomes, targeted DOX-loaded polymersomes 

(DOX-iPs) were prepared. The release behavior was evaluated within hypoxic and normoxic 

conditions as a function of time (Figure 3B). 
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 Figure 4.3. (A) Mechanism of the reduction under hypoxic environment. (B) DOX release 
within hypoxia (2% oxygen) and normoxia (21% 0xygen) (n = 3).  

The polymersomes released significantly higher amount of Dox in hypoxia than 

normoxia. Polymersomes released about 95% of their encapsulated DOX within hypoxic 

conditions around 12 hours, although about 25% of DOX was released in the normoxic condition 

within 12 hours. This confirmed that nanoparticles released their cargo due to the reduction of 

diazobenzene linker in hypoxia (Figure 3A). 

AFM and TEM images showed that the vesicular shape of the nanoparticles changed 

within hypoxia (Figure 4). Irregular morphology of the polymersomes in hypoxic conditions 

demonstrates possible disintegration and fusion of the polymeric vesicles (Figure 4B, 4D). We 

also observed that hypoxia decreased the hydrodynamic diameter and increased the vesicles' 

polydispersity index (Table 4.1). 
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Figure 4.4. AFM and TEM images of the vesicles within normoxic (A, C) and hypoxic (B, D) 
conditions (scale bar: 50 nm). 

4.4.3. Neuropilin-1 expression  

To investigate any hypoxia-induced expression of NRP-1, the MDA-MB-231 cells grew 

under both normoxic (21% oxygen) and hypoxic (2% oxygen) conditions.  Western blotting 

demonstrated a significant increase in NRP-1 protein expression within the cells cultured in 

hypoxia than normoxia (Figure 5). The protein β-actin used as internal control. We found that the 

level of NRP-1 expression significantly increased after 24 hours within hypoxia (Figure 5B). 

This result suggested that hypoxia might structurally and functionally induce transmembrane 

NRP-1 protein expression through angiogenesis in TNBC cells.  
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Figure 4.5. (A) NRP-1 expression in MDA-MB-231 cells with significant upregulation in 
hypoxic conditions (24h exposure). (B) The level of NRP-1/β-Actin expression (n = 3, *p < 
0.05). 

4.4.4. Cellular uptake  

To demonstrate the nanoparticle penetration into TNBC cells, DPPE-lissamine 

rhodamine lipid (5%) was incorporated into the composition of polymersomes (without drug) for 

the ease of visualization and fluorescence microscopic imaging.273,287 The MDA-MB-231 cells 

were treated for 3 hours with both targeted and non-targeted polymersomes. The red 

fluorescence (lissamine rhodamine dye) was observed inside the cells treated with targeted 

nanoparticles under hypoxia. However, the cells incubated with non-targeted vesicles (control) 

did not show significant intensity of the red fluorescence inside the cells (Figure 6A) either in 

hypoxia or normoxia. The images' quantitative fluorescence integral density indicated a 

significant difference between the iRGD-targeted polymersomes in hypoxia and normoxia. Also, 

the uptake results were significantly different   for targeted and non-targeted polymersomes 

within hypoxia and normoxia (Figure 6B).  It was found that the intensity of targeted 

nanoparticles were 8.5 times more than non-targeted polymersomes within hypoxic condition 

and 3 times more than targeted nanoparticles within normoxic condition. According to earlier 

studies, nanocarrier uptake in TNBC cells increases dynamically within the hypoxic condition.288 
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Since TNBC cells overexpress the NRP-1 receptor on the surface,289 targeted iRGD-conjugated 

polymersomes will show increased uptake within these cells. Besides, western blotting of MDA-

MB-231 cells displayed an increased expression of NRP-1 under hypoxia. Based on these 

findings, we concluded that exposing the MDA-MB231 cells to iRGD-conjugated polymersomes 

for three hours elevated the cellular uptake. 
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Figure 4.6. (A) Fluorescence images of non-targeted and targeted polymersome uptake within 
MDA-MB-231 cells in hypoxia and normoxia (scale bar: 50 µm). (B) fluorescence intensity of 
polymersome uptake (n = 3, *p < 0.05, **p < 0.01). 

4.4.5. Polymer toxicity and monolayer cytotoxicity 

To assess polymer toxicity, the cells were treated with different amounts of the 

polymersomes encapsulating HEPES buffer within hypoxia and normoxia for 3 days.  The 

polymersomes demonstrated more than 88% cell viability with the maximumof 100 µg/mL 

polymer concentration (Figure 7A), indicating minimal toxicity. To demonstrate polymersomes' 

efficacy, the MDA-MB-231 monolayer cultures were treated for 3 days using four groups: 

control (no treatment, HEPES buffer only), free drug, non-targeted, and targeted nanoparticles. 

The results demonstrated that incubating the MDA-MB-231 cells with 4 µM DOX encapsulated 

within targeted polymersomes under hypoxia reduced cell viability to 28% compared to 
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normoxia (Figure 7B, p < 0.05). It was observed that targeted vesicles were more effective in 

contrast to non-targeted polymersomes and free DOX to kill TNBC cells under hypoxia. This is 

likely due to the binding of tumor-homing iRGD peptide on the targeted polymersomes with the 

overexpressed NRP-1 receptors on TNBC cells. According to drug release study (Figure 3B), 

nanoparticles released one-third (33%) of their loaded DOX within 3 h and around 79% within 8 

h. Therefore, 3-day treatment will ensure enough time for the polymersomes to translocate the 

breast cancer cells, break open, and release their drug cargo within the cells.  
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Figure 4.7. Viability of MDA-MB231 cells (monolayer) after 3-day treatment with buffer-
encapsulated polymersomes (A, n = 6), free DOX, non-targeted, and targeted polymersomes (B, 
n = 3, * P < 0.05). 

4.4.6. Cell viability in spheroid cultures 

The MDA-MB-231 three-dimensional spheroids were cultured for 3 days in hypoxic and 

normoxic conditions with the same treatment groups as a monolayer cell viability study (Figure 

8A). The results indicated that under hypoxia, the cell viability was significantly diminished to 

36% when the spheroids were incubated with 4 µM DOX loaded within targeted vesicles in 

contrast to non-targeted vesicles within normoxic condition (66%) (Figure 8B). However, there 

was no significant difference in viability when the cells were incubated with non-targeted 

vesicles or free drug within hypoxic and normoxic conditions. This might reflect the slow 
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diffusion of non-targeted nanoparticles and DOX inside the three-dimensional cultures. Instead, 

targeted polymersomes showed enhanced cytotoxicity based on receptor-mediated cell 

penetration. Some polymersomes might release the encapsulated DOX in the extracellular 

regions. In this regard, the free drug penetrates to the cells via cell membrane.290 However, 

passive diffusion could be less prevalent in comparison with targeted drug-encapsulated 

nanoparticle delivery. 
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Figure 4.8. (A) Three-dimensional MDA-MB-231 spheroid images before and after incubating 
the cells with non-targeted and targeted vesicles under hypoxic and normoxic conditions (scale 
bar: 100 µm). (B) Viability of MDA-MB-231 cell spheroids (n = 3, * P < 0.05). 

4.4.7. In vivo anti-tumor efficacy 

To evaluate the anti-tumor efficacy, MDA-MB231 tumor-bearing female nude mice were 

administered through tail vein with saline (control), DOX, plain polymersomes, non-targeted, 

and targeted DOX-polymersomes twice per week for 4 weeks. Mice were monitored daily for 

potential toxicity of the drugs, and the tumor volume and body weight were calculated once 

every three days. The percent tumor volume growth within days was calculated (Figure 9A) and 

suggested tumor growth inhibition in all DOX-treated groups in comparison with the control. 

The tumor growth in the group treated with plain polymersomes demonstrated a slight difference 

compared to the saline group. Free DOX showed an increase of 337% in tumor volume. Non-
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targeted polymersomes exhibited 253% increase in tumor volume that was significantly different 

compared to the saline group. However, targeted DOX-encapsulated nanoparticles demonstrated 

a much lower increase in volume of just 129%, and displayed significant a difference in 

comparison with non-targeted vesicles, DOX, and saline (p < 0.05 vs non-targeted 

polymersomes p < 0.01 vs free DOX, and p < 0.001 vs saline). This suggested that targeted 

polymersomes were the most effective nanoparticles to inhibit TNBC tumor growth. At the end 

of the experiment, the mice were euthanized; the tumors were excised and weighed (Figure 9B). 

The plain polymersomes, free DOX, and non-targeted polymersome treatment groups 

revealed the average tumor weights of 0.712, 0.661, and 0.565 g, respectively. However, the 

targeted polymersome treatment group resulted in the lowest average tumor weight of 0.312 g, 

significantly different compared to DOX treated groups and saline (p < 0.05 vs. non-targeted, p < 

0.01 vs. free DOX, and p < 0.001 vs. saline). The percent tumor growth inhibition (TGI) was 

determined based on DOX treated groups' tumor volume in contrast to the saline tumor volume 

group (Figure 9C). The free DOX and non-targeted polymersome groups presented TGI of 41% 

and 55.7%, respectively. However, targeted polymersome treatment groups demonstrated a TGI 

of 77.6% that was significantly higher than non-targeted polymersome and free DOX treatment 

groups. Excised tumors in all treatment groups were dissected in half and imaged (Figure 9D). 

Overall, the expected high anti-tumor efficacy of the targeted polymersomes might be due to the 

defective tumor vasculature, enhanced blood circulation and accumulation within the tumors via 

surface-modified tumor penetrating iRGD peptide,286 disintegration within hypoxic niches of 

breast tumors based on the presence of hypoxia-responsive moiety, and liberation of the drug 

within the cells. 
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Figure 4.9. In vivo anti-tumor efficacy studies (A) Tumor volume growth of MDA-MB-231 
cancer xenografts treated with saline, plain polymersomes, DOX, non-targeted and targeted 
polymersomes with a dose of 5 mg DOX/kg. (B) Average tumor weight of all treatment groups 
(n = 3, *p < 0.05, **p < 0.01). (C) Percent tumor growth inhibition (TGI) of DOX treated groups 
(n = 3, *p < 0.05, **p < 0.01). (D) Excised tumor images from outside (scale bar: 5 mm). 

4.4.8. In vivo toxicity of polymersomes 

To determine the polymersomes' toxicity, main organs (lung, liver, and kidney) were 

collected at the end of the experiment and evaluated using histological assessments (hematoxylin 

and eosin staining, Figure 10). Histological analyses of mice treated with saline demonstrated 

some metastatic lesions within the liver tissue (black arrows) due to the diffusion of neoplastic 

cells through the vessels. The mice treated with DOX, non-targeted, and targeted nanoparticles, 

did not show any metastatic lesion or toxicity. This presented substantial tumor growth inhibition 

and anti-tumor efficacy of the polymersome formulations and free drug. We did not evaluate 
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heart tissue lesions in our study. However, possible toxicity might be expected with high doses 

of DOX to create myocardial damaged fibers. Overall, most of the organs treated with DOX-

loaded vesicles were normal with no tissue necrosis or cell lesion. The histological evaluations 

demonstrated that non-targeted and targeted polymersomes delivered their drug cargo into the 

tumor tissues, enhanced anti-tumor efficacy, and reduced off-target toxicity. 

 

Figure 4.10. Histological assessment of lung, liver, and kidney tissues of nude mice after 
treating with control, free DOX, non-targeted, targeted, and plain polymersomes (scale bar: 100 
µm,10x objective). In the saline-treated group, liver tissues demonstrated metastatic lesions 
(black arrows). 

4.4.9. Biodistribution and nanoparticle accumulation 

To assess the biodistribution of the targeted polymersomes, fluorescently labeled iRGD-

conjugated polymersomes were injected via the tail vein into the female nude mice. The mice 

were euthanized at predetermined time points, and the liver, kidney, and lung were excised and 

imaged (Figure 11A). We did not observe any significant polymersome accumulation within 

organs after either 3 h or 8 h post-injection. The biodistribution study showed that targeted 
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nanoparticles might selectively accumulate within the tumor tissues and reduce off-target organ 

cytotoxicity. The fluorescence integral density of nanoparticle accumulation within organ tissues 

was calculated by NIH ImageJ software (Figure 11B). 
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Figure 4.11. (A) Biodistribution to organs at 3 h and 8 h post-injection of indocyanine green-
loaded iRGD-polymersomes (n = 3) (scale bar: 2 mm). (B) Accumulation of targeted 
Polymersomes in organs after 3 h and 8 h post-injection of polymersomes (n = 3). 

There are other methods for evaluating biodistribution in animals such as radiolabeling 

the nanoparticles with 99mTc or 124I and measuring the radioactivity of different organs.291,292 The 

radiolabeling can be carried out based on Bolton-Hunter method by forming a covalent linkage 

between amine groups on the surface of nanoparticles and N-hydroxysuccinimide ester group 

(NHS) bounded with radioactive elements.291 Biodistribution is crucial for the translational 

evaluation of the nanoparticles before administrating in humans. However, using radiolabels has 

its own limitations. For instance, radiolabels should be attached to the nanoparticles to be 

accurately imaged. In any case of dissociation, imaging will be resulted in wrong information. 

The other limitation related to exact biodistribution study is the compatibility of the materials 

used for nanoparticle preparation. If the structural materials used for nanoparticle are 

incompatible with radiolabel elements, labels can detach from the nanoparticles and make it 
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difficult to measure the biodistribution. The longitude of biodistribution assessment should be 

considered as a limiting factor due to radiolabel decay.293 

Scanning transmission electron microscopy (STEM) of tissues is another technique to 

determine the biodistribution of nanoparticles within the cells and cellular organelles.294 This 

technique has been used to assess the accumulation of gold nanoparticles in the liver of the mice 

with a high resolution. Although STEM is a quantitative approach for the biodistribution of 

nanoparticles within tissues, it has some limitations, including incapability to measure tissue 

sections thicker than 150 nm.295 In addition, electron microscopy is expensive for evaluating 

nanoparticle distribution within different tissues or the whole organ. Furthermore, lipid soluble 

solvents are used to prepare samples which is not applicable for all nanoparticles. For instance, 

micelles or liposomes cannot be measures by electron microscopic imaging.295 

4.5. Conclusion 

We synthesized an amphiphilic diblock copolymer with a hypoxia-responsive 

diazobenzene linker capable of self-assembly into polymersomes. Doxorubicin was successfully 

encapsulated into the polymersomes. The tumor-targeting and penetrating iRGD peptide was 

conjugated into the polymersomes via click chemistry to make targeted hypoxia-responsive 

polymersomes. Targeted polymersomes exhibited higher cytotoxicity on TNBC cells in hypoxia 

compared to normoxia in both monolayer and three-dimensional spheroid cell cultures. In vivo 

studies on TNBC tumor-bearing, nude mice demonstrated that targeted polymersomes have an 

enhanced anti-tumor efficacy in contrast to non-targeted polymersomes and free doxorubicin. 

These drug-loaded polymer nanoparticles caused no toxicity in various internal organs, such as 

the liver, kidney, and lung. This is the first administration of hypoxia-responsive iRGD-

polymersomes encapsulating doxorubicin in animal models of triple-negative breast cancer. An 
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earlier study has demonstrated tumor suppression by employing doxorubicin within hypoxia-

responsive nanoparticles to reach the TNBC tumors via the EPR effect.296 The nanoparticles in 

our study are hypoxia-responsive and iRGD-conjugated.  Hence, they offer the benefit of 

selective delivery of doxorubicin to TNBC tumors via active receptor-mediated targeting and 

enhanced penetration into the cells while lowering the off-target toxicity compared to passive 

tumor diffusion of nanoparticles or free drugs. The inclusion of diazobenzene hypoxia-

responsive moiety contributes to the selective release of chemotherapeutics within the breast 

tumors' hypoxic niches. The results of this study indicated that targeted hypoxia-responsive 

polymersomes could be effective anticancer drug delivery vehicles when administered into solid 

tumors of triple-negative breast cancer. 
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5. CONCLUSION AND FUTURE DIRECTIONS 

Cancer is the major malignancy among men and women worldwide. Despite advances in 

developing various chemotherapeutics, these drugs are not effective enough to differentiate 

between cancer and healthy cells. Thus, systemic toxicity and adverse side-effects restrict 

therapeutic efficacy of anticancer drugs. The other problems related to some chemotherapeutic 

drugs are their low solubility, immunogenicity, and short circulation half-life which limit their 

further development. In addition, rapid proliferation of cancer cells along with insufficient blood 

supply induce low oxygen partial pressure or hypoxia in solid tumors. Hypoxia increases to the 

conundrum of cancer treatment by enhancing cancer cell survival through resistance to chemo- 

and radiation therapy. However, many of these challenges can be addressed by employing the 

nanotechnology which is applying the nanoscale devices to improve the chemotherapeutic 

efficacy. During the recent three decades, numerous drug-loaded nanoparticles have been 

developed for the treatment of many disorders including cancer. Nanoparticle-based drug 

delivery systems can increase the circulation half-life of anticancer drugs, improve the solubility 

of low-soluble drugs, decrease the immunogenicity, and reduce the administration of 

chemotherapy by producing a sustained drug release profile. The ideal nanoparticles are stable, 

biodegradable, easy to be prepared, and able to selectively release their chemotherapeutic cargo 

within target site. Among various drug-loaded nanoparticles, polymeric nanoparticles (referred to 

as polymersomes) have attracted countless attention due to their tunable membrane features, 

stability, biodegradability, biocompatibility, and ability to encapsulate a vast range of 

hydrophobic and hydrophilic molecules and anticancer drugs. Polymersomes are made of 

amphiphilic block copolymers. The common hydrophilic block copolymer is usually 

polyethylene glycol (PEG) which is used for increasing nanoparticle’s blood circulation. 
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Different kinds of hydrophobic blocks can be used in polymersome structure, including 

polylactic acid (PLA), polycaprolactone (PCL), polybutadiene (PBD), and polydimethylsiloxane 

(PDMS). Stimuli-responsive polymersomes have been developed based on incorporating 

sensitive moieties into the building blocks of the polymersomes for controlled release of 

encapsulated drugs. Stimuli-responsive polymersomes are responsive to various external or 

internal stimuli, including pH, hypoxia, redox, temperature, light, magnetic field, and glucose 

concentration. Hypoxia-responsive polymersomes have been received more attraction due to 

releasing their chemotherapeutic drugs within hypoxic niches of tumor microenvironment. To 

meet the need of targeted drug delivery to the specific tumor site, there are passive and active 

tumor targeting strategies. Passive tumor targeting is based on enhanced permeability and 

retention (EPR) effect which is due to leaky vasculature and impaired lymphatic drainage present 

in tumor environments. Passive tumor targeting allows for accumulation of nanoparticles within 

the diseased site. There are specific biochemical and biological characteristics in cancer cells 

which discriminate them from healthy cells. For instance, cancer cells usually express specific 

biomarkers on their surface which can be used for developing successful therapeutic strategies in 

cancer treatment. Active tumor targeting is based on an increased interaction between drug-

loaded nanoparticles and cancer cells through receptor-mediated targeted drug delivery. This can 

be achieved by labeling nanoparticles with ligands that can selectively interact with 

overexpressed receptors on the surface of cancer cells. The nanoparticles then march into the 

tumor, disintegrate, release their anticancer drug, and destroy the tumor. Targeted drug delivery 

enhances the therapeutic efficacy through accumulating the chemotherapeutics within desired 

tumor tissues and reducing off-target side effects. 
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Although Doxil and Abraxane have been approved by the FDA as efficient anticancer 

nanoparticulate formulations to improve safety profiles compared to free drugs, numerous drug-

loaded nanoparticles have not been developed to be effective in human. In addition, several drug 

nano-formulations have been tested successfully on animal models, but the translation of these 

nanoparticles in the human has been limited due to several hurdles. For instance, nanoparticles 

are used to reduce toxicity and side effects of drugs but the carrier systems themselves may 

impose risks to the patients. The toxicity of substances used for nanoparticle preparation differs 

from one nanoparticulate formulation to the other delivery system. Clearly, the potential 

interaction and toxicity of nanocarriers with the human cells and tissues greatly depends on the 

composition of these nanoparticle formulations. 

The route of administration makes a great toxicological difference for the local drug 

delivery vehicles compared to systemic delivery of nanoparticles. For instance, a high exposure 

of inhaling drug-loaded nanoparticles can be observed in the lungs compared to the low or even 

insignificant exposure of these local drugs in other organs. In addition, the quantity of drugs 

absorbed from airway tracts influences the toxicity of inhaled nanoparticles. For the systemic 

administration of drug-loaded nanoparticles, the major problem would be the accumulation of 

nanoparticles in other healthy organs compared to the desired tumor site. This will cause off-

target side effects which needs to be addressed by tumor-targeted drug delivery. 

The size of nanoparticles is an important factor for the potential crossing of these 

particles through biological barriers such as cell membrane, nuclear pore complexes, and even 

blood brain barrier (BBB) for drug delivery to the brain. The size of nanoparticles also greatly 

affects the efficacy of drug delivery to the tumors which affects circulation, biodistribution, 

tumor penetration and accumulation. Nanoparticles will be cleared by mononuclear phagocytic 
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system (MPS) or filtered by the spleen and liver very quickly. The renal filtration happens for the 

particles less than 6 nm.297 Those particles with sizes smaller than 50 nm will be absorbed by the 

endothelial cells and get trapped in the liver.298 Basically, nanoparticles  ranging from 150 nm to 

1.2 micrometers can pass through the tumor cells.299 Nanoparticles with larger sizes can be 

retained within tumor tissues for longer times. 

One of the major potential challenges for preparing drug-loaded nanoparticles is the 

proper release of drug after transporting them to the desired tumor sites. In this case, 

biodegradable nanocarrier formulations are of crucial importance. The most common strategy for 

stimulating drug-encapsulated nanoparticles to release their cargo is the implementation of 

stimuli-responsive chemicals within their construction. In our research, we developed polymeric 

nanoparticles containing hypoxia-responsive moieties within their structure for the sustained 

drug release under partial low oxygen pressure within the tumors.  

We prepared various targeted hypoxia-responsive polymersomes by incorporating 

diazobenzene responsive linker between PEG and PLA block copolymers. These nanoparticles 

can target overexpressed estrogen receptors on the surface of estrogen receptor positive breast 

cancer cells (Chapters 2 and 3) and neuropilin-1 receptors on the surface of triple negative breast 

cancer cells.  

In Chapter 2, we incorporated estradiol into the polymersomes to prepare estradiol-

conjugated, hypoxia-responsive polymersomes. These nanoparticles were characterized by 

various methods including transmission electron microscopic and atomic force microscopic 

imaging. The polymersomes encapsulated doxorubicin within their aqueous core. We 

demonstrated that over 90% of encapsulated doxorubicin was released after 12 hours within 

hypoxia. Targeted polymersomes developed here reduced the viability of MCF-7 breast cancer 
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cells after 72 hours to 14% and 21% in monolayer and three-dimensional spheroid cell cultures, 

respectively. Targeted polymersomes shrank the MCF-7 cell spheroid volume up to 68%. 

In Chapter 3, we conjugated endoxifen to the surface PEG molecules and prepared 

targeted hypoxia-responsive, doxorubicin-encapsulated polymersomes. The particle size was 

calculated by dynamic light scattering, and the shape was characterized by transmission electron 

microscopy and atomic force microscopy. The polymersomes released over 90% of their 

encapsulated drug within 8 hours under hypoxic condition. The MCF-7 monolayer and three-

dimensional spheroid cell cultures were treated with targeted doxorubicin-encapsulated 

polymersomes for 72 hours. The cell viability in monolayer and spheroid cell cultures reduced to 

18% and 31%, respectively. Targeted polymersomes were toxic against MCF-7 spheroids by 

shrinking half of the spheroid volume. 

In Chapter 4, we synthesized PEG-diazobenzene-PLA polymer along with a tumor-

homing and penetrating iRGD peptide. The iRGD peptide was reacted with PLA-PEG-N3 using 

copper-catalyzed azide-alkyne cycloaddition reaction. The produced PLA-PEG-iRGD polymer 

was then incorporated into the polymersome structure to prepare targeted iRGD-conjugated, 

doxorubicin-encapsulated polymersomes. These polymersomes were stable at 4 °C for 8 weeks. 

They released about 95% of the encapsulated doxorubicin in hypoxia after 12 hours. The triple 

negative breast cancer MDA-MB231 monolayer and spheroid cell cultures were treated with 

targeted drug-loaded polymersomes for 72 hours under hypoxia and normoxia. The viability of 

the cells decreased to 28% in monolayer and 36% in spheroid cell cultures. We induced triple 

negative breast cancer tumor-bearing mice and administered our targeted polymersome 

formulation through tail vein twice per week for 4 weeks. The results demonstrated that targeted 

doxorubicin-loaded polymersomes significantly inhibited tumor growth compared to free 
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doxorubicin and control groups. These polymersomes have no toxicity to other organs such as 

liver, kidney, or lung. 

The various types of targeted drug-encapsulated polymeric nanoparticles we developed in 

our studies have the potential for targeted drug delivery to hypoxic estrogen receptor positive and 

triple negative breast solid tumors. 
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 
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Figure A1. Infrared spectrum of PLA8500–diazobenzene–PEG2000. 

 

 

 

 

 

 

 

 

 



 

123 

 

Figure A2. 1H NMR spectrum (CDCl3) of the hypoxia-responsive polymer PLA8500–
diazobenzene–PEG2000 
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Figure A3. 13C NMR (CDCl3) of the hypoxia-responsive polymer PLA8500–azobenzene–
PEG2000 
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Figure A4. GPC in THF of the hypoxia-responsive polymer PLA8500–diazobenzene–PEG2000 
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Figure A5. 1H NMR spectrum (CDCl3) of the polymer PLA17000–PEG2000-N3 

 

Figure A6. 13C NMR spectrum (CDCl3) of the polymer PLA17000–PEG2000-N3 
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Figure A7. GPC in THF of the polymer PLA17000–PEG2000-Estradiol 

 

Figure A8. Fluorescence microscopic images and integral density of cellular uptake using 
targeted poymersomes, free estradiol, and the combination of targeted polymersomes and free 
estradiol under hypoxia 
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Figure A9. Fluorescence microscopic images and integral density of cellular uptake using 
targeted poymersomes, free estradiol, and the combination of targeted polymersomes and free 
estradiol under normoxia 
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Figure A10. GPC in THF of the polymer PLA8500–azobenzene-PEG2000 before exposure to 
hypoxia 
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Figure A11. GPC in THF of the polymer PLA8500–azobenzene-PEG2000 after exposure to 
hypoxia 
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Figure A12. Hydrodynamic diameter of non-targeted polymersomes in hypoxia 
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Figure A13. Hydrodynamic diameter of targeted E2-polymersomes in hypoxia 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 

5 10 15
0

50

100

150

200

RT (min)
 

Peak 1; Mn = 16,640, Mw = 17,900, PDI = 1.076 
Peak 2; Mn = 7,078, Mw = 7,802, PDI = 1.102 

Figure B1. GPC in THF of the polymer PLA17000–PEG2000-Endoxifen 

 

Figure B2. 1H NMR spectrum (CDCl3) of the polymer PLA17000-PEG2000-Endoxifen  
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 

 

Figure C1. MALDI-TOF mass spectrum of the synthesized iRGD peptide 
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Figure C2. Circular dichroism (CD) spectrum of the synthesized iRGD peptide 
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Figure C3. Calibration curve of doxorubicin hydrochloride solution 
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Figure C4. Polymersome stability at 4 °C 
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Figure C5. Hydrodynamic diameter of non-targeted polymersomes in hypoxia 
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Figure C6. Hydrodynamic diameter of targeted polymersomes in hypoxia 
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