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ABSTRACT 

STIMULI-RESPONSIVE NANOPARTICLES FOR TREATMENT OF LUNG CANCER 

Roshni Iyer, PhD 

The University of Texas at Arlington 

Supervising professor: Kytai T. Nguyen 

Despite extensive research and progress in anti-cancer therapeutics, an effective treatment for non-

small cell lung cancer (NSCLC) remains elusive, resulting in poor 5-year patient survival rate. 

Towards this end, we have explored a therapeutic regimen to improve the effects of local 

concurrent chemo-radiation-therapy (CRT), by utilizing multifunctional stimuli-responsive 

nanoparticles (NPs) as drug carriers. We have also utilized lung cancer targeting strategies for site-

specific drug delivery, mainly antibodies against the Ephrin-transmembrane receptor kinase 

(EphA2), that is over-expressed mainly on lung cancer cells, to promote the targeted delivery of 

drugs to only cancer cells, and eventually reduce the toxicity to healthy tissues. The overall goal 

of these NPs is to provide a triggered release of potent radiosensitizers (NU7441) upon exposure 

to radiation, followed by release of chemotherapeutic agents (cisplatin) in response to elevated 

glutathione levels in the lung cancer cells, to facilitate enhanced spatio-temporal drug release in 

the lung tumor environment for CRT.  This design-driven research has been approached in three 

specific aims, each exploring the physico-chemical properties of the NPs and their in vitro and in 

vivo therapeutic efficacies and biodistribution; Aim 1: Cisplatin-loaded glutathione (GSH)-

responsive nanoparticles (GNPs) for lung cancer chemotherapy, Aim 2: NU7441-loaded radiation 

(RT)-responsive NPs for lung cancer radiation therapy and Aim 3: Multifunctional dual drug-

loaded, dual stimuli-responsive core-shell NPs (DSNPs) for CRT. Our results demonstrated the 

GSH- and radiation-responsive drug release characteristics of the NPs from Aim 1 and 2 

respectively, the enhanced lung cancer cell targeting abilities of these NPs and finally their 

improved therapeutic efficacies compared to free drugs and untargeted NPs. Finally, a core-shell 

combination of these NPs observed synergistic drug release and therapeutic efficacies, 

concurrently with radiation therapy. These NPs could potentially be used to improve outcomes in 

patients with NSCLC when applying CRT to treat lung cancer.  
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CHAPTER 1: INTRODUCTION 

 

1.1. LUNG CANCER 

 

1.1.1 Lung cancer statistics 

 

Cancer is one of the major causes of mortality world-wide, and the second largest cause of 

death in the United States.  Cancer statistics for 2018, from the American Cancer Society predict 

over 1,735,000 cases, estimating over 4,000 new cases per day [1].  Additionally, over 600,000 

Americans’ have been estimated to die due to cancer in 2018, which is a shocking 1,700 deaths 

per day, emphasizing the severity of the disease [1].  Lung cancer is one of the most common 

causes of cancer-related mortality in the United States.  The American Cancer Society has 

projected over 230,000 new cancer cases and about 150,000 deaths due to lung cancer for the year 

2018 [1].  Additionally, the survival rate of patients suffering from lung cancer is one of the lowest, 

accounting for about 18% [1].  

 

1.1.2 Lung cancer physiology 

 

 Lung cancer is broadly classified into two major types; small cell lung cancer (SCLC) and 

non-small cell (or large cell) lung cancer (NSCLC) based on their appearance.  Non-small cell lung 

cancer (NSCLC) accounts for over 80 to 85% of total lung cancer cases and is one of the major 

causes of deaths due to lung cancer in the United States [2].  NSCLC can be further classified into 
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epidermoid, adenocarcinoma, broncho-alveolar, and squamous cell carcinoma [3].  SCLC on the 

other hand, is a less prominent but more aggressive form of lung cancer, and accounts for about 

15 to 20% of lung cancer cases [2, 4].  NSCLC and SCLC experience variations in oncogene 

expression; for instance, K-RAS is mutated in over 30% of NSCLC cases, but never in SCLC [4]. 

The tumor suppressor gene (TSG) p53 is mutated in over 90% of SCLC cases, and over 50% 

NSCLC cases [5], whereas  retinoblastoma TSG is inactivated in over 90% of SCLC cases, but in 

only 15% of NSCLC cases [4].  Thus, the oncogene expression can also be used as a biomarker 

for identification of the lung cancer type.  Histologically, NSCLC tissues from former or current 

smokers, observe molecular abnormalities in the epithelium, such as hyperplasia, dysplasia and in 

situ carcinoma, all of which are minimal in SCLC tissues for the same population [4].  However, 

SCLC tissues from these patients experience more genetic damage in terms of significantly 

increased rate of allele loss, compared to that in NSCLC tissues [5].   

 

1.1.3 Causes of lung cancer 

 

 Lung cancer is commonly caused by inhalation of toxic mutagenic agents.  Tobacco is one 

of the major causes of lung cancer, due to the exposure of the lungs to toxic agents from the smoke 

[6, 7].  Adenocarcinoma, on the other hand is caused by inhalation of agents such as asbestos, or 

upon exposure to radiation such as radon [8, 9].  Besides these, lung cancer can also be caused by 

genetic alteration, familial predisposition, or bacterial infection like Helicobacter pylori [10, 11].  
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1.2. CANCER TREATMENT STRATEGIES 

 

 Standard lung cancer treatment strategies include chemotherapy, radiation therapy and 

surgery.  Choice of treatment depends on the type of lung cancer.  Initial stages of SCLC respond 

to chemotherapy and radiation therapy [2].  NSCLC, on the other hand, is less susceptible to these 

treatment modalities, but can be treated by surgery; however, this option is limited to early NSCLC 

patients only (stages I, II and IIIA) [2].  The later stages of NSCLC are then treated with 

chemotherapy and/or radiation therapy or a combination of these modalities.  Overall improvement 

in surgical techniques, chemotherapy and radiation therapy have drastically improved the 1 year 

survival rate of lung cancer patients from 34% in 1975-1977 to 45% in 2008-2011 [12].  However, 

the 5-year survival rate of lung cancer patients still remains very low, limited to about 7% of SCLC 

patients and 21% of NSCLC patients [12].  There are several strategies that have been utilized to 

treat lung cancer [3, 13, 14].  The following section will review the most common lung cancer 

treatment strategies, including those that we have utilized in this research, and discuss their 

advantages and limitations.   

 

1.2.1 Surgery 

 

 Treatment of early stage NSCLC usually involves surgical removal of the cancerous 

tissues.  A 2016 statistical report of cancer treatment and survival observed that majority (over 

69%) of  stage I and II NSCLC patients undergo tumor resection surgery, whereas over 25% of 

the surgical cases also receiving chemotherapy and/or radiation therapy [12].  There are several 
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types of surgical procedures that can be implemented to treat NSCLC, such as pneumonectomy, 

which is surgical removal of an entire lung [15].  Lobectomy, on the other hand, involves removal 

of an entire lobe containing the tumor, while segmentectomy is removal of only the tumor affected 

part of the lobe and is usually implemented in patients with poor lung functions [16, 17].  A recent 

study investigating the survival and postoperative complications of lung cancer patients that 

underwent surgical resection of lung tumor reported the highest percentage of tumor resection via 

lobectomy (69%), followed by wedge resection (17%), segmentectomy (7%), pnemonectomy 

(3%) bilobectomy (3%) and sleeve lobectomy (1%) [18].  Surgical resection of lung tumors has 

several limitations, particularly reducing the quality of life for the patients post-operation and the 

risk of long-term disability [19].  Complications from lung surgery include air leak, pneumonia or 

mucus plugging, atrial fibrillation, right middle lobe torsion, hemorrhage, chylothorax and nerve 

injury [20].  In fact, a recent study observed that in over 50% of patients suffering from 

postoperative complications, the most common complication was acute respiratory distress 

syndrome (ARDS) [18].   

 

1.2.2 Chemotherapy 

 

 Chemotherapy is intravenous administration of antineoplastic drugs, that circulate 

throughout the body and kill tumor cells [21].  Chemotherapy remains the first-line treatment for 

advanced stage NSCLC (stages IIIb and IV) [3].  A 2016 study reported over 53% of stages IIIb 

and IV NSCLC cases received chemotherapy with or without radiation therapy [12].  Multiple 

single and combined drug strategies have also been investigated clinically to obtain the highest 
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therapeutic efficacy.  Commonly recommended chemotherapeutic strategies include platinum 

drugs such as cisplatin, carboplatin, and platinum doublets including cisplatin/gemcitabine, 

cisplatin/pemetrexed, pemetrexed/carboplatin and gemcitabine/carboplatin, all of which have 

shown modest clinical successes [3, 21, 22].  The antifolate agent pemetrexed is approved for 

treatment of non-squamous carcinomas only [22].  Addition of molecular targets such as 

bevacizumab that targets VEGF combined with paclitaxel/carboplatin further increased overall 

patient survival and has hence been approved for treatment of non-squamous carcinomas [23].  

However, other clinical trials combining bevacizumab with other platinum doublets have observed 

evidences of excess toxicities [24].  Cetuximab, another monoclonal antibody against epidermal 

growth factor receptor (EGFR), did not improve patient outcomes, and thus has not yet received 

approval for treatment of NSCLC [25].  Approved second-line chemotherapeutic agents include, 

docetaxel, pemetrexed for non-squamous carcinoma, and the EGFR inhibitors like erlotinib and 

gefitinib [3].  Erlotinib, specifically observed significant improvement in patient survival and 

outcomes in a large randomized trial for the treatment of advanced NSCLC [26].  

 Chemotherapy suffers from several limitations, particularly toxicity in healthy tissues.  For 

instance, cisplatin platinum-based drugs cause severe dose-limiting side-effects, such as 

nephrotoxicity, cardiotoxicity, peripheral neuropathy and anemia [21].  Besides these drawbacks, 

chemotherapy also causes side-effects such as fatigue, hair loss and nausea [21].  These limitations 

greatly limit the dose that can be administered to the patient and consequently reduce the 

therapeutic efficacy of the drugs.  Another major disadvantage of chemotherapy, is the 

hydrophobic nature of the chemotherapeutic drugs that limits their administration to low doses, 

leading to low bioavailability [27, 28].  Additionally, chemo-resistance in cancer cells contributes 
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to the lack of therapeutic effectiveness of the drug [29].  Thus, there is an urgent need to improve 

the delivery of chemotherapeutic drugs and enhance their therapeutic efficacy while reducing off-

target drug side-effects.  In aim 1, we will investigate nanoparticles for delivery of cisplatin for 

improved lung cancer chemotherapy. 

 

1.2.3 Radiation therapy 

 

 Radiation therapy (RT) is the treatment of choice in cases where surgery is not applicable 

[30, 31].  RT involves exposing solid tumors to ionizing radiations like x-rays, gamma rays and 

high energy particles [32].  RT kills tumor cells by generating free radicals (via excitation of the 

water molecules within cells) [33].  These free radicals then induce DNA double strand breaks 

(DSB), thereby causing DNA damage followed by cell death [33].  Some of the most common 

radiotherapy strategies are, stereotactic body radiation (SBRT) or stereotactic ablative RT (SABR) 

for stage I NSCLC and concurrent chemoradiation for stage III NSCLC [34, 35].  SABR involves 

subjecting the patient to fractionated high doses of radiation at the site of tumor [35].  Compared 

to conventional RT, SABR is advantageous as it can reduce the overall treatment time and 

produces a larger effective dose for treatment, a significant benefit for patients suffering from 

cardiopulmonary diseases and for the elderly [35].  SABR is usually supplemented with 4D 

computed tomography to determine the precise location for RT [35].  Hyper fractionation (HFX) 

exploits fractionated radiation doses that can control the growth of NSCLC, without risking 

damage to normal healthy tissues [35].  Chemoradiation therapy, on the other hand involves 

chemotherapy in addition to RT, a strategy which has proven superior compared to RT alone [36].  
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However, chemoradiation therapy is a feasible option only for patients devoid of any other chronic 

illness, young patients and those with other healthy organs [35].  

The limitations associated with RT include low tolerance of normal tissues to radiation, 

which limits the dosage that can be used and radiation-induced lung injury, particularly lung 

fibrosis [37, 38].  Additionally, tumor cells undergoing RT may have the ability to repair their 

damaged DNA as a result of non-homogenous end joining process (NHEJ) and homologous 

recombination (HR), thus reducing the efficacy of RT [39].  DNA-dependent protein kinase (DNA-

PK) is a nuclear serine/threonine kinase, that is a major component of NHEJ-induced DNA repair 

in cancer cells, that acts as a scaffolding protein to align the broken DNA strand and guide the 

repair factors involved in DNA repair [40, 41]. Thus, DNA-PK inhibitors, a class of 

radiosensitizers (RS), have been investigated to overcome the limitations by causing irreversible 

DNA damages and to potentially reduce the dose of radiation required for a therapeutic effect [38].  

The most common approach uses highly potent small molecules like wortmannin (IC50: 5nM for 

PI3K), LY294002 (kinase domain inhibitor, IC50: 1.4µM), NU7026 (IC50: 0.23µM for DNA-PK 

and 13µM for PI3K) and NU7441 (IC50: 0.3µM for DNA-PK and 7µM for PI3K) that target the 

ATP binding sites on the kinases [40, 41].  However, these molecules have poor solubility in 

aqueous solutions, limited serum half-life, in addition to in vivo toxicity due to their non-selective 

nature, that limit their feasibility in the clinic [41].  In addition to small molecule DNA-PK 

inhibitors, nucleotides (example: GRN163L) and antibodies (example: ScFv 18-2) for 

radiosensitization have grabbed the interest of several researchers, due their biological nature that 

can overcome the issues of poor solubility and limited half-life [41].  In aim 2, we will explore the 

use of nanoparticles to deliver radiosensitizers and enhance the radiation therapy of lung cancer. 
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1.2.4 Combined chemotherapy-radiation therapy 

 

 Concurrent chemo-radiotherapy (CRT) is being explored clinically, with the intent to 

provide organ-preservation (a drawback of surgical treatment of cancer).  This therapy often uses 

chemotherapeutic agents as radiation sensitizers, and as agents to systemically target distant 

micrometastasis [42, 43].  The use of chemotherapeutic drugs concurrently with radiation, can 

enhance the damage produced by radiation, inhibit post-radiation DNA repair, reduce radio-

resistance in cancer cells and thus produce an additive effect [42].  Combinations of 

chemotherapeutic agents and radiation investigated include, those using EGFR inhibitors such as 

cisplatin, carboplatin, 5-fluorouracil, capecitabine, gemcitabine pemetrexed, hydroxyurea, taxane, 

mitomycin-C, tirapazamine and temozolomide [42-44].  For instance, elderly stage III NSCLC 

patients treated with chemoradiation observed a higher overall survival compared to that in patients 

receiving RT alone [45].  Several clinical trials utilizing cisplatin and etoposide with concurrent 

thoracic radiation have established the safety and tolerability of the treatment [46].  Similarly, a 

phase-II study established the tolerability and efficacy of RT combined with docetaxel 

(administered a post-chemotherapy regimen of cisplatin and etoposide), and reported a median 

survival rate of 26 months and an overall 5-year survival rate of 29% in patients with stage IIIB 

NSCLC [47].  In another study, comparing sequential therapy (RT administered after completion 

of chemotherapy regimen) and CRT, CRT observed a significantly higher response rate (84%) and 

median survival rate (16.5 months) compared to sequential therapy (response rate: 66% and 

median survival rate: 13.3 months) [48].   Furthermore, in cases such as lung cancer, where 
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locoregional control of cancer treatment is crucial to the success of the treatment, concurrent 

therapy has proven more successful compared to radiation alone [44, 49].  However, CRT has 

several associated limitations due high risk of complications and side–effects such as pulmonary 

hemorrhage, pneumonitis or esophagitis [46].  Thus, in aim 3, we will utilize the advantages of 

CRT towards developing a concurrent chemo-radiation therapy using nanoparticles that can 

enhance the individual treatment modalities synergistically to improve lung cancer therapy, while 

reducing their limitations. 

 

1.3. STIMULI RESPONSIVE NANOPARTICLES FOR CANCER THERAPY 

 

 Drug delivery to cancer cells must overcome the following barriers to achieve their 

therapeutic potential: drug resistance in the tumor due to physiological barriers, cellular drug 

resistance, poor biodistribution and fast clearance of the drugs [50].  Nanotechnology is a 

constantly evolving field that has had profound effects on various research areas, particularly drug 

delivery.  Nanotechnology provides various powerful and customizable tools for cancer biomarker 

detection, imaging, and delivery of anti-cancer drugs that have revolutionized the field of cancer 

therapy.  NPs can overcome the cellular and non-cellular resistance to drug delivery and improve 

drug delivery specifically to the cancer cells while reducing toxicity to healthy tissues.   

 NPs are submicronic particles (<1 µM in diameter), which are used as carriers for drug 

delivery to the targeted tissues and/or intended cells.  Encapsulating chemotherapeutic drugs into 

NPs enhance their bioavailability and internalization into cancer cells [50].  Additionally, 
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incorporation of targeting molecules can improve the site-specific drug delivery, biodistribution 

and internalization of the drugs.  The other advantages of NPs for cancer drug delivery include 

their ability to encapsulate hydrophobic drugs, a feature commonly associated with anti-cancer 

drugs, and protect the drugs from clearance, particularly pulmonary clearance by macrophage 

phagocytosis and mucocilliary clearance [51].  Furthermore, drug release from NPs can be tailored 

to be within the drugs therapeutic window post-administration [50].   

The long-term aim of cancer nanotechnology is to accelerate therapeutic efficacy, improve 

patient outcomes and minimize toxicity to healthy organs.  Stimuli responsive NPs are a class of 

nanomaterials that maintain their original structure in normal body conditions and undergo 

reversible or irreversible physicochemical changes in response to a stimulus [52].  These changes 

in the structure induce the NPs to release their payload, and thus provide controlled drug delivery 

from these NPs.  The tumor microenvironment is also a host for various endogenous drug release 

triggers such as acidic pH (~ 6.5 to 6.8) [53], hypoxia [54], and enzymes (e.g. matrix 

metalloproteinases) [55, 56].  The acidic tumor pH is a result of the extensive glycolysis by cancer 

cells for generating energy, while hypoxia is a result of deficient blood supply due to the aberrant 

vascular network in the tumor microenvironment [56].  Additionally, exogenous stimuli (usually 

in combination with an endogenous stimuli responsive polymer) like light [57], magnetic field [58] 

and ultrasound [59] can also be used to trigger the release of anticancer drugs from stimuli 

responsive NPs.  Here, we will discuss two stimuli that are available to tailor drug release from 

nanoparticles, particularly those utilized in this research; i.e. endogenous redox (glutathione 

concentration) signals and exogenously supplied radiation that generates reactive oxygen species 

(ROS) to induce a trigger-controlled drug release from the nanoparticles.  
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1.3.1 Glutathione responsive nanoparticles 

 

Glutathione (L-γ-glutamyl-L-cysteinyl-glycine; GSH) is a tripeptide of glutamic acid, 

cysteine and glycine, existing as either; (i) most commonly a reduced form of GSH or (ii) the 

oxidized form of GSH i.e. GSSG, which constitutes less than 1% of the total GSH concentrations 

[60].  The redox balance in cells is determined by the equilibrium between GSH and GSSG ratios.  

GSH is an antioxidant that protects cells from free radicals and plays a major role in regulating 

various carcinogenic mechanisms in cancer cells, such as cell proliferation, cell death and the 

sensitivity of cells to chemotherapeutic drugs and radiation [61].  GSH is significantly upregulated 

in the cancer microenvironment up to 100-1000 times more than normal healthy tissues and can 

thus, serve as an endogenous signal to trigger drug release from polymers that can undergo 

reduction in the presence of GSH [62, 63].  Thus, the elevated levels of GSH can be utilized as an 

endogenous stimulus to trigger the release of drugs from nanoparticles sensitive to the changes in 

the GSH concentration in the surrounding environment.  Polymers comprising of disulfide linkages 

are highly prone to cleavage of these bonds due to GSH, thus triggering their degradation and 

subsequent release of their payload [62].  GSH responsive nanomaterials can be developed either 

by: self-assembly of micelles containing a disulfide backbone [64], polymer chains connected by 

a disulfide link [65], or utilizing a disulfide crosslinker in the shell or core of micelles [66, 67].  In 

this research, we have developed nanoparticles synthesized from polyurethane based elastomers 

comprising of disulfide linkages in the backbone of the polymer that undergo cleavage in response 

to changes in glutathione levels and trigger drug release [68].  
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1.3.2 ROS responsive and radiation responsive nanoparticles 

 

Several types of polymers responsive to elevated levels of ROS in the cells have been 

widely researched for cancer drug delivery applications [69, 70].  ROS-responsive polymers 

commonly comprise of either thioether [71]  or thioketal linkages [72] in the poloymer backbone, 

or may be doped with ROS responsive materials like selenium [73], tellurium [74], phenylboronic 

acid or phenylboronic ester [75], that get cleaved upon exposure to elevated intracellular ROS in 

the cancer cells.  Imbalanced ROS levels and subsequent redox imbalance have been deemed the 

hallmarks of cancer progression and resistance to cancer treatments [76].  Elevated levels of ROS 

such as superoxide (O2
.-), nitric oxide (NO.), hydroxyl radicals (. OH) among others have been 

detected in most cancers, as a result of several cellular mechanisms such as high metabolic activity, 

peroxisomal activity, oncogene activation, increased cell receptor signaling and mitochondrial 

dysfunction among several other physiological changes in the cancer cells [76, 77].  The 

extracellular sources of ROS include pollution, tobacco, drugs and radiation exposure (or during 

radiation therapy to induce DNA damage and cell apoptosis), while intracellular ROS is generated 

by mitochondria, peroxisomes, the endoplasmic reticulum and the NADPH oxidase complex in 

cells [78].  Thus, taking advantage of the high levels of ROS in cancer cells, various ROS 

responsive polymers have been developed for cancer drug delivery applications.  Since radiation 

produces ROS in the intracellular environment of the cancer cells to induce cell apoptosis, we will 

use this phenomenon to cleave our ROS responsive NPs and release the encapsulated 

radiosensitizers synergistically during radiation treatment to enhance the effects of radiation 

therapy.  In this research, we have used hyaluronan based nanoparticles as a ROS responsive drug 

release platform for inducing release of radiosensitizers during radiation therapy.  Hyaluronic acid 
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is a non-branched, non-sulfated glycosaminoglycan, comprised of glycosidic links that connect the 

repeated units of d-glucuronic acid-β-(1→3)-N-acetyl-d-glucosamine together [79].  These 

glyosidic bonds undergo hydrolytic scission due to the free radicals acquiring a hydrogen radical 

from hyaluronic acid, thus inducing degradation of the hyaluronic acid polymer [79].  

 

1.4. TARGETING STRATEGIES FOR DRUG DELIVERY 

 

 Nano-carriers for cancer drug delivery face several obstacles, such as the mucus lining in 

the lung that hinder NP penetration into lung tumors and non-specific uptake into healthy cells 

leading to off-target toxicity [80].  Addition of targeting capabilities to the NPs can overcome these 

barriers and subsequently achieve their therapeutic goals.  NP targeting can be achieved via passive 

targeting and active targeting approaches.  Passive targeting utilizes the EPR effect in tumor 

tissues, specifically the leaky blood vessels and poor lymphatic drainage.  The EPR effect is 

considered as a gold standard to study the efficacy of anti-cancer drugs and formulations [81, 82]. 

The unique characteristics of tumor blood vessels enhance the permeability of the blood vessels, 

and that of various macromolecules [82].  Additionally, the dense network of interstitial tissues 

limits the elimination of those macromolecules that have entered the tumor regions, thus improving 

their retention within the tumor tissues [81].  As a result of the EPR effect, drugs and NPs can 

accumulate in larger concentrations in tumor tissues compared to normal healthy tissues and 

plasma [83, 84].  However, passive targeting may not be effective in all cases due to the 

inhomogeneous nature of blood vessels across the tumor [85].  Active targeting involves 

incorporation of targeting ligands that can specifically bind to the cancer cells, followed by 
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receptor-mediated internalization of the NP before drug release [85].  Targeting agents are 

classified as proteins (antibodies), nucleic acids (aptamers) and other targeting ligands like 

peptides, vitamins and carbohydrates.  In this section, we will explore two strategies that we have 

utilized to target nanomaterials to lung cancer cells in our research projects.  

 

1.4.1 Antibodies and ligands against markers overexpressed on cancer cells 

 

Targeted therapy can be achieved by targeting antibodies against markers overexpressed 

or exclusively expressed on the surface of cancer cells, but not on healthy/normal cells [86].  This 

allows the drug-loaded nano-carriers to localize specifically in the desired tissues to enhance drug 

enrichment in those tissue, and reduces off-target side-effects associated with drugs like anti-

neoplastic drugs [86].  The most commonly investigated targeting strategy for lung cancer involves 

conjugation of targeting ligands like folic acid [87] and epidermal growth factor receptor (EGFR) 

[88], that are overexpressed on lung cancer cells.  For example, Peng et al. [88], investigated single 

chain variable fragment anti-EGFR antibody to specifically target cisplatin-heparin nanoparticles 

to lung cancer cells.  They observed significant enhancement in the intracellular delivery of 

cisplatin, in addition to improved circulation time and biodistribution of the targeted cisplatin 

compared to free cisplatin.  Similarly, Menon et al. [87] observed enhanced therapeutic efficacy 

of folic acid-conjugated NPs made of poly(N-isopropylacrylamide)-carboxymethyl chitosan as a 

shell and poly(lactic-co-glycolic acid) as a core, and encapsulated gemcitabine hydrochloride and 

NU7441 for lung cancer chemo-radiotherapy compared to those of free drugs and radiation therapy 

alone.  In this research, we will explore the enhanced targeting capabilities of anti-EphA2 
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antibodies to specifically bind to the Ephrin transmembrane receptor A2, that is highly 

overexpressed on the surface of lung cancer cells [89-91].   

 

1.4.2 Cell membrane coated nanomaterials 

 

Cell membrane coated NPs are now gaining popularity, due to their ability to mimic the 

surface properties of the host cell, including cancer homing capabilities of cancer cells, stem cells, 

platelets and macrophages [92].  Cell membrane coatings on the NP surface provide the following 

properties to the NPs; improving cell-specific targeting, prolonging circulation time of the NPs 

and enhancing immune cell targeting [93].  Various cell membranes have been investigated and 

used for targeting nanoparticles to tumor cells, such as cancer cell membranes, macrophage 

membranes, platelet membranes and RBC membranes [94].  For instance, paclitaxel loaded 

poly(caprolactone) NPs were coated with cells membranes extracted from 4T1 mammary breast 

cancer cells, a highly metastatic breast cancer cell line [95].  These NPs had the capability to 

specifically localize in the primary tumors and metastatic lesions of 4T1 orthotopic tumors, and 

significantly inhibit the growth of these tumors via paclitaxel delivery.  However, it is not known 

if these cancer cell membranes could impart metastatic properties to the pre-existing primary tumor 

cells, and thus increase the chances of micro-metastasis.  In this report we will investigate NPs 

functionalized with platelet cell membranes, that utilize the homing capabilities of platelets 

towards the lung tumor microenvironment for improved lung cancer targeting [96].  
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1.5. OVERVIEW OF RESEARCH PROJECT 

 

 This research project will examine strategies employing anti-cancer drug loaded stimuli-

responsive NPs to improve the outcomes of conventional chemotherapy and radiation therapy.  

The long-term goal and specific aims are as described below: 

 

1.5.1 Goals of research 

 

 The long-term goal of this project is to develop a composite NP system that can deliver 

chemotherapeutic drugs and radiation sensitizers for enhanced chemotherapy and radiation therapy 

for lung cancer treatment.  To achieve this goal, we will utilize stimuli responsive NPs coupled 

with various lung cancer cell targeting strategies that provide drug release upon exposure to a 

stimulus.  This strategy will ensure a timed release of the drug at the site of lung cancer, while 

sparing healthy tissues, thereby minimizing any toxicity and side-effects due to treatment.  

 

1.5.2 Specific aims 

 

 The first step towards our long-term goal of developing stimuli-responsive targeted nano-

carriers for lung cancer therapy will be achieved via the following specific aims; 

Aim 1. To develop glutathione-responsive nano-carriers for lung cancer chemotherapy.  
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Nanoparticles 

responsive to 

elevated GSH 

levels in cancer 

cells will be used 

to deliver cisplatin 

for lung cancer 

chemotherapy (Figure 1.1).  NP functionalization with antibodies targeting the ephrin-

transmembrane receptors overexpressed on lung cancer cells will enhance targeting of the NPs to 

lung tumor site.  

Aim 2. To develop radiation-responsive nano-carriers for lung cancer radiation therapy. 

Nanoparticles responsive to 

incident radiation will be 

used to deliver the radiation 

sensitizer NU7441 to 

intensify radiation therapy 

(Figure 1.2). Additionally, 

we will coat these NPs with 

platelet cell membranes and 

functionalize with antibodies against EphA2 to impart lung tumor targeting capabilities to the NPs. 

 

Figure 1.1 Schematic of anti-EphA2 antibody tagged GSH sensitive NPs for 

cisplatin delivery 

Cisplatin

PU-SS 

Nanoparticle

Anti-EphA2 antibody

2-10 mM GSH

Elevated glutathione Induces 

NP degradation and cisplatin 

release 

 

Figure 1.2 Schematic of anti-EphA2 and Platelet-membrane 

coated radiation-responsive NPs for lung cancer radiation therapy. 
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Aim 3. To develop dual-stimuli responsive nano-carriers for concurrent lung cancer chemo-

radiation-therapy.  

The NPs from aim 

1 and that from 

aim 2 will 

comprise the core 

and shell of the 

composite NP 

respectively 

(Figure 1.3), 

while utilizing the capability of anti-EphA2 conjugated on the NP surface to target lung cancer 

cells.  These NPs will be utilized for concurrent chemo-radiation therapy for augmented lung 

cancer therapy.  

 

1.5.3 Innovative aspects to this research 

 

 There are several innovative aspects to this research.  We will explore novel stimuli-

responsive polymers to develop nano-carriers for chemotherapy and radiation therapy applications. 

We will also explore various targeting strategies to improve localization of our NPs at the lung 

tumor site, to enhance their therapeutic efficacy while minimizing toxicity and side-effects to 

healthy cells. Finally, concurrent chemo-radiation-therapy via the composite NPs will further 

 

Figure 1.3 Dual stimuli responsive core-shell NPs encapsulating cisplatin and 

NU7441 for concurrent chemo-radiotherapy 

 

Radiation

GSH 

conc.

GSH sensitive 
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Radiation sensitive shell
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enhance lung cancer treatment, and subsequently open new avenues for research in combined 

therapy strategies for lung cancer. 

 

1.5.4 Successful outcomes from this research 

 

 The successful outcomes from this research will aid cancer researchers in developing more 

efficient strategies to treat lung cancer in addition to improving patient outcomes. Our stimuli-

responsive NPs will provide on-demand drug release with spatio-temporal capabilities. 

Additionally, the targeting strategies implemented here will open new doors to enhancing lung 

cancer therapies, and reducing the side-effects typically associated with systemic drug and 

radiation-based lung cancer treatment.  The composite NPs from aim 3 will further permit 

enhanced chemo-radiation therapy to strengthen our goal for improving lung cancer treatment.  
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CHAPTER 2: GLUTATHIONE RESPONSIVE NANOPARTICLES FOR LUNG 

CANCER TREATMENT 

 

2.1. INTRODUCTION 

 

The anti-neoplastic drug cisplatin (cis-diamminedichloroplatinum (II)), which has been 

widely and successfully investigated in the clinic to treat various solid tumors, such as head and 

neck squamous carcinoma and ovarian cancer, is the first-line FDA approved treatment for non-

small cell lung cancer (NSCLC) [97].  Cisplatin has been highly successful at treating lung cancer, 

by decreasing the overall lung cancer associated mortality by 7% compared to untreated controls 

[98].  The mechanism of action of cisplatin involves crosslinking with the purine bases on double-

strand DNA (ds-DNA), thus inducing damage to the DNA and resulting in cellular apoptosis [99].  

Additionally, cisplatin has been observed to interact with various membrane and cytoplasmic 

components to induce further intracellular cytotoxicity [100].  Although cisplatin has been widely 

used in chemotherapy to effectively kill lung cancer cells, it has several drawbacks.  For instance, 

this drug induces more harm than benefit, due to non-specific organ distribution.  This, severely 

increases toxicity to the healthy tissues and in-adequate intratumor drug concentrations, needed to 

produce the desired therapeutic effects [88].  Furthermore, cisplatin is poorly soluble in aqueous 

solvents, that further affects its bioavailability and therapeutic index [101].  Besides the non-

specific toxicity and side-effects associated with cisplatin, the efficacy of cisplatin is limited by 

innate and acquired drug resistance [97].  Cisplatin resistance has been classified into four 

categories: (1) poor or absence of cisplatin binding to DNA due to higher binding to cytoplasmic 
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components, also called as pre-target resistance, (2)  on-target resistance due to repair of the DNA 

adducts, (3) post-target resistance due to alterations or defects in the signaling pathways that 

respond to DNA damage, and (4) off-target cellular mechanisms that prevent the cells from 

responding to cisplatin induced apoptosis [102].  For example, Sarin et al. [97] observed significant 

differences in cisplatin induced apoptosis in A549 lung cancer cells and its sub-line, cisplatin 

resistant A549r cells, with A549 cells exhibiting a 6-fold increase in apoptosis, while A549r cells 

exhibited a 2-fold increase in apoptosis and a 2-fold higher EC50 value.  Consequently, one 

treatment strategy involving cisplatin may not be sufficient to produce the desired therapeutic 

effects.  

These limitations of chemotherapy drugs, particularly off-target toxicity and poor 

bioavailability and biodistribution, can be overcome by encapsulating these drugs into NPs.  NPs 

as a drug carrier for chemotherapy has achieved tremendous popularity, specifically due to their 

small size, improved solubility of the hydrophobic chemotherapeutic agents and customizability 

to enhance NP accumulation in the tumor tissues, thereby improving drug bioavailability and drug 

distribution in the tumors [87].  Nanoparticles also provide high encapsulation efficiencies for 

chemo-drugs, sustained drug release characteristics and escape from macrophage clearance [101].  

Additionally, recent studies utilizing nanoparticles such as lipid assisted nanoparticles have been 

formulated to deliver cisplatin to cancer cells, while improving their intracellular uptake and drug 

concentrations, leading to increased DNA adducts and improved DNA damage [103].  Stimuli 

responsive nanoparticles are a class of nanoparticles that observe poor drug release in normal 

physiological conditions, and enhanced drug delivery at the targeted site upon exposure to a 

stimulus rendering spatial, temporal and dose-controlled drug release ability to the NPs [62].  Due 
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to these qualities, stimuli responsive nanoparticles are gaining significant insights for treating 

various cancers that consist of various endogenous stimuli to trigger the drug release from these 

nanoparticles, including changes in pH and enzymes like protease, phospholipase and glycosidase 

that are overexpressed in the tumor microenvironment [104].  Besides these, the cancer 

microenvironment also hosts enhanced levels of other molecules, namely antioxidants like 

glutathione (GSH), that are upregulated in response to high levels of oxidative stress within the 

cancer tissues [60].  In fact, the GSH levels in cancer cells are over 100-1000 times higher (e.g. 2-

10 mM) than that outside the cancer cells (e.g. 2-10 µM in normal physiological environments) 

[62].  This observation, has led to the development of redox-responsive polymers comprising of 

disulfide bonds in the backbone, that undergo reduction-mediated cleavage in response to 

increased levels of GSH, thereby releasing their payload [62, 104].  For example, diblock 

copolymers comprising of a hydrophilic PEG block and hydrophobic polyphosphoester (PPE) 

block bearing disulfide bonds were utilized to synthesize micelles that underwent disassembly in 

elevated GSH conditions such as the tumor microenvironment [105].  The cleavage of the disulfide 

bonds in the polymer backbone resulted in transition of the hydrophobic PPE block to a hydrophilic 

state, subsequently dismantling the micelles and releasing their payload.   

In this article, we will explore nanoparticles made of a biodegradable polyurethane 

polymers named as PU-SS synthesized in our lab [68].  These polymers comprise of disulfide 

linkages in the backbone of the polymer, that upon exposure to elevated levels of GSH undergo 

reduction of disulfide bonds that induce nanoparticle degradation and release of the encapsulated 

drugs.  The PU-SS polymer was chosen from a library of GSH responsive polymers developed in 

our lab, as a result of its highest degradation rate in GSH, cytocompatibility and biocompatibility.  
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The chemotherapeutic drug encapsulated within these NPs is cisplatin, which has been approved 

by the FDA for lung cancer chemotherapy.  Furthermore, these NPs are surface-coated with 

antibodies targeting the Ephrin-transmembrane receptors [89], that are overexpressed on the 

surface of lung cancer cells, but poorly on healthy cells, thus fortifying the specific lung cancer 

targeting ability of the NPs (Figure 1.1).  We investigated the GSH responsiveness of these NPs, 

particularly the drug release kinetics of cisplatin from these NPs in response to varying GSH 

concentrations, followed by evaluating the in vitro and in vivo therapeutic efficacies of these NPs 

at killing lung cancer cells and reducing the lung tumor volumes in murine subcutaneous lung 

cancer models.  

 

2.2. EXPERIMENTAL SECTION 

 

2.2.1 Fabrication of PU-SS nanoparticles 

 

Glutathione-sensitive PU-SS polymer was synthesized using polycaprolactone and 1,6-

Hexamethylene diisocyanate, with hydroxyethyl disulfide in molar ratios of 0.2:2:1.8, as described 

elsewhere [68].  PU-SS NPs (GNPs) were prepared by a standard emulsion technique.  Briefly, a 

10% solution of cisplatin (Cayman Chemicals) in 200µL of dimethyl sulfoxide (DMSO; 

MilliporeSigma) was added to a 2% solution of PU-SS dissolved in a solvent mixture of 95% 

dichloromethane (DCM; MilliporeSigma) and 5% hexafluoroisopropanol (HFIP; 

MilliporeSigma).  This solution was then sonicated using a microtip sonicator at 10 watts for 5 

minutes, and then added dropwise to 4mL of 5% polyvinyl alcohol (PVA; MilliporeSigma), 
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followed by sonication using an ultrasonicator at 30 watts for 5 minutes.  Following overnight 

stirring, the NPs were washed with deionized water and collected by ultacentrifugation at 15,000 

RPM for 30 minutes and lyophilized for 2 days.  Cyanine-7 (Lumiprobe) and coumarin-6 

(MilliporeSigma) loaded GNPs (1% w/w of dye to polymer) were also synthesized in the same 

process as above for the in vivo biodistribution and in vitro cell uptake studies respectively.  

 

2.2.2 Coating Anti-EphA2 antibody on GNPs 

 

 Cisplatin loaded GNPs (CGNP) were coated with anti-EphA2 antibodies (BioLegend) by 

layer-by-layer electrostatic technique developed in our lab.  Briefly, 5 mg of lyophilized CGNPs 

were dispersed in 5mL of 10mM Nacl solution, following which 250 µL of polyallylamine 

hydrochloride (PAH, MilliporeSigma) at a concentration of 100 µg/mL was added to the CGNP 

solution and allowed to coat onto the CGNPs for 30 minutes at room temperature under constant 

rotation.  PAH coated CGNPs were collected by ultracentrifugation, and the pellet dispersed in 5 

mL of 2-ethanesulfonic acid (MES; MilliporeSigma) buffer (pH 5.0).  10 µg of Anti-EphA2 

antibodies were then added to this solution, and stirred overnight at 4°C.  Anti-EphA2 coated 

CGNPs (CEGNPs) were then collected the following day by ultracentrifugation at 15,000 RPM 

for 30 minutes and lyophilized for 2 days.  Bare GNPs (without cisplatin loading), cyanine-7 

loaded GNPs and coumarin-6 loaded GNPs were also conjugated with anti-EphA2 antibodies in 

the same process as above.  Bare GNPs conjugated with anti-EphA2 antibodies will be annotated 

as EGNPs in the rest of the manuscript.  
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2.2.3 Characterization of nanoparticles 

 

Particle size, size distribution, and surface charges were measured using the Dynamic Light 

Scattering (DLS) technique (ZetaPALS zeta potential analyzer, Brookhaven Instruments Inc.).  

Transmission electron microscopy (TEM, JOEL 1200EX) and scanning electron microscopy 

(SEM, Hitachi S-4800 II FE SEM) were used to visualize the morphology of the NPs.  Antibody 

conjugation efficiency was determined by Bradford protein assay (Bio-Rad Inc.), where amount 

of antibody remaining in the supernatant was determined via a standard of EphA2-antibody. 

Antibody coating efficiency was determined indirectly by the following:  

𝐴𝑏 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑢𝑠𝑒𝑑 − 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑢𝑠𝑒𝑑
𝑋 100% 

…. (2.1) 

Cisplatin loading efficiency for each GNP was determined by an indirect method.  Briefly, 

cisplatin in the supernatant in the formation process was quantified by an o-phenylenediamine 

(OPDA, MilliporeSigma) based spectrometric detection technique [106].  Briefly, 250µL of the 

cisplatin solution was mixed with 1mL of 1X-PBS (pH 6.8) and 1mL of OPDA solution (18 

mg/mL in 1X-PBS, pH 6.8).  The resulting solution was heated at 100˚C for 10 minutes, cooled 

down and supplemented with 7mL of dimethyl formamide (MilliporeSigma).  The change in color 

as a result of the interaction between OPDA and cisplatin was analyzed by a UV-Vis 

spectrophotometer at 703 nm (Infinite M200, Tecan Group Ltd).  The loading efficiency (LE) of 

cisplatin into the NPs was determined by the following; 
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𝐶𝑖𝑠𝑝𝑙𝑎𝑡𝑖𝑛 𝐿𝐸 =  
𝐶𝑖𝑠𝑝𝑙𝑎𝑡𝑖𝑛 𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑 − 𝐶𝑖𝑠𝑝𝑙𝑎𝑡𝑖𝑛 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝐶𝑖𝑠𝑝𝑙𝑎𝑡𝑖𝑛 𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑
 𝑋 100% 

…. (2.2) 

To study the glutathione triggered cisplatin release kinetics from the GNPs, the lyophilized 

NPs were re-suspended in either 0 mM, 5 mM, or 10 mM of glutathione (Cayman Chemicals) in 

1X-PBS (pH 7.4) in a 1 mg/ml concentration.  1 ml of the NP suspension was added to a 

microcentrifuge tube (4 replicates were used for each glutathione concentration) and incubated at 

37 °C.  At pre-determined time points, the GNP suspensions were centrifuged, supernatants were 

collected, and the pellets were resuspended in the same glutathione solutions as earlier and 

incubated at 37°C until the next time point.  The amount of cisplatin released was quantified by 

the OPDA chemistry as described earlier.  A standard curve of known cisplatin concentrations was 

used to determine the cumulative cisplatin release.  Stability of the GNPs was determined by 

measuring the NP size using DLS when incubated in either cell culture media (RPMI, 

MilliporeSigma) supplemented with 10% fetal bovine serum (FBS), 0.9% sodium chloride (NaCl), 

or gamble’s solution (simulated human lung fluid) at body temperature (37˚C) over a period of 3 

days as previously described [87].  A sample size of n=3 per group was used for this study.  

 

2.2.4 Cellular uptake of nanoparticles 

 

Cellular uptake of EGNPs and GNPs was determined by measuring the amount of 

fluorescently-labeled GNPs internalized by lung cancer cells.  EGNPs and GNPs loaded with a 

fluorescent dye, coumarin-6, were synthesized as described earlier.  Coumarin-6 was used here to 
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facilitate fluorescent mediated detection of the NPs in the cells.  To study in vitro cellular particle 

uptake, A549 human lung cancer cells (ATCC) were seeded at a seeding density of 10,000 

cells/well in 96 micro-well plate and allowed to attach overnight.  Next day, the cells were 

incubated with EGNPs and GNPs at different concentrations (0, 25, 50, 100, 250 and 500 µg/ml) 

at 37°C for 2 hours (n=4 per group).  Post 2 hours, the cells were washed 3X with sterile 1X-PBS 

and lysed using 1% Triton X-100. The amount of NPs internalized were determined by measuring 

the fluorescence intensity of coumarin-6 (translated to µg of NPs) at a wavelength of λex 458 nm 

and λem 540 nm and normalized against the amount of total protein from cells per well, determined 

using bicinchonic acid assays (BCA) per manufacturer’s instructions (Pierce™ BCA Protein 

Assay Kit, Thermo Scientific).   

NP targeting of GNPs and EGNPs to A549 lung cancer cells were also determined by 

fluorescence imaging.  A549 cells were seeded at a cell seeding density of 150,000 cells on glass 

coverslips and allowed to attach overnight.  The following day, the A549 cells were exposed to 

1mg/mL of coumarin-6 loaded GNPs or coumarin-6 loaded EGNPs for 2 hours, following which 

they were washed three times with 1X-PBS, and fixed for 15 minutes in 4% paraformaldehyde 

(MilliporeSigma).  The fixed cells were washed with 1X-PBS to remove excess paraformaldehyde, 

and visualized under a fluorescence microscope (Cytoviva Inc.).  

 

2.2.5 In vitro A549 cancer cell killing studies 

 

The in vitro therapeutic efficacy of CEGNPs were determined by lactate dehydrogenase 

(LDH) cytotoxicity assays.  Briefly, A549 lung cancer cells were seeded at a seeding density of 

20,000 cells/well in a 48 micro-well plate and allowed to attach overnight.  The following day, 
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cells were treated with free cisplatin (3 µg/mL and 5 µg/mL drug concentration) or NPs: CEGNPs, 

CGNPs, EGNPs and cisplatin loaded PLGA NPs (CPNPs) (concentration equivalent to 3 µg/mL 

and 5 µg/mL of cisplatin determined from the drug release kinetics) for 72 hours (n= 4 per group).  

Untreated cells and cells treated with 1% Triton X-100 were regarded as the negative and positive 

controls respectively. 72 hours later, cell death was determined by lactate dehydrogenase (LDH) 

cytotoxicity assays via the manufacturer’s protocol. Furthermore, in vitro therapeutic efficacy was 

also confirmed by live/dead cell staining (Enzo Lifesciences) following the company’s 

instructions.  

In vitro therapeutic efficacy was also confirmed by quantifying the caspase-3 expression, 

as a marker for cell apoptosis after treatment.  Briefly, A549 lung cancer cells were seeded at an 

initial seeding density of 250,000 cells/flask in T-25 flasks.  Once the cells reached confluency 

they were treated with free cisplatin (5 µg/mL), or NPs: EGNPs, CGNPs, CEGNPs and CPNPs 

(concentration equivalent to 5 µg/mL of cisplatin determined from the drug release kinetics) for 

72 hours (n= 4 per group).  Untreated cells and cells exposed to 10% DMSO for the same period 

as the treatment groups served as the negative and positive control respectively.  72 hours later, 

caspase-3 expression was determined per the manufacturer’s protocol.  

To observe the survival of lung cancer cells upon exposure to the CEGNP NPs, we also 

performed clonogenic assays or colony formation assays (CFA).  Clonogenic assays were 

implemented to determine the survival of A549 cancer cell colonies.  Clonogenic assay or colony 

formation assay (CFA) is used to establish the ability of individual cells to survive and undergo 

cellular division, forming their individual colonies [107].  The effect of the therapeutic reagents is 

reflected in the ability of the cancer cells to form their colonies after exposure to the therapeutic 

agents.  Colonies comprising of more than 50 cells are considered as one colony and counted.  To 
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perform these studies, A549 lung cancer cells were seeded on 60mm petridishes, and in vitro CFA 

studies were performed as described previously [108].  The cells were treated with free cisplatin 

(100 ng/dish), or NPs: EGNPs, CGNPs, CEGNPs and CPNPs (concentration equivalent to 100 

ng/dish of cisplatin determined from the drug release kinetics) and incubated at 37˚C for 10 days 

(n= 3 per group). A549 lung cancer cells not exposed to any treatment were included as negative 

controls.  Once the cancer cell colonies had reached a colony of at least 50 cells, the cells were 

washed with phosphate buffered saline, and stained with crystal violet (MilliporeSigma) dye (0.5% 

w/v in 6% v/v glutaraldehyde).  The number of colonies in each dish were then counted.  A sample 

size of n=3 per group was used for this study.  

 

2.2.6 Cytotoxicity analysis of nanoparticles 

 

Healthy lung alveolar Type 1 (AT1) epithelial cells (Abmgood) were seeded at a density 

of 8,000 cells/well in a 96 microwell plate and incubated overnight to facilitate cell attachment.  

Next day, the cells were incubated with varying concentrations of non-drug loaded GNPs (0, 50, 

100, 200, 500, and 1000 µg/ml; n= 4 per group).  Following 24 hours incubation, the cell viability 

was determined using MTS cell viability assays (CellTiter 96®AQueous One Solution Cell 

Proliferation Assay, Promega Corporation) and validated using a live-dead assay (LIVE/DEAD ® 

Viability/Cytotoxicity Kit for mammalian cells, ThermoFisher Scientific) according to the 

manufacturer’s instructions.  

 

2.2.7 Hemo-compatibility analysis of nanoparticles 
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A hemolysis evaluation of the non-drug loaded GNPs was conducted as described previously 

[109].  Human blood from a donor was acquired following methods approved by the Institutional 

Review Board at the University of Texas at Arlington.  After collection, human blood was 

incubated with GNPs at concentrations of either 100 µg/ml or 1000 µg/ml, 0.9% saline (as negative 

control), or distilled water (as positive control) for 2 hours at 37˚C.  The samples were then 

centrifuged at 1000 g, following which absorbance (abs) readings were taken at 545 nm using a 

UV-Vis spectrophotometer.  The percentage of hemolysis was calculated as below:  

 

𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝐴𝑏𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐴𝑏𝑠 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑋 100% 

…. (2.3) 

To study the blood clotting kinetics, non-drug loaded GNPs at concentrations of either 100 

or 1000 µg/ml) were added to blood activated with 0.1M calcium chloride (CaCl2) and incubated 

at room temperature.  At pre-determined time points (10, 20, 30, and 60 minutes), water was added 

to the tubes to lyse the red blood cells (RBCs) that were not a part of the formed clot.  Absorbance 

readings of supernatant were taken at 540 nm using a UV-Vis spectrophotometer.  The absorbance 

readings are inversely proportional to the size of the resulting clot.  A sample size of n=8 per group 

was used for the hemolysis and hemocompatibility study.  

 

2.2.8 In vivo biodistribution of fluorescently labeled NPs 
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To test the in vivo biodistribution of the EphA2 tagged GNPs (EGNPs) and untagged 

GNPs, athymic nude mice (Foxn1nu, Jackson labs) were implanted with A549 lung cancer cells (2 

million cells) subcutaneously in the hindlimb, following the protocol approved by The Institutional 

Animal Care and Use Committee (IACUC) at The University of Texas at Arlington.  Once the 

tumors reached a diameter of approximately 10 mm, the NPs were administered.  0.9% saline 

served as the negative control, while cyanine-7 loaded GNPs either tagged with EphA2 antibodies 

or untagged served as the study groups.  Animals were injected with saline or 1.5 mg of the NPs 

(n=4 per group comprising of randomly allocated 2 male and 2 female mice) intravenously.  24 

hours later the mice were euthanized, and their tumors and visceral organs excised for further 

analysis.  Tumor dimensions and tissue weights were recorded and imaged ex vivo in a 

fluorescence bioimager (Kodak In vivo Fx Pro system).  The tissues were also homogenized using 

a tissue homogenizer (Precellys evolution, Bertin Instruments), and the amount (mg) of NPs 

retained in the tissues was quantified spectrophometrically. 

 

2.2.9 In vivo therapeutic efficacy 

 

 To test the in vivo therapeutic efficacy of the CEGNPs, A549 lung cancer cells (2 million 

cells) were subcutaneously in the hindlimb of athymic nude mice (Foxn1nu, Jackson labs), 

following the protocol approved by the Institutional Animal Care and Use Committee (IACUC) at 

The University of Texas at Arlington.  Once the tumors reached a diameter of 7 mm, treatment 

was commenced.  The saline (0.9%) served as a negative control.  The study groups included free 

cisplatin (2.5 mg of cisplatin/kg of animal) and NPs: EGNPs, CGNPs and CEGNPs (at an 
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equivalent dose of 2.5 mg of cisplatin/kg of animal).  We used 6 randomly allocated mice per 

group for this study (3 males and 3 females).  Since cisplatin-loaded PLGA NPs observed 

significantly lower cancer cell death in vitro, they were excluded from in vivo assessment of 

therapeutic efficacy.  Animals were injected with the control or study groups via tail vein injection 

with 2 times per week.  Body weight (g) and tumor diameters (mm) were measured before each 

dosing regimen.  Once the tumors on the control group reached a diameter of 20 mm, the study 

was considered to reach endpoint, post which the animals were euthanized, and their tumors 

excised and fixed in 4% paraformaldehyde (4% PFA).  The lungs, heart, kidneys, liver and spleen 

were also collected and fixed in 4% PFA to evaluate the toxicity due to the treatment.  The tumor 

volumes were determined as described earlier [110, 111], using the modified ellipsoid formula 

below:  

𝑇𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =  
((2 ∗ 𝑡𝑢𝑚𝑜𝑟 𝑤𝑖𝑑𝑡ℎ) ∗ 𝑡𝑢𝑚𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ)

2
⁄  

…. (2.4) 

Relative tumor volumes (RTV: V/V0) were calculated by normalizing tumor volumes (V) at a 

specific time to the tumor volume at start of NP/drug administration (V0) using equation: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =  𝑉
𝑉0⁄  

…. (2.5) 

 

2.2.10 Statistical analysis 
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Results were analyzed statistically using 2-way ANOVA and Fisher’s post-hoc analysis 

(GraphPad Prism) with p<0.05 considered as a significant value, unless specified otherwise.  All 

results are displayed as mean ± SD, and quadruplet (n = 4) samples were used for each experiment 

if not specified. 

  

2.3. RESULTS 

 

2.3.1 Nanoparticle characteristics 

 

 EGNPs and CEGNPs had a mean diameter of 189±21 nm and 300±26 nm respectively 

(Figure 2A).  Additionally, the zeta potential of EGNPs and GNPs was determined to be -14±4 

 

Figure 2.1. Nanoparticle characterization. A) Size and zeta potential of GSH sensitive NPs via DLS. B) 

TEM (left; scale: 500 nm) and SEM (right; scale: 1 µm) images of GSH sensitive NPs observe smooth 

NP morphology. C) NP stability evaluated by changes in the NP size observed stability up to 48 hours 

in gamble’s solution, saline and complete media. D) GNPs observed 5-times enhanced drug release upon 

exposure to 10 mM of GSH compared to 0 mM of GSH.  

 

A)

B)

C)

D)
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mV and -12±2 mV respectively (Figure 2.1A).  SEM and TEM microscopy imaging revealed a 

smooth morphology of the NPs (Figure 2.1B).  The EGNPs also observed an antibody coating 

efficiency (using equation 2.1) of about 84%, as detected by Bradford protein assays, confirming 

the successful coating of the antibodies on the NP surface using our antibody coating strategy.   

Stability of the GNPs in 0.9% saline, complete media (supplemented with 10% FBS) and 

gamble’s solution was determined by measuring the NP size at various time points using dynamic 

light scattering (Figure 2.1C).  Stability analysis of the NPs observed stable NP sizes up to 48 

hours in all the three solutions.  The drug loading efficiency of cisplatin was measured indirectly 

(using equation 2.1) using OPDA chemistry to be about 55%.  The cisplatin release kinetics 

observed enhanced drug release when exposed to 5mM and 10 mM of GSH compared to that of 

0mM GSH (nearly 5 times and 8 times higher drug release up 100 hours) (Figure 2.1D).  The 

enhanced drug release upon exposure to GSH, confirm the GSH responsiveness of the nanoparticle 

formulation.   

 

2.3.2 In vitro therapeutic efficacy of E-GNPs 

 

 The therapeutic efficacy of CEGNPs were determined by exposing A549 lung cancer cells 

to the cisplatin loaded NPs, and determining the treatment induced cell death via cytotoxicity 

assays and clonogenic assays.  The lactate dehydrogenase assay (LDH) observed cisplatin dose-

dependent cell death of the A549 lung cancer cells over a 72-hour exposure to the treatment groups. 

Importantly, the cells treated with CEGNPs consisted of significant cancer cell death (~85%), 

especially at higher drug concentrations (5 µg/mL of cisplatin), compared to that by non-targeted 



P a g e  35 | 123 

 

 

NPs (~70%), free cisplatin (~ 60%) and CPNPs (~ 30%) (Figure 2.2A).  The higher cell death 

could potentially be due to the enhanced targeting of lung cancer cells by the anti-EphA2 

antibodies that might improve NP internalization into the cells, and subsequently enhance cell 

death.  Furthermore, the therapeutic efficacy of the CEGNPs were determined by detecting the 

amount of caspase-3 produced due to the treatment over 72 hours.  Caspase-3 production was used 

as a marker of cellular apoptosis, thereby indicating cell death. Similar to that observed by LDH 

assays, CEGNP treatment significantly augmented the caspase-3 production by A549 cells (~ 

98%), compared to that by non-targeted NPs (~ 86%), free cisplatin (~83%) and the CPNPs 

(~80%) (Figure 2.2B).  

 

Figure 2.2. In vitro therapeutic efficacy of CEGNPs. CEGNP showed significant improvement in A549 

lung cancer cell survival via: A) LDH assays depicting higher cell death of A549 cells treated with 

CEGNPs (* P<0.05 vs. 3 µg/mL of CEGNP and §P<0.05 vs. 5 µg/mL of CEGNP). B) caspase-3 assays 

observed significantly higher caspase-3 production by A549 cells (* P<0.05 vs. CEGNP). C) Reduced 

survival fraction of A549 cells treated with CEGNP compared to that of CGNP by colony formation 

assays (* P<0.05 vs. CEGNP). D) higher density of dead cells (red) compared to live cells (green) by 

live/dead fluorescence imaging (scale bar: 100 µm).  

 

A)

B)

C)

D)
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Clonogenic assays were implemented to determine the survival of A549 cancer cell 

colonies.  We observed the colony formation ability of A549 cells exposed to CEGNPs and 

determined the A549 cell survival fraction over 10 days of treatment.  Cells treated with CEGNPs 

significantly reduced the survival fraction (0.37), compared to that by untargeted CGNPS (0.51), 

free cisplatin (0.72) and CPNPs (0.56) (Figure 2.2C).  The in vitro therapeutic results signify the 

advantage of specific targeting of the CNGPs via the anti-EphA2 Abs.  Additionally, the CEGNPs 

significantly improved therapeutic efficacy compared to that by CPNPs, which is conventionally 

used as a carrier for various chemotherapeutic drugs.  Similar trend in results were observed via 

live/dead staining where CEGNPs observed a larger number of dead cells (red colored cells) 

compared to those treated with CGNPs and free cisplatin (Figure 2.2D).  CGNPs and CEGNPs 

also out-performed CPNPs, by significantly improving in vitro therapeutic efficacy.   

 

 
Figure 2.3. In vitro characterization of GNPs. A) In vitro cyto-compatibility studies of GNPs observed 

over 80% viability of alveolar type-I cells via MTS assays. B) LIVE/DEAD cell viability assays also 

observed AT1 survival over 90% of AT1 survival at the highest NP concentration (* p< 0.05 vs. (+) 

control/complete media). C) GNPs observed low hemolysis (inset), and a blood clotting trend similar 

to that of saline control confirmed by the blood clotting profile. 
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2.3.3 In vitro characterization of GNPs 

  

The cytotoxicity of GNPs at increasing concentrations were determined by MTS (Figure 

2.3A) and live/dead (Figure 2.3B) cytotoxicity assays.  The GNPs observed over 90% cyto-

compatibility up to 500 µg/mL, and more than 80% cell viability at the highest NP concentration 

of 1000 µg/mL to AT1, confirming the cyto-compatibility of the NPs to healthy lung cells.  

Hemocompatibility of the GNPs were analyzed by studying the hemolysis of blood and blood 

clotting profile of whole blood exposed to the NPs.  Hemolysis analysis (using equation 2.3) of 

GNPs showed hemolysis of less than 1%, which is well below the acceptable range for NP induced 

hemolysis (Figure 2.3C inset).  Additionally, the blood clotting trend was observed to be similar 

to that of 0.9% saline exposed blood over 60 minutes, with blood clotting beginning within 20 

minutes of exposure.  These results confirm the hemocompatibility of the GNPs (Figure 2.3C).  

 The uptake of 

EGNPs and GNPs were 

determined the measuring 

the fluorescence (as an 

indicator of NPs internalized 

into cells) normalized to the 

amount of proteins (as a 

determinant of cell number) 

using a spectrophotometer 

(Figure 2.4A).  EGNPs 

 

Figure 2.4. In vitro uptake study of EGNPs. A) Fluorescently-labeled 

GNPs observed poor targeting to A549 cells, while EGNPs observed 

significantly higher NP cellular uptake by A549 cells, with over 50-

fold increase in the targeting efficiency compared to the untargeted 

GNPs. B) representative fluorescence microscopy images observed 

higher signal (green color) from the EGNPs in the lung cell 

microenvironment. Scale bar: 50 µM.  

A)
B)

A) B)
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observed significantly improved internalization (nearly 50-fold) into A549 lung cancer cells, as a 

characteristic of the specific targeting capability of anti-EphA2 antibodies to the lung cancer cells.  

These results reaffirm the lung cancer cell targeting specificity of anti-EphA2 antibodies. 

Fluorescence imaging also observed higher localization of EGNPs (characterized by bright green 

dots) in the lung tumor environment compared to those of untagged GNPs (Figure 2.4B).  

 

2.3.4 In vivo biodistribution of EGNPs  

 

In vivo biodistribution studies were 

performed to determine the localization of the 

EGNPs at the tumor site.  Nude mice bearing 

subcutaneously implanted A549 lung tumors were 

injected with cyanine-7 loaded GNPs and EGNPs to 

compare their targeting efficacy (with saline serving 

as the background control).  24 hours after NP 

administration the mice, the tumors and visceral 

tissues were imaged ex vivo (Figure 2.5A).  Mice 

administered with EGNPs exhibited significantly 

increased signs of NP enrichment in the tumors, 

compared to that of mice administered with GNPs.  

However, we also observed NP localization in the 

liver, kidneys and visceral organs possibly due to the 

presence of small and very large NPs that escape and 

 

Figure 2.5 In vivo biodistribution study.  

A) In vivo fluorescence imaging 

observed localization of EGNPs in a 

subcutaneous A549 lung tumor model, 

with negligible GNP localization in the 

tumors. B) ex vivo analysis of tumor 

homogenates observed about 3X higher 

EGNP accumulation in the lung tumor 

site compared to untargeted GNPs 

(*P<0.05 vs. EGNPs accumulated in the 

same organ type). 

Saline

EGNPs

GNPs

Tumor Liver Kidney SpleenA)

B)

*
* **
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accumulate in the liver, kidneys and spleen for elimination.  Importantly, these signals were 

significantly lower in the tissues excised from the EGNP group, compared to those from the GNP 

group.  Our observations from the images correlated with analysis of homogenized tissues, that 

noted about 23% EGNP concentrated in the tumors, while only 6% of GNPs were collected in the 

tumors  (Figure 2.5B).  Visceral organs such as the liver, kidneys and spleen also exhibited high 

amounts of NP (both EGNP and GNP) accumulation; however these numbers were significantly 

lower for the EGNPs compared to the GNPs. 

 

2.3.5 In vivo tumor reduction study 

 

In vivo therapeutic efficacy studies were performed to determine the therapeutic efficacy 

of CEGNPs (Figure 2.6).  RTVs (calculated by Equation 2.5) of mice treated with saline and bare 

NPs exhibited an increase in relative tumor volume with time.  RTV of mice administered with 

saline increased from 1 to 5.7, while those administered with bare GNPs increased from 1 to 5.18 

indicating no effect of the bare NPs.  Mice administered with free cisplatin also exhibited an 

increase in the relative tumor volume; however slower than that of saline and the bare NPs (1 to 

3.4).  Mice administered with CEGNPs, showed a significant reduction in the tumor growth rate 

compared to those by free cisplatin at the same equivalent dose. CGNPs observed a RTV of 1 to 

1.15 within 14 days indicating reduced tumor volumes, while CEGNPs observed a RTV of 1 to 
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0.5 indicating a 50% reduction in tumor volumes over 14 days.  These results were also confirmed 

by ex vivo representative 

photographs of tumors excised from 

the various groups that exhibit the 

differences in tumor sizes across the 

groups (Figure 2.6B).  Although we 

did not observe significant 

therapeutic differences between the 

untargeted and targeted NPs, we 

speculate that considering the 

benefit/risk ratio, we could 

potentially reduce the side-effects 

associated with cisplatin by 

improving the localization of these 

targeted NPs in the tumor 

microenvironment only. 

 

2.4. DISCUSSION 

 

Over the last decade, GSH-sensitive bio-/nanomaterials have been developed and used as 

drug carriers for cancer therapies to release the drug payload in response to the endogenous GSH 

in the tumor microenvironment.  The GSH/glutathione disulfide (GSSG) is the major redox couple 

 

Figure 2.6. In vivo therapeutic efficacy study. A) A549 

tumor growth rate significantly declined and slowed down 

in mice treated with the EphA2 targeting NPs 

encapsulating cisplatin, compared to those by the 

nontargeted cisplatin-loaded NPs, free cisplatin, bare NPs 

and saline (control). *P < 0.05 vs. EGNPs_14 days and ‡P< 

0.1 vs. EGNPs_14 days. B) ex vivo photographical 

representation of excised tumors post-sacrifice, observed 

smaller tumor sizes in the mice administered with 

CEGNPs.  
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in mammalian cells, and it is a major determinant of the anti-oxidative capacities of cells, while 

extending cell-protection against free radicals [112].  The intracellular GSH/GSSG levels are 

regulated by various redox couples, like NADH/NAD+, NADPH/NADP+ and 

thioredoxinred/thioredoxinox [112].  GSH dysregulation plays a key role in human cancers, often 

increasing cellular resistance to several chemotherapeutic drugs [61].  Since tumor tissues express 

immensely higher levels of glutathione (~ 2-10 mM) compared to normal tissues (~ 2-10 µM), 

glutathione is a valuable endogenous tool to trigger drug release from polymers exhibiting GSH-

responsive behaviors [62, 112].   

The most common approach to developing GSH-responsive materials, involves 

incorporation of disulfide linkages in the polymer backbone that scavenge GSH, undergo reduction 

and subsequent disassembly to release their payload.  For example, amphiphilic copolymers 

containing disulfide linkages were utilized for drug release in response to elevated GSH levels 

[113].  However, these micelles observed poor sensitivity to GSH levels, even up to 10 mM of 

GSH, followed by increased drug release upon treatment with 30 mM of GSH.  Additionally, 

amphiphilic graft copolymers of hydrophobic poly(amidoamine) and poly (ethylene glycol) 

incorporating disulfide linkages observed nearly 100% release within 10h of exposure to 1 mM of 

DTT [64].  However, over 25% of drug was released within the same time in the absence of DTT, 

which is significantly higher compared to our observation (5% within 100 hours in the absence of 

GSH).  In another approach, mesoporous silica NPs capped with disulfide linkages on their surface, 

were coated with N-acetylated heparin encapsulating doxorubicin [114].  These NPs also observed 

a GSH concentration sensitive increase in doxorubicin with approximately 100% release within 

24 hours upon exposure to 10 mM of GSH, and ~20% release in the absence of GSH, which is 
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significantly higher than that observed from our NPs (~ 5% cisplatin release in the absence of 

GSH).  Our NPs observed distinctive sensitivity to GSH levels at 5mM and 10 mM of GSH, with 

5-times and 10-times more drug release compared to 0mM of GSH.  These results highlight the 

sensitivity of our NPs towards GSH levels. The improved GSH sensitivity is potentially due to 

higher disulfide bonds in the parent polymer, which increases the hydrophilicity of the polymer 

[68].  

To utilize NPs for cancer chemotherapy applications, it is imperative to study their 

therapeutic efficacy.  To this end, we have utilized several in vitro studies that each indicated 

reduced viability, increased caspase-3 (apoptosis marker) production and reduced survival fraction 

of A549 lung cancer cells and their colonies upon treatment with CEGNPs.  Additionally, EGNPs 

and GNPs also significantly out-performed cisplatin-loaded PLGA NPs that are conventionally 

used as drug carriers for chemotherapy due to their biodegradable and biocompatible natures [115].  

Moreno et al. [116], observed an increase in tumor volume in mice treated with cisplatin-loaded 

PLGA NPs, while those treated with free cisplatin observed a relatively unchanging trend in tumor 

volumes, indicating better treatment response from these carriers.  However, our observation of in 

vivo therapeutic efficacies witnessed significantly lower tumor growth rates in mice treated with 

CEGNPs (10-times lower) when compared to free cisplatin at the same drug dose.  These results 

could potentially be due to the stimuli-responsive “on-demand” drug release from the GSH-

responsive nanoparticles.  Similarly, Ryu et al [113], observed about 80% viability of MCF-7 

breast cancer cells treated with doxorubicin-loaded GSH-responsive micelles.  Addition of 

exogenous GSH further decreased the cell viability, to 30% for cells treated with 20 mM of GSH 

in addition to the Dox-loaded micelles.  Contrary to these results, our results observed that C 
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EGNPs significantly reduced the viability of A549 lung cancer cells (up to 80% cell death) 

compared to free cisplatin (up to 60% cell death) at equivalent concentrations without the addition 

of GSH. Additionally, as discussed in the earlier paragraph, our NPs showed higher sensitivity of 

GSH concentrations, unlike those synthesized by Ryu et al [113].  These findings could contribute 

to the enhanced therapeutic efficacy of our GNPs and EGNPs.  

The other prominent feature of our NP design is the incorporation of lung tumor targeting 

capabilities via antibodies specifically targeting the Ephrin transmembrane receptor 2, 

overexpressed on lung cancer cells.  Receptors of the Ephrin family belong to the tyrosine kinase 

family and are key regulators of various cellular functions [117].  Various lung cancer cell lines 

like A549, H460, H1299 and H1975 among others, have been observed to show high mRNA and 

protein levels of EphA2, often in correlation with smoking, K-RAS mutation, brain metastasis, 

tumor angiogenesis and poor survival of lung cancer patients [89, 117, 118].  In fact, knockdown 

of EphA2 has also been observed to inhibit the proliferation, motility and survival of lung cancer 

cells [118].  Taking advantage of the overexpression of EphA2 on lung cancer cells, antibodies 

and peptides targeting EphA2 can specifically deliver their cargo to lung cancer cells.  For 

example, lipid nanoparticles coated with peptides against EphA2, and encapsulating anti-cancer 

agents, docetaxel and DIM-C-pPhC6H5 were generated to target and treat lung cancer cells [89].  

This NP formulation observed 35% more uptake into tumor cells, and about 23% more reduction 

in tumor volume compared to untargeted NPs.  Additionally, in vivo biodistribution studies 

observed about 40-60% improvement in NP localization compared to the untargeted NP variation.  

On the other hand, our NP formulation incorporating antibodies against EphA2, observed over 50-

fold higher uptake into lung cancer cells and about 56% reduction in tumor volume.  Furthermore, 
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EGNPs also observed about 4X increase in NP localization in the lung tumors compared to the 

untargeted GNPs.   

Beside EphA2 ligands and/or antibodies, other lung cancer specific drug delivery 

approaches such as those using folic acid and anti-EGFR have also studied for targeting lung 

cancer cells.  Alvarez-Berrios et al. [119] investigated folic acid (FA) conjugated mesoporous 

silica NPs for delivery of cisplatin to target and treat HeLa cells.  These NPs were successfully 

internalized into HeLa cells and exhibited a significant decrease in HeLa cell viability upon 

treatment.  However, the FA conjugated cisplatin loaded-NPs could not out-perform free cisplatin, 

with cell viability remaining higher at most concentrations.  On the other hand, our NPs 

significantly outperformed the therapeutic efficacy of free cisplatin, even at lower drug 

concentrations, potentially due to the stimuli responsive nature of the NPs and improved targeting 

of our NPs.  Additionally, a major disadvantage of using folic acid is competitive-binding of free 

folate in serum that may reduce the targeting efficacy of the NPs [120].  Peng et al. [88] developed 

cisplatin loaded heparin NPs, conjugated with single-chain antibodies against EGFR (ScFvEGFR) 

to target and treat lung cancers.  Similar to our results, these NPs also significantly reduced tumor 

volume compared to free cisplatin.  However, EGFR is also expressed on normal tissues, which 

majorly limits the targeting efficacy of antibodies or peptides against EGFR [121].  Thus, receptors 

of the ephrin family, such as EphA2 are valuable alternatives for targeted drug delivery.  

 

2.5. SUMMARY 
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To summarize, glutathione-responsive NPs specifically targeting the lung cancer cells were 

formulated and characterized. The particles exhibited a hydrodynamic diameter of about 300 nm, 

and a zeta potential about -14 mV.  Furthermore, they were stable up to 48 hours, and observed a 

glutathione concentration-dependent release of cisplatin.  They were cyto-compatible to AT1 

healthy lung cells and hemo-compatibile to human blood.  Importantly, the presence of anti-EphA2 

Ab on the NP surface, significantly enhanced the uptake of the NPs into lung cancer cells.  

Additionally, the targeted NPs also significantly augmented in vitro lung cancer cell death, and 

reduced tumor growth rate in vivo.  These NPs also exhibited superior localization in the tumor 

regions compared to the untargeted GNPs. Thus, the cisplatin loaded glutathione-responsive NPs 

coated with anti-EphA2 antibodies can potentially be utilized as a chemotherapeutic strategy for 

lung cancer treatment. The limitations of this research include the use of a subcutaneous model for 

studying the biodistribution and tumor killing abilities of the NPs.  An orthotopic tumor model 

(tumor cells implanted in the lungs) would be a more realistic in vivo model to use.   
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CHAPTER 3: EphA2 FUNCTIONALIZED-PLATELET-MEMBRANE COATED 

RADIATION-RESPONSIVE NPs FOR LUNG CANCER RADIATION THERAPY 

 

3.1. INTRODUCTION 

 

Radiation therapy (RT) is one of the common treatment strategies employed to treat lung 

cancer, with over 50% of all cancer patients receiving RT [33].  RT involves exposing cancerous 

tissues to high intensity beam of radiation, often as several fractions over a course of several weeks 

[33].  RT induces apoptosis in tumor cells by generating intracellular free radicals (via excitation 

of the water molecules within cells) [33].  These free radicals induce DNA double strand breaks 

(DSB), which then initiates a global response that causes DNA damage followed by cell death [33, 

122].  Some of the most common radiotherapy strategies are, stereotactic body radiation (SBRT) 

or stereotactic ablative RT (SABR) for stage I NSCLC and concurrent chemoradiation for stage 

III NSCLC [34, 35].  However, radiation therapy suffers from several limitations, particularly 

reduced therapeutic efficacy as a result of the non-homologous end joining (NHEJ) repair 

mechanisms of cancer cells and inadequate oxygen levels, which curtails the effectiveness of the 

radiation regimen [122].   

Radiation therapy for cancer treatment can be improved by addition of radiosensitizers that 

enhance the effects of radiation by inhibiting DNA repair in cells, thereby inducing cell apoptosis.  

Various radiosensitizers, including metal based radiosensitizers and small molecule 

radiosensitizers have been widely investigated to boost radiation therapy of various cancers.  One 

such radiosensitizer, 8-dibenzothiophen-4-yl-2-morpholin-4-yl-chromen-4-one (NU7441), has 
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been proven to inhibit the DNA-dependent kinases that regulate the non-homogenous end joining 

process of DNA double strand repair after radiation therapy, in addition to providing an excellent 

radio-sensitization in vitro and in vivo [123, 124].  However, this radiosensitizer is extremely toxic 

and poorly soluble in aqueous solvents, which reduces its in vivo bioavailability [125].  Thus, there 

is an urgent need to circumvent these issues and develop alternatives to improve the delivery of 

NU7441 for radio-sensitization of lung tumors.  Encapsulation of NU7411 into NPs can 

circumvent most of these limitations, and subsequently improve its therapeutic efficacy.  The 

recent years have witnessed a surge in research involving nanoparticles as radiosensitizers or 

carriers for radiosensitizers; however, there have been very few reports involving encapsulation of 

NU7441 into NPs.  For instance, PLGA NPs encapsulating NU7441, were conjugated with R11 

peptide to target and enhance the radio-sensitivity of prostate cancer cells [126].  These NPs 

observed enhanced radio-sensitization of PC3 prostate cancer cells compared to that by radiation 

alone, signifying the advantages of using NU7441, in addition to targeting to treat cancers.  

 In this research project, we will use hyaluronic acid-based NPs that release NU7441 

encapsulated within NPs, responding to radiation exposure, as a result from degradation of their 

glycosidic bonds due to ROS generated during radiation therapy [79, 127].  Furthermore, we will 

utilize platelet cell membranes to coat these NPs, to impart targeting to the lung cancer 

microenvironment.  Platelets can migrate towards the cancer microenvironment, following which 

they adhere to the tumor cells, forming protective cloaks via tumor cell-induced platelet 

aggregation (TCIPA), a process that facilitates their metastasis via tumor cell extravasation [128, 

129].  Previous research has also shown lung cancer cells to promote platelet activation and 

aggregation onto lung cancer cells via secretion of various chemokines in the tumor 
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microenvironment [129, 130].  Thus, our goal is to take advantage of these events to specifically 

target the drug-loaded nanoparticles to the lung cancer cells, thereby reducing off-target side 

effects of NU7441 and enhancing the effects of localized radiation therapy in the lung cancer 

microenvironment (Figure 1.2).  We will also incorporate antibodies against the EphA2 receptors 

that are highly expressed on lung cancer cells [91, 118], to further enhance the targeting of the 

radiation-responsive NPs towards the lung tumor site.  In this report, we investigated the radiation 

responsiveness of these NPs, study the drug release kinetics of NU7441 from these NPs in response 

to varying radiation doses, and evaluated the in vitro therapeutic efficacy of these NPs at killing 

lung cancer cells. 

 

3.2. EXPERIMENTAL SECTION 

 

3.2.1 Fabrication of hyaluronic acid (HA) nanoparticles (HNPs) 

 

It has been well-known that NP size has dramatic effects on the therapeutic efficacy of 

drug carriers influencing their capacity to cross biological barriers and to be up taken by cancer 

cells.  However, little has been done to investigate factors affecting the size of HA NPs.  In this 

study, various synthesis parameters influencing the HA NP size were studied to optimize the NP 

size.  A relationship between NP size and synthesis parameters, namely HA concentration (%), oil 

to water ratio (Vo/Vw), sonication power (watts), and swelling time (hours), was quantified using 

Design Expert software (Stat-Ease Inc.).  Hyaluronic acid NPs encapsulating NU7441 were 

synthesized by a reverse single emulsion technique.  This process involves crosslinking of HA 
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using adipic acid dihydrazide (ADH; MilliporeSigma) via activation of the carboxylic acid groups 

on HA by 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC; MilliporeSigma).  To perform 

factorial analysis, three major synthesis parameters (Figure 3.1), namely HA swelling time (6 

hours and 24 hours), oil-to-water ratio (1:1 and 2:1) and sonication power (10 watts and 30 watts) 

were investigated for their roles in NP size.  

To synthesize HNPs, 50 mg of hyaluronic acid (~ 200 KDa; Lifecore Biomedical) was 

dissolved in PVA (5% w/v) at a concentration of 10 mg/mL and allowed to swell at a 

predetermined time (6 or 24 hours) at room temperature on a rotator.  2.5 mg of ADH was then 

added to this solution and allowed to react for 30 minutes, following which 2 mg of EDC was 

added to crosslink the HA.  The HA solution was then added dropwise to DCM at a pre-determined 

ratio (1:1 or 2:1 oil-to-water) while stirring.  This emulsion was sonicated using an ultrasonicator 

for 10 minutes at pre-determined power (10 watts or 30 watts) and stirred overnight in a fume hood 

to facilitate solvent evaporation.  HNPs were obtained the following day via centrifugation at 

15,000 RPM for 30 minutes, followed by lyophilization.  For NPs encapsulating NU7441 (Tocris), 

2 mg of NU7441 was dissolved in 200 µL of dimethyl sulfoxide (DMSO; MilliporeSigma) to 

constitute the drug phase.  The NU7441 solution was then added to the HA solution, followed by 

 

Figure 3.1. Factors varied during synthesis of HA NPs.  
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sonication using a microtip sonicator at 30 watts for 1 minute, prior to addition of ADH.  The rest 

of the NP synthesis was performed as above. 

To perform factorial analysis, NP sizes for various combinations were determined by 

dynamic light scattering technique, and the outcomes were entered into a factorial analysis 

software (Design expert), which was then used to generate a predictive equation and 3D plots to 

study the effects of multiple parameters on HNP size. The outcomes from these plots for selected 

as ideal parameters for synthesis of HNPs and used for future HNP formulations.  

 

3.2.2 Isolation of platelets and platelet membranes 

 

 Platelets and platelet membranes were isolated by a freeze-thaw technique described 

previously [131].  Human platelet rich plasma (PRP) was purchased from Innovative Research.  

To collect platelets, PRP was firstly centrifuged at 100 x g for 15 minutes at room temperature to 

separate red blood cells and white blood cells in the PRP.  The supernatant was collected and 

diluted 2-fold in cold 1X-PBS supplemented with 1 mM of Ethylenediaminetetraacetic acid 

(EDTA; MilliporeSigma) and centrifuged at 800 x g for 15 minutes at room temperature.  The 

supernatant was discarded, and the pellet containing platelets was resuspended in cold 1X-PBS 

supplemented with 1mM of EDTA and protease inhibitor cocktail (MilliporeSigma) to preserve 

platelet proteins.  Platelet membranes were isolated via a repeated-freeze thaw method, by firstly 

freezing the platelet solution at -80˚C for 15 minutes, followed by thawing at room temperature 

for 15 minutes.  This process was repeated 7 times, to ensure complete rupture of platelet cell 
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membranes.  The platelet membranes were then isolated via centrifugation at 4000 x g for 10 

minutes, and the pellet was resuspended in 1X-PBS containing a protease inhibitor cocktail.  

 

3.2.3 Functionalizing HNPs with platelet membranes and EphA2 antibodies 

 

To insert anti-EphA2 antibodies (Biolegend) on the surface of the platelet membranes, we 

used palmitated-protein A (PPA; ProSpec), which had a high affinity to bind to the Fc region of 

IgG, thus functioning as a docking point for antibodies (Abs) on cell membranes [132].  Briefly, 1 

mg/mL of protein A was resuspended in a 1X-PBS solution (pH 7.4) and supplemented with 0.3% 

sodium deoxycholate (MilliporeSigma), 0.1% sodium bicarbonate (MilliporeSigma) and 0.1% 

sodium azide (MilliporeSigma).  Palmitic acid (MilliporeSigma) was dissolved at a concentration 

of 10 mg/mL in 100% ethanol.  This solution was then heated to 50°C, following which 10 µL of 

this solution was added to the protein solution at 37°C.  This complex was then incubated while 

shaking for 18h, followed by filtration to separate the free proteins or lipid mixtures.  The PPA 

mixture was then added to the extracted platelet membranes (50 µg/mL of PPA to membranes 

from 3.0 million cells), incubated at 37°C for 10 minutes, and washed to remove unbound PPA.  

Platelet cell membranes (± PPA) were then coated onto the HNPs via extrusion technique.  Briefly, 

amount of proteins in the platelet membrane solution were determined by BCA protein assay 

(Thermofisher scientific), before complexation with PPA. The platelet membrane coated HNPs 

(PHNPs) were formulated by mixing drug loaded HA NPs with the membrane extract (at a ratio 

of 1:2 of NPs: protein in membranes) and co-extruded about 22 times through a 400 nm 

polycarbonate porous membrane using a mini-extruder (Avanti Polar) to cloak these the platelet 
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membranes onto HNPs.  Insertion of antibodies using PPA was performed as described earlier 

[133].  Briefly, PPA-platelet membrane coated HNPs were incubated with 100 µg/mL of anti-

EphA2 antibody on ice for 1 hour, followed by centrifugation to collect the EphA2 tagged platelet 

membrane coated HNPs (EPHNPs). 

EphA2 Abs were conjugated on HNPs via carbodiimide chemistry.  Briefly, 5mg of lyophilized 

NPs was suspended in 4mL of 2% 2-ethanesulfonic acid (MES; MilliporeSigma) buffer (~ pH 

5.0), and 20 mg of EDC was added to this suspension and allowed to react at room temperature 

for 30 minutes.  Twenty mg of N-hydroxysuccinimide (NHS; MilliporeSigma) was then added to 

this suspension and allowed to react at room temperature for another 30 minutes.  This reaction 

activated ester groups on the NP surface for conjugating of ligands/antibodies onto NPs.  Eleven 

µg of Ab solution was then added to the above solution, and the conjugation reaction performed 

overnight 4°C, followed by dialysis to remove unconjugated Abs, and lyophilization to obtain the 

Ab/targeting ligand-conjugated NPs. Antibody conjugation efficiency was determined by 

Bradford protein assays and calculated by the equation; 

𝐴𝑏 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑢𝑠𝑒𝑑 − 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑢𝑠𝑒𝑑
𝑋 100% 

…. (3.1) 

Retention of platelet markers on PHNPs was determined by flow cytometry.  Briefly, 1 mg 

of non-drug loaded HNPs and PHNPs were resuspended in 1X-PBS (with 0.1% sodium 

azide(MilliporeSigma)) and labeled with fluorescently labeled antibodies against CD62p (labeled 

with APC, activated platelet marker) and CD42a (labeled with PE, platelet identification marker) 
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to detect via flow cytometry (BD LSR II Flow Cytometer). Platelets labeled with these antibodies 

were included as controls.  

 

3.2.4 Characterization of nanoparticles 

 

Particle size, size distribution, and surface charges were measured using the Dynamic Light 

Scattering (DLS) technique (ZetaPALS zeta potential analyzer, Brookhaven Instruments Inc.).  

Transmission electron microscopy (TEM, JOEL 1200EX) was used to visualize the morphology 

of the platelet membrane coated and uncoated HNPs.   

NU7441 loading efficiency for HNPs were determined by indirect method.  Briefly, the 

amount of NU7441 in the supernatants was collected by a UV-Vis spectrophotometer (Tecan) at 

an absorbance of 234 nm.  The amount of NU7441 loaded into the NPs was determined by the 

following equation; 

𝑁𝑈7441 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑎𝑐𝑦 =  
𝑁𝑈7441 𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑 − 𝑁𝑈7441  𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑁𝑈7441  𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑
  𝑋 100% 

…. (3.2) 

Radiation sensitivity of HNPs and EPHNPs was determined by exposing NU7441 loaded 

NPs to increasing radiation doses (0 Gy, 2 Gy, 5 Gy and 10 Gy).  To study the radiation triggered 

NU7441 release kinetics from HNPs and PHNPs, the lyophilized NPs were first re-suspended in 

1X-PBS (pH 7.4) in a 1 mg/ml concentration.  NP suspensions were added to dialysis bags (10 

KDa, Spectrum laboratories), and subjected to radiation (3 replicates for each radiation dose).  The 

dialysis bags were then inserted into a 1X-PBS bath of 10 mL each, and incubated at 37˚C, to 
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simulate the body temperature.  At pre-determined time points, 1 mL of 1X-PBS solution from the 

1X-PBS bath was extracted and stored at -20˚C, 1 mL fresh 1X-PBS was replenished, and the 

dialysis bags were incubated at 37°C until the next time point.  The amount of NU7441 released 

was quantified by a UV-Vis spectrophotometer at 280nm.  A standard curve of known NU7441 

concentrations was used to determine the cumulative NU7441 release.  A sample size of n=3 per 

group was used for this study.  

 

3.2.5 Cellular uptake of nanoparticles 

 

Cellular uptake of HNPs and EPHNPs was determined by measuring the amount of 

fluorescently-labeled NPs that get internalized by lung cancer cells.  HNPs and EPHNPs loaded 

with a fluorescent dye, fluorescein isothiocyanate (FITC; MilliporeSigma) were synthesized as 

described earlier.  FITC was used here for detection of NPs in the cells.  To study in vitro cellular 

uptake of NPs, A549 human lung cancer cells were seeded at a seeding density of 10,000 cells/well 

in 96 micro-well plate and allowed to attach overnight.  Next day, the cells were incubated with 

HNPs and EPHNPs at different concentrations (0, 50, 100, 250, 500 and 1000 µg/ml; n= 4 per 

group) at 37°C for 2 hours.  Post 2 hours, cells were washed 3X with sterile 1X-PBS and lysed 

using 1% Triton X-100.  The amount of NPs internalized were determined by measuring the 

fluorescence intensity of FITC (translated to µg of NPs) at a wavelength of λex 495 nm and λem 

519 nm and normalized against the amount of total protein from cells per well, determined using 

bicinchonic acid assays (BCA) per manufacturer’s protocol (Pierce™ BCA Protein Assay Kit, 

ThermoFisher Scientific).  NP uptake of HNPs and EPHNPs to A549 lung cancer cells and AT1 
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cells was also determined by fluorescence imaging.  A549 and AT1 cells were seeded at a cell 

seeding density of 150,000 cells on glass coverslips and allowed for attaching overnight.  The 

following day, A549 cells were exposed to 1mg/mL of FITC-loaded HNPs or FITC loaded 

EPHNPs for 2 hours, following which they were washed 3X with 1X-PBS, and fixed for 15 

minutes in 4% paraformaldehyde (MilliporeSigma).  The fixed cells were washed with 1X-PBS to 

remove excess paraformaldehyde and their nucleus stained with nucBlue® (ThermoFisher 

Scientific).  The cells were then observed under a fluorescence microscope (Cytoviva Inc). 

 

3.2.6 In vitro therapeutic efficacy 

 

The in vitro therapeutic efficacy of HNPs combined with radiation were determined by 

MTS cell viability assays.  Briefly, A549 lung cancer cells (ATCC) were seeded at a seeding 

density of 20,000 cells/well in a 48 micro-well plate and allowed to attach overnight.  The 

following day, cells ( n= 4 per group) were treated with free NU7441 (1 µg/mL drug concentration) 

or NU7441 loaded NPs: EPHNPs and HNPs (concentration equivalent to 1 µg/mL of NU7441 

determined from the drug release kinetics).  Untreated cells and cells treated with 1% Triton X-

100 were regarded as the negative and positive controls, respectively.  Two groups of these 

treatments were prepared, where one group was exposed to 5 Gy radiation dose, and the other 

group was not exposed to radiation.  2 hours after drug treatment, cells were subjected to radiation.  

72 hours later, cell death was determined by MTS cell viability assays (Promega Corporation) per 

the manufacturer’s protocol.  

To observe the survival of lung cancer cells upon exposure to the EPHNPs, we performed 

clonogenic assays or colony formation assays (CFA).  To perform these studies, A549 lung cancer 
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cells were seeded on 60mm petridishes, and in vitro CFA studies were performed as described 

previously [108].  The cells were treated with free NU7441 (500 ng/dish), or NPs: HNPs, PHNPs 

and EPHNPs (concentration equivalent to 500 ng/dish of cisplatin from the drug release kinetics) 

and incubated at 37˚C for 2 hours.  A549 lung cancer cells not exposed to any treatment and A549 

cells exposed to radiation only were included as negative controls.  Like the MTS assays performed 

above, two groups of treatments were prepared, where one group was exposed to radiation (2,5 

and 10 Gy), and the other did not receive any radiation exposure.  Post-radiation treatment, the 

petridishes were further incubated at 37˚C for 10 days.  Once the cancer cell colonies had reached 

a colony of at least 50 cells, the cells were washed with phosphate buffered saline, and stained 

with crystal violet (MilliporeSigma) dye (0.5% w/v in 6% v/v glutaraldehyde).  The number of 

colonies in each dish were then counted. Survival fraction was calculated by normalizing the 

number of surviving colonies at a certain radiation dose (SD) to the number of surviving colonies 

at 0 Gy radiation (S0).  A sample size of n=3 per group was used for this study.  

 

3.2.7 Cytotoxicity analysis of nanoparticles 

 

Healthy lung alveolar Type 1 (AT1) epithelial cells (Abmgood) were seeded at a density 

of 8000 cells/well in a 96 microwell plate and incubated overnight to facilitate cell attachment.  

Next day, the cells were incubated with varying concentrations of non-drug loaded HNPs and 

PHNPs (0, 50, 100, 200, 500, and 1000 µg/ml).  Following 24 hour incubation, the cell viability 

was determined using MTS cell viability assays (CellTiter 96®AQueous One Solution Cell 

Proliferation Assay, Promega Corporation).  



P a g e  57 | 123 

 

 

 

3.2.8 Hemo-compatibility analysis of nanoparticles  

 

A hemolysis evaluation of the non-drug loaded HNPs and PHNPs was conducted as 

described previously [109].  Human blood from a donor was acquired following methods approved 

by the Institutional Review Board at the University of Texas at Arlington. After collection, human 

blood was incubated with HNPs and PHNPs at a NP concentration of 100 µg/ml or 1000 µg/ml, 

0.9% saline (as negative control), or distilled water (as positive control) for 2 hours at 37˚C.  The 

samples were then centrifuged at 1000 g, following which absorbance readings were taken at 545 

nm using a UV-Vis spectrophotometer. The percentage of hemolysis was calculated using the 

following equation:  

 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝐴𝑏𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100% 

…. (3.3) 

To study the blood clotting kinetics, non-drug loaded PHNPs and HNPs at concentrations 

of 100 or 1000 µg/ml, water (negative control) and 0.9% saline (positive control) were added to 

blood activated with 0.1M calcium chloride (CaCl2) and incubated at room temperature. At pre-

determined time points (10, 20, 30, and 60 minutes), water was added to the tubes to lyse the red 

blood cells (RBCs) that were not a part of the formed clot. Absorbance readings of supernatant 

were taken at 540 nm using a UV-Vis spectrophotometer. The absorbance readings are inversely 

proportional to the size of the resulting clot.  The blood clotting kinetics were also observed 
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visually, and photographs acquired. A sample size of n=8 per group was used for the hemolysis 

and blood clotting study.  

Hemo-compatibility of HNPs and PHNPs was further investigated by determining 

potential platelet aggregation and activation upon exposure to the NPs.  To conduct these studies, 

platelet rich plasma (PRP) was firstly isolated from whole blood.  Platelet aggregation was 

determined via turbidity testing.  Briefly, 100 µL of PRP was exposed to NP solution (1mg/mL 

concentration), or controls (no treatment: negative control and 20µM of adenosine diphosphate: 

positive control) for 5 minutes, followed by analysis via a spectrophotometer at an absorbance of 

650nm.  Decrease in absorbance is a sign of PRP turbidity, and an indicator of platelet aggregation.  

Thus, higher the absorbance, higher the turbidity and thus lower the platelet aggregation. Platelet 

activation studies were conducted via flow cytometry to detect the expression of activated platelet 

markers (CD62p or P-selectin) and platelet markers (CD42a or GP1X) on the surface of platelets 

exposed to HNPs and PHNPs, compared to that by positive control (20µM of adenosine 

diphosphate).  Briefly, PRP was diluted in 2-fold in 1X-PBS, and 100 µL of the diluted PRP was 

exposed to the NP solutions (1mg/mL concentration) or controls (no treatment: negative control 

and 20µM of adenosine diphosphate: positive control) for 5 minutes.  Platelets were then fixed in 

0.5% w/v paraformaldehyde (in 1X-PBS containing 1% bovine serum albumin and 0.1% sodium 

azide, also called as staining buffer) for 20 minutes, followed by centrifugation at 1400 x g for 10 

minutes to pellet the platelets.  The platelets were then resuspended in staining buffer and labeled 

with antibodies against P-selectin (CD62p-APC) and GP1X (CD42a-PE).  Isotypes for both 

antibodies were also included.  After 20 minutes, cells were washed, resuspended in staining buffer 

and analyzed using a flow cytometer (BD LSRII Flow Cytometer).   
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3.2.9 In vivo biodistribution of fluorescently labeled NPs 

 

To test the in vivo biodistribution of HNPs, EphA2 antibody-tagged HNPs (EHNPs) and 

EphA2-tagged platelet membrane coated HNPs (EPHNPs), athymic nude mice (Foxn1nu, Jackson 

labs) were subcutaneously implanted (at the hindlimb) with A549 lung cancer cells (2 million 

cells), following the protocol approved by The Institutional Animal Care and Use Committee 

(IACUC) at The University of Texas at Arlington.  EHNPs were included as a control against 

EPHNPs to show the enhanced biodistribution of the dual targeting moieties (platelet membranes 

and anti-EphA2 antibody) vs. that by anti-EphA2 alone.  Once the tumors reached a diameter of 

approximately 10 mm, treatment was commenced.  0.9% saline served as the negative control, 

while cyanine-7 loaded HNPs, EHNPs and EPHNPs were the study groups.  Since PHNPs did not 

observe a significant improvement in the CFA studies, we did not include PHNPs in the 

biodistribution study.  Animals wereadministered with either saline or 1.5 mg of the NPs (n=4 per 

group comprising of randomly allocated 2 male and 2 female mice) via intravenous injection. 24 

hours later the mice were euthanized, and their tumors and visceral organs (liver, kidneys and 

spleen) were collected for analysis.  Tumor dimensions and tissue weights were recorded, 

following which they were imaged ex vivo in the fluorescence bioimager (Kodak In vivo Fx Pro 

system).  The tissues were then homogenized using a tissue homogenizer (Precellys evolution, 

Bertin Instruments), and the amount (mg) of NPs retained in the tissues was quantified using a 

spectrophometer.  

3.2.10 Statistical analysis 

 



P a g e  60 | 123 

 

 

Results were analyzed statistically using 2-way ANOVA and Fisher’s post-hoc analysis 

(Statview 5.0 software) with p<0.05 considered as a significant value.  All results are displayed as 

mean ± SD, and quadruplet samples (n=4) were used for each experiment if not specified. 

 

3.3. RESULTS 

 

3.3.1 Effects of synthesis factors on NP sizes 

 

  Factorial analysis was performed to select the ideal parameters for synthesizing HNPs and 

understanding their roles in determining the size of HNPs. It was found that the sonication power 

 

Figure 3.2. 3D Plot depicting the effects of multiple formulation factors on particle size. A) Effects of 

sonication power and HA swelling time: particle size is the smallest at the highest sonication power, 

i.e. 30W, and longest swelling time, i.e. 24 hours, indicating an inverse relationship. B) Effects of oil 

to water ratio and HA concentration: smallest particles are achieved at a lower O: W ratio and a lower 

HA concentration, depicting a direct relationship. C) Effects of oil to water ratio and Sonication Power: 

smaller sized particles are obtained at a higher O: W ratio and a higher sonication power of 30W. D) 

Effects of sonication power and HA concentration: smallest nanoparticles were obtained at the 

maximum HA Concentration and a sonication power of 30W. 
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and HA concentration significantly affected the NP size (Figure 3.2).  Based on the predicted 

trends, we performed an experiment to validate our formulation model.  The model predicted a NP 

size of 189 nm with a certain formula (Equation 3.3 below); the actual size achieved from using 

that formula was 191±38 nm, a less than 2.25% error between the predicted and actual sizes. 

The predictive equation obtained from factorial analysis is as follows: 

Particle Size = +961.50 -189.44* A -524.56* B + 212.74* C + 107.18* D - 106.29*A*C - 327.77* 

B*C - 251.4*B*D + 248.17*C*D + 176.00*A*B*C + 118.17*A*B*D + 254.83*A*C*D - 

256.82*B*C*D - 332.95*A*B*C*D 

 

Where: A-HA swelling time, B-sonication power, C-HA concentration, D-Oil: water 

 

…. (3.4) 

 

3.3.2 Nanoparticle characterization  

 

 NU7441-

loaded HNPs and 

PHNPs observed a 

diameter of 190 ± 23 

nm and 247 ±51 nm 

respectively, by 

dynamic light 

scattering technique.  

Additionally, TEM 

imaging of HNPs and 

PHNPs observed 

 

Figure 3.3: Characterization of NPs. A) TEM image of (i) HNPs and (ii) 

PHNPs showing successful coating of the cell membrane on the surface of 

HNPs. Scale bar: 200nm. B) Radiation responsive release of NU7441 from 

the HNPs (i) and PHNPs (ii), which shows significant increase in drug 

release as the radiation dose increases.  

A(i)

A(ii)

B(i)

B(ii)
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successful coating of the platelet membrane on the surface of the HNPs, as evidenced by the core-

shell structure of PHNPs (Figure 3.3A).   

 

3.3.3 Drug loading efficiency and drug release characteristics of HNPs and PHNPs 

 

 NU7441 loading efficacy into HNPs was calculated indirectly via a UV Vis 

spectrophotometer at an absorbance of 288nm and was calculated to be about 63%.  HNPs and 

PHNPs also exhibited radiation responsive drug characteristics, where an increase in exposed 

radiation dose, significantly increased drug release from the NPs (Fig 3.3B).  Radiation responsive 

release of NU7441 from HNPs (Figure 3.3B (i)) and PHNPs (Figure 3.3B (ii)), which shows 

significant increase in drug release as the radiation dose increases. Almost 100% of the drug was 

released when exposed to 10 Gy radiation compared to about 30% released when not exposed to 

radiation from HNPs.  PHNPs showed a slower drug release, with about 60% and less than 20% 

drug released at 10Gy radiation exposure and in the absence of radiation, respectively.  Although, 

the membrane coating on the HNPs did not affect the radiation responsiveness of NPs,   it slowed 

down NU7441 release from these NPs, thus exerting a barrier against premature drug release in 

the absence of radiation.   

 

3.3.4 Flow cytometry analysis for detection of platelet markers on PHNPs 
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 Flow cytometry analysis was employed to determine the retention of platelet markers on 

the surface of PHNPs.  Since platelets markers, especially those of activated platelets are essential 

for homing towards the tumor microenvironment and for binding to the tumor cells, it is essential 

to retain them on the 

NP surface [134].  

For proof-of-

concept, we aim to 

identify the retention 

of platelet 

identification 

marker CD42a and 

platelet activation 

marker P-selectin on the surface of PHNPs using flow cytometry.  Compared to uncoated HNPs, 

the PHNPs observed a significant shift in CD42a and P-selectin markers, a response similar to that 

of platelets (Fig 3.4).  

 

3.3.5 In vitro characterization  

 

 The cytotoxicity of HNPs and PHNPs at increasing concentrations were determined by 

MTS cell viability assays.  AT1 Cells exposed to HNPs and PHNPs were over 90% viable even at 

the highest NP concentration of 1000µg/mL, confirming the cyto-compatibility of the NPs to 

healthy lung cells (Figure 3.5A).   

 

Figure 3.4. Confirmation of membrane coating on NPs. Flow cytometry 

analysis to identify platelet markers on the surface of PHNPs observed 

increased signal intensities for CD42a (PE-A) and CD62p (APC-A) platelet 

markers compared to uncoated NPs. (Black: platelets, blue: HNPs and clear: 

PHNPs). 
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 Hemo-compatibility of the HNPs and PHNPs was analyzed by studying the hemolysis of 

blood and clotting profile of whole blood exposed to these NPs.  Hemolysis analysis of HNPs and 

PHNPs showed hemolysis of less than 5%, which is well below the acceptable range for NP 

induced hemolysis.  Hemolysis results also observed an increase in hemolysis with increase in NP 

concentration being exposed to blood.  HNPs exhibited a hemolysis of about 2% and 4% at a NP 

concentration of 0.1 mg/mL and 1 mg/mL respectively, while PHNPs exhibited a hemolysis of 

0.4% and 3% at a NP concentration of 0.1 mg/mL and 1 mg/mL, respectively.  Platelet membrane 

coating also reduced hemolysis compared to that by HNPs.  Additionally, the blood clotting trend 

was observed to be 

like that of 0.9% 

saline exposed 

blood over 60 

minutes, with 

blood clotting 

within 30 minutes 

(Figure 3.5B).  These results confirm the hemo-compatibility of the HNPs and PHNPs.  

 To further investigate the hemo-compatibility of NPs, we conducted platelet activation and 

platelet aggregation studies using platelet rich plasma isolated from human blood.  Since we 

observe platelet identification and activation markers on the PHNPs, it is imperative to confirm 

that the PHNPs will not induce either platelet aggregation or activation upon administration into 

the patient.  Platelet aggregation study was performed via turbidity analysis of PRP exposed to 

these NPs via spectrophotometric analysis, compared to those exposed to adenosine diphosphate 

 

Figure 3.5. In vitro characterization of NPs. A) In vitro cyto-compatibility of 

the NPs observed over 90% alveolar type-I cell viability via MTS assays. B) 

HNPs observed a blood clotting trend like that of saline control. 

A) B)
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as the positive control.  Platelet aggregation studies observed similar absorbance values of PRP 

exposed to of PHNPs (1 mg/mL), HNPs (1 mg/mL) and untreated platelets (absorbance values of 

0.129, 0.131 and 0.117, respectively).  The positive control, on the other hand, observed 

significantly lower absorbance values (absorbance value of 0.05), indicating lesser turbidity and 

hence higher platelet aggregation.  Additionally, the platelet activation study was performed using 

flow cytometry to determine the expression of platelet activation markers on platelets exposed to 

the NPs (Figure 3.6).  Signals obtained from isotypes and resting platelets observed absence of 

background signals for CD62p and CD42a, thus eliminating the possibility of non-specific 

binding.  Platelets exposed to positive control exhibited a positive shift in the population compared 

to those exposed to isotypes, resting platelets, PHNPs and HNPs for CD62p, indicating the absence 

of CD62p activation.  Platelets exposed to positive control, negative control and those exposed to 

the NPs, observed similar signals for platelet identification marker CD42a. 

 

 

Figure 3.6. Confirmation of hemocompatibility using platelet activation study. Flow cytometry 

analysis did not observe activation  of the resident platelets exposed to HNPs and PHNPs compared 

to that of positive control. PE-A indicates CD42a (platelet marker) and APC-A indicated CD62p 

(platelet activation marker). Black color: positive control, colored regions : listed groups.  

Isotype PHNPsHNPsResting platelets

Black: Positive control, colored regions: listed groups
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The uptake of HNPs and PHNPs were determined by measuring the fluorescence (as an 

indicator of NPs internalized into cells) normalized to the amount of proteins (as a determinant of 

cell number).  HNPs, PHNPs and EPHNPs observed enhanced uptake into A549 lung cancer cells 

in a dose-dependent manner (Figure 3.7A).  However, the uptake into the lung cancer cells did 

not show a large difference between the uncoated and platelet membrane coated NPs.  The 

inclusion of EphA2 membranes on the other hand, significantly enhanced the uptake of the NPs 

compared to those uncoated (bare) HNPs.  Fluorescence microscopy further supported these 

findings, by illustrating the enhanced NP localization (green dots as a characteristic of FITC in the 

NPs) in the cancer cells because of the platelet membranes and the EphA2 antibodies (Figure 

3.7B).  Furthermore, the EPHNPs observed improved localization in the A549 cells; however  the 

localization of these NPs in healthy AT1 cells was significantly less (Figure 3.7C).  These results 

reaffirm the lung cancer cell targeting specificity of anti-EphA2 antibodies.  

 

 

Figure 3.7. In vitro uptake studies. A) EPHNPs observed enhanced uptake into A549 cells compared 

to that by HNPs and PHNPs. B) EPHNPs observed greater localization in the lung tumor cell 

environment compared to that of HNPs. C) Inclusion of antibodies against EphA2 improved the 

specific uptake of the NPs in the lung tumor cells, while having minimal localization in the AT1 cells. 

Scale bar: 50µm. 

A)

C)

B)
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3.3.6 In vitro therapeutic efficacy of NPs 

 

 The therapeutic efficacy of NU7441 loaded EPHNPs and HNPs were investigated by 

exposing A549 and H460 lung cancer cells to these NPs, and determining the treatment induced 

cell death via MTS cell viability assays.  MTS assays observed a NU7441 dose-dependent cell 

death of the A549 and H460 lung cancer cells over a 72-hour exposure.  A549 and H460 cells 

exposed to radiation only exhibited a cell death of about 87% and 79%, respectively, while those 

exposed to the NP 

treatment groups in 

combination with 

radiation observed a 

significant reduction 

in cell viability 

compared to those 

exposed to the 

treatment groups 

alone in the absence of radiation (Figure 3.8).  NU7441 loaded HNPs and EPHNPs observed a 

decrease in cell viability compared to free drug alone.  The higher cell death could potentially be 

due to the enhanced targeting of the platelet membranes coatings and EphA2 antibodies towards 

lung cancer cells, that might improve NP internalization into the cells, and subsequently enhance 

cell death.  The poor response of A549 cells to radiation treatment could be potentially due to the 

radiation resistant nature of A549 cells.  H460 cells, on the other hand, observed greater sensitivity 

to radiation treatment combined with NU7441 treatment due to their radiation-sensitive nature.  

 

Figure 3.8. In vitro therapeutic efficacy. EPHNPs showed concentration 

dependent improvement in A549 and H460  lung cancer cell death via MTS 

assay when combined with radiation exposure. *P < 0.05 vs. H460 cell 

treated with EPHNPs + 5 Gy radiation exposure. 
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Clonogenic 

assays were implemented 

to determine the survival 

of A549 cancer cell 

colonies.  Overall, 

survival fraction (SF) of 

the cells observed a 

radiation dose dependent 

decline, which further 

declined upon treatment 

with EPHNPs (Figure 3.9).  A549 cells treated NU7441 loaded EPHNPs experienced more than 

a fold-reduction in survival fraction when exposed to 10 Gy dose of radiation (SF: 0.62, 0.27, 0.21 

and 0.13 upon exposure to 0, 2, 5 and 10 Gy radiation).  Effects of radiation on SF of A549 cells 

alone was observed to be about 0.82 (2 Gy), 0.63 (5 Gy) and 0.61 (10 Gy).  Cells treated with 

EPHNPs in conjunction with 10 Gy radiation also significantly reduced survival fraction (SF: 0.20) 

compared to that for HNPs + 10 Gy (SF: 0.38) and free NU7441 + 10 Gy (SF: 0.47).  These results 

further emphasize the cancer killing advantages of the targeting trategies in combination with the 

radiation responsiveness of the NPs.  

 

3.3.7 In vivo biodistribution of EPHNPs 

 

 

Figure 3.9. Investigation of in vitro therapeutic efficacy using colony 

formation assays. NU7441 loaded HA NPs and NU7441 loaded 

platelet-HA NPs in combination with radiation significantly reduced 

A549 lung cancer cell survival fraction via colony formation assays. 
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In vivo biodistribution studies were performed to determine the targeting efficacy of the 

EPHNPs.  Nude mice bearing subcutaneously implanted A549 lung tumors were injected with 

cyanine-7 loaded HNPs, EHNPs and EPHNPs to compare their targeting efficacy (with saline 

serving as the background control). 24 hours after NP administration the mice were imaged under 

anesthesia using an in vivo bioimager (Figure 3.10A).  Fluorescence imaging observed a 

significantly higher EPHNP enrichment in the tumor, compared to that of HNPs and EHNPs.  

Although, we observed NP accumulation in the visceral organs, namely liver, kidneys and spleen, 

the intensity was significantly higher in the untagged HNPs and EHNPs, than that for the EPHNPs. 

Furthermore, spectrophotometric analysis of homogenized tumor tissues observed over 4-times 

higher EPHNP localization (20% of injected NPs) in the tumors compared to untargeted HNPs 

(5% of injected NPs) and 2-times higher than EHNPs (10% of injected NPs) (Figure 3.10B).  

Spectrophotometric analysis also correlated with the observations from the ex vivo imaging data, 

where EPHNPs showed lower localization in the visceral organs compared to that by the HNPs 

and EHNPs.   

 
Figure 3.10. In vivo biodistribution study.  A) In vivo fluorescence imaging observed localization of 

EPHNPs in a subcutaneous A549 lung tumor model, with negligible HNP localization in the tumors. 

B) ex vivo analysis of tumor homogenates observed about 2-fold higher EPHNP accumulation in the 

lung tumor site compared to untargeted HNPs and a fold higher than EHNPs (*P< 0.05 vs. 

EPHNPs_tumor). 

*

*
*
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EHNPs
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Tumor Liver Kidney Spleen
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3.4. DISCUSSION 

 

Novel radiation responsive polymers exhibiting induced drug release characteristics in 

response to radiation levels have been developed as carriers for radiosensitizers.  This is the first 

report of NPs that release radiosensitizers in synergy with radiation therapy, while sensitizing the 

lung cancer cells for enhanced radiation therapy.  Additionally, bio-functionalization of the NPs 

with platelets membranes and antibodies against the EphA2 receptors, ensure the migration of 

these NPs to the lung tumor microenvironment and facilitates enhanced NP enrichment in the 

tumor environment.  The successful coating of platelet membranes on the NPs were confirmed via 

increase in the hydrodynamic diameters of the NPs via dynamic light scattering and via TEM 

imaging, that observed core-shell structure of HNPs in the core and platelet membrane shell on the 

HNPs similar to those observed for cell membrane coated NPs investigated by other groups [135].  

Additionally, flow cytometry also observed retention of platelet markers on the surface of the 

platelet membrane coated PHNPs, indicating retention of platelet membrane markers sfter 

membrane extraction and NP extrusion.  Importantly, these NPs also observed radiation-

responsive drug release characteristics, with significantly higher amount of NU7441 being 

released as the radiation dose increased.  Interestingly, the platelet membranes act as barriers to 

the drug release, with significantly lower NU7441 release upon radiation exposure as well as in 

the absence of radiation.  This feature protects the drug from premature drug leakage in the absence 

of radiation and ensures maximal drug availability during radiation therapy.  Platelet and 

erythrocyte hybrid membrane coated NPs by Hu et al. [136], also observed the impaired release of 
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chemotherapeutic drug doxorubicin from the membrane coated NPs compared to drug release from 

uncoated NPs, thus supporting our findings.    

Due to its excellent characteristics such as biocompatibility, biodegradability, low-toxicity 

and non-immunogenicity, Hyaluronic acid (HA), a glycosaminoglycan, as one of the major 

components of extracellular matrix, has been widely utilized as a carrier for drug delivery [137].  

Hyaluronic acid comprises of repeating disaccharide units of N-acetyl-D-glucosamine and D-

glucuronic acid, linked via alternating β-(14) and β-(13) glyosidic bonds [138].  HA also 

targets CD44 receptors, that are overexpressed on cancer cells, thus imparting tumor targeting 

capabilities to the drug delivery system [139].  ROS produced in response to stress or radiation, 

degrade the glyosidic bonds of HA materials, by attracting a hydrogen radical from HA and 

resulting in the formation of a macroradical and a water molecule [140].  The ROS responsiveness 

of HA has been studied by Lee et al. [141].  The gold NP doped HA NPs labeled with fluorescein, 

exhibited about 86% and 61% fluorescence recovery within 2h of exposure to superoxide and 

hydroxyl radicals respectively.  Our NP design makes use of the ROS produced during radiation 

therapy to degrade the HA NPs and release the encapsulated NU7441 during radiation therapy.  

This hypothesis was confirmed by the drug release kinetics study and the therapeutic studies where 

NU7441 loaded HNP and EPHNP mediated higher lung cancer cell death upon exposure to 

radiation compared to that without radiation exposure.   

Circulating platelets have been extensively investigated for their role in cancer progression, 

due to their interactions with resident and circulating tumor cells.  Cancer cells have the ability to 

cause aggregation of platelets due to a process called as tumor cell-induced platelet aggregation 

(TCIPA), that extends several advantages to tumor survival and metastasis [134].  Platelets have 
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also been observed to protect tumor cells from TNFα induced cytotoxicity and shield tumor cells 

from shear stress due to blood flow [142].  Platelets also bind to tumor cells via p-selectin binding 

to CD44 receptors on tumor cells, forming tumor cell aggregates that facilitate the extravasation 

of tumor cells into the vasculature [143, 144].  Thus, membranes derived from platelets may 

localize at the tumor site and adhere to tumor cells, and act as carriers to specifically deliver their 

cargo at the tumor site.  A fusion of erythrocyte (RBC) and platelet membranes were investigated 

by Dehaini et al. [135], were coated on poly(lactic-co-glycolic acid) NPs to impart target 

specificity to the NPs and thereby improve NP localization at the cancer site.  The RBC-platelet 

membrane coatings significantly augmented NP binding to the cancer cells compared to that of 

RBC membrane (only) coated NPs, but lower than that observed for NPs coated with just platelet 

membranes, emphasizing the benefits of platelet membrane coatings for cancer targeting 

applications.  Our platelet-membrane functionalized NPs also observed higher uptake into lung 

cancer cells, in addition to improving the therapeutic efficacy of radiation compared with those of 

uncoated NPs combined with radiation and radiation alone.  Inclusion of anti-EphA2 antibodies 

on NPs further enhanced lung cancer specificity (~ 4-times improved localization in the lung 

tumors compared to untagged HNPs).  Thus, the EPHNPs reported here could potentially be 

employed for enhanced local radiation therapy at the tumor site, while sparing healthy tissues.   

Hyaluronic acid has been widely investigated as a cancer cell targeting moiety, due to the 

high expression of CD44 in its backbone, that binds to CD44 receptors, often overexpressed on 

cancer cell lines like A549 lung cancer cells [145].  Tran et al. [146], decorated vorinostat loaded 

solid lipid NPs (SLNPs) decorated with HA to target A549 cells via CD44 receptors and 

subsequently enhance the therapeutic efficacy of the NPs.  While they observed enhanced uptake 
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of the HA coated SLNPs into A549 lung cancer cells compared to the uncoated SLNPs, we 

observed differing results where the HNPs observed very poor uptake into A549 cells.  This is 

potentially because while our uncoated HNPs were about 200nm in diameter, the size of the HA 

coated SLNPs was around 100 nm in diameter [147], thus exhibiting better uptake into the cells.  

However, upon functionalizing these NPs with platelet membranes and antibodies against EphA2, 

we were able to improve the uptake of the HA NPs.  The combination of cell membrane and 

antibody functionalized NPs for cancer therapy has also been explored for enhanced tumor 

targeting and therapy.  Platelet cell membranes coupled with TRAIL (to bind to death receptors 

DR4 and DR5 on cancer cells) functionalized onto doxorubicin (DOX) loaded nanogels were 

employed for localized treatment of breast cancer [144].  Similar to our observation of in vitro NP 

uptake and in vivo biodistribution, the platelet membrane and TRAIL coated NPs improved 

internalization of the NPs into MDA-MB-231 breast cancer cells, leading to localization in the 

tumor environment and significant reduction in cell viability compared to uncoated NPs.  

However, these NPs did not observe a difference in the drug release kinetics of DOX from the 

membrane coated NPs and that from uncoated NPs, potentially due to insufficient membrane 

coatings on the NPs and thus a marginal barrier to the drug release.  

The recent years have witnessed a surge in research radiosensitizers for enhances the 

effects of radiation therapy. NU7441 is a DNA-PK inhibitor, which inhibits DNA repair after 

radiation therapy [87].  Thus, administration of NU7441 improves the efficacy of radiation therapy 

and enhances tumor cell apoptosis.  Although NU7441 has been widely investigated as a 

radiosensitizer for treatment of various cancers, there is very little research on using nanoparticles 

encapsulating NU7441 for improving the effects of radiation therapy.  Our group had earlier 
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investigated PLGA NPs encapsulating NU7441 and conjugated with R11 to specifically target and 

treat PC3 prostate cancer cells [126].  Colony formation results for the R11-tagged NU7441-PLGA 

NPs revealed a survival fraction of about 0.5 after radiation exposure, compared to about 0.7 for 

non-drug loaded R11-PLGA NPs.  On the other hand, we observed a survival fraction of 0.15 for 

EPHNPs and 0.32 for HNPs, potentially due to the burst release of the drug from the radiation 

responsive NPs that enhanced drug availability in the cancer cellular environment.  

Besides NU7441, other radiosensitizers such as β-lapachone loaded onto gold NPs have 

also been investigated for cancer therapy [148].  In vitro therapeutic efficacy studies of these NPs 

observed significant decrease in A549 cell viability, an observation like ours.  However, in vivo 

therapeutic efficacy studies including exposure to radiation were not reported.  Wen et al. [149] 

investigated curcumin loaded into poly(N-vinylpyrrolidone)-poly(caprolactone) (PVP-PCL) NPs 

as radiosensitizers to treat lung cancer.  These NPs also observed significant reduction in A549 

cell survival upon exposure to radiation and curcumin loaded PVP-PCL NPs, illustrating the 

advantages of incorporating radiosensitizers in nanoparticles.  However, these NPs did not possess 

any targeting capabilities like our EPHNPs which may affect the localization of these NPs in the 

tumor tissues, thereby affecting the bioavailability of the drug loaded NPs and inducing off-target 

toxicities.  Similarly, Ataxia-telangiectasia mutated protein (ATM) inhibitor KU55933 loaded 

PLGA NPs in combination with radiation exposure, also impaired the survival of A549 lung cancer 

cells, but did not significantly different from free KU55933 of equivalent doses [150].  EPHNPs, 

on the other hand, exhibited significant reduction in cancer cell survival compared to free NU7441, 

possibly due to the presence of targeting moieties on the NPs that improve the NP internalization 

by lung cancer cells.  Thus, the combination of the radiation responsive nanoparticles with the 
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targeting moieties on the NPs and not just the drug plays a significant role in enhancing the 

targeting, internalization and therapeutic efficacy of the NPs.  

The limitations of this study mainly involve the use of hyaluronic acid. Hyaluronic acid 

also susceptible to degradation by enzymes like hyaluronidase that are also present in the tumor 

microenvironment, which may cause some degree of drug leakage in the tumor microenvironment 

[151].  Hyaluronic acid also expresses CD44 that binds to CD44 receptors present not only on 

tumor cells, but also on certain healthy cells like hepatic endothelial cells [152].  This correlates 

with our biodistribution study, where we observed some degree of NP accumulation in the liver. 

Another limitation of our design lies in the coatings of platelet cell membranes that may induce 

activation of resident platelets in the tumor microenvironment or those in circulation [153].  An 

alternative to platelet membranes, include those derived from red blood cells [154], macrophages 

or monocytes [155], and cancer cell [156] membranes among others that have been investigated 

in the past by several research groups. Other limitations include the lack of in vivo therapeutic and 

toxicity analysis of the EPHNPs with radiation therapy.  

 

3.5. SUMMARY 

 

To summarize, radiation-responsive NPs specifically targeting the lung cancer cells via 

platelet membrane cloaking and EphA2 targeting were formulated and characterized.  The particles 

exhibited a hydrodynamic diameter of about 250 nm.  Furthermore, these NPs demonstrated a 

radiation (dose) dependent release of NU7441, an ability that controlled the drug release when 
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needed, that would prevent associated side-effects of the toxic drugs on healthy cells and tissues.  

They were cyto-compatible to AT1 healthy lung cells and observed hemo-compatibility to human 

blood.  Importantly, the presence of platelet membranes and EphA2 antibodies on the NP surface, 

significantly enhanced the uptake of these NPs into lung cancer cells, as confirmed 

spectrophotometrically and via fluorescence imaging.  Additionally, the NU7441-loaded EPHNPs 

in combination with radiation also significantly induced in vitro lung cancer cell death compared 

to those by radiation alone, free NU7441 and NU7441-loaded HNPs.  Thus, the NU7441 loaded 

radiation-responsive NPs coated with platelet membranes and EphA2 antibodies can potentially 

be utilized as an enhanced and localized radiation therapy strategy for lung cancer treatment.  The 

future studies for this research include investigation about the therapeutic efficacy of concurrent 

chemo-radiation therapy using in vivo in lung tumor animal models and toxicity of the NPs to 

healthy organs and tissues.  
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CHAPTER 4: MULTIFUNCTIONAL DUAL STIMULI-RESPONSIVE CORE-SHELL 

NPs FOR COMBINED CHEMO-RADIOTHERAPY TO TREAT LUNG CANCER 

 

4.1. INTRODUCTION 

 

 Individual chemotherapy and radiation therapy are the conventional treatments for lung 

cancer.  However, these strategies face several limitations that affect their therapeutic efficacy, 

including rapid relapse, poor drug bioavailability and off-target side-effects, which severely affect 

the drug dosage used to achieve the maximal therapeutic efficacy [87].  Cancer cells are also 

inherently resistant to chemotherapeutic drugs, resulting in minimal therapeutic efficacy and 

eventually leading to expansion and proliferation of cancer cells [157].  For instance, cisplatin is 

an FDA approved chemotherapeutic drug for the treatment of NSCLC.  Cisplatin crosslinks with 

purine bases in DNA, to cause DNA damage and subsequent initiation of apoptosis in cells [99].  

However, cisplatin is extremely toxic to normal tissues, leading to side-effects like nephrotoxicity, 

neurotoxicity and ototoxicity, in addition to being severely limited in its therapeutic actions due to 

cisplatin resistance in cancer cells [97, 158].  Additionally, the DNA self-repair mechanisms of 

cancer cell DNA severely limit the benefits of radiation therapy, often resulting in poor overall 

survival in lung cancer patients [87].   

Concurrent chemo-radiotherapy (CRT) can overcome these limitations, by enhancing the 

effectiveness of radiation therapy.  CRT is concurrent administration of a chemotherapeutic agent 

and radiation therapy to control tumor growth and subsequently improve patient responses to 

cancer therapy [159].  The most commonly investigated and successful drug for combined 
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treatment with radiation is cisplatin, due to its effectiveness in patients with widespread NSCLCs 

[160].  CRT combining cisplatin and radiation, has been investigated clinically in several studies 

to study its effectiveness to treat NSCLC, where concurrent cisplatin and radiation treatment 

significantly improved the five-year survival rate of patients undergoing treatment compared to 

sequential chemo-radiotherapy (where the patient is administered with the chemotherapeutic drug, 

followed by radiation therapy after a few chemotherapy drug dosing regimens) and radiation 

therapy alone [49, 161].    

However, a major disadvantage of CRT is the increased risks of side-effects such as 

anemia, acute esophagitis and neutropenia, thus limiting the drug dosages that can be implemented 

without causing toxicity to the patients, while maintaining the drug within the therapeutic window 

[49].  The systemic administration of cisplatin is also limited by severe toxicity, especially when 

combined with radiation.  Similarly, other major chemotherapeutic drugs like carboplatin, 

paclitaxel and docetaxel are also administered in significantly lower doses when combined with 

radiation [160].  Additionally, the addition of chemotherapy regimen to a radiation therapy 

regimen may not be sufficient to achieve the desired therapeutic efficacy.  Thus, there is an 

increasing need to develop strategies that can achieve adequate therapeutic efficacy, while 

reducing the toxicity associated with the treatment.  

Recent developments in multi-compartment nanoparticles (NPs) for cancer therapy and 

their unique characteristics such as controlled drug releases of various drugs for combined 

therapies and targeting capabilities have made them suitable carriers for CRT.  Multi-compartment 

NPs or core-shell NPs are composed of two or more materials that are combined to form a core 

and shell of the NP.  Varieties of core-shell materials have been investigated for drug delivery 
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applications, such as metal based NPs coated with either polymeric shell or a silica shell, multi-

shell NPs, hollow shell NPs and organic core-shell NPs among others [162].  For example, 

multifunctional core-shell NPs for lung cancer chemo-radiotherapy were developed for treatment 

of lung cancer [87].  These NPs comprised of a folic acid-functionalized poly (N-isopropyl 

acrylamide)/carboxymethyl chitosan shell encapsulating gemcitabine hydrochloride (gem), coated 

onto a PLGA core loaded with NU7441.  These NPs exhibited dual temperature and pH responsive 

gem release kinetics from the shell and sustained NU7441 release kinetics from the core. 

Additionally, these NPs observed enhanced therapeutic efficacy when combined with radiation 

therapy, compared to that by radiation alone. 

In this project, we will aim to develop dual-drug loaded, dual-stimuli responsive core-shell 

nanoparticles (DSNPs) that can deliver chemotherapeutic agents and radiosensitizers concurrently 

for concurrent chemo-radiotherapy to treat lung cancers.  In this research, we investigated the 

combination of NU7441+cisplatin, a CRT drug regimen that has investigated before [87].  We 

utilized a GSH-sensitive polymer (PU 1.8SS) synthesized by our lab to form the core NP, which 

encapsulate and deliver the chemotherapeutic drug, cisplatin [68].  Due to the presence of reducible 

disulfide linkages in the backbone of the polymer, the elevated levels of GSH in cancer cells trigger 

the release of cisplatin from the NPs [68].  These NPs were coated with a radiation-responsive 

shell made of hyaluronic acid.  Hyaluronic acid is a natural polymer, composed of glyosidic bonds 

in its backbone that degrade in the presence of reactive oxygen species (ROS) and free radicals 

generated during radiation therapy [79].  The shell encapsulated NU7441, a radiosensitizer, which 

would be released from the shell in response to radiation exposure, to synergistically enhance the 

therapeutic effects of radiation therapy (Figure 1.3).  To improve the targeting capabilities of the 
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NPs, we functionalized these NPs with antibodies against EphA2 receptors that are highly 

expressed on the surface of lung cancer cells lines, while being poorly expressed on healthy lung 

cells [89, 91, 118].  To keep the design of the NPs simple, platelet membranes were not utilized in 

the core-shell NP design.  We solely utilized antibodies against EphA2 receptors for targeting lung 

cancer cells.   

 

4.2. EXPERIMENTAL SECTION 

 

4.2.1 Synthesis of DSNPs 

 

 Core-shell NPs comprised of a GNP core and HNP shell were synthesized via electrostatic 

layer-by-layer coating technique, where the negatively charged GNPs are coated with an 

intermediate positively charged layer, followed by coating with negatively charged HA, thus 

forming a sandwich of alternating negative and positive charged layers. Cisplatin (Cayman 

Chemicals) loaded GNPs were synthesized as described earlier in section 2.2.1.  10 mg of these 

NPs were dispersed in 10 mL of 10mM sodium chloride (NaCl) solution and vortexed to 

thoroughly suspend the NPs.  250 µL of polyallylamine hydrochloride (PAH, 1000µg/mL in 

10mM NaCl; MilliporeSigma) was added to this solution to coat a positive charge on the GNPs 

and allowed to react for 30 minutes at room temperature while stirring, following which the NP 

suspension was centrifuged at 15,000 RPM for 30 minutes to collect the PAH coated GNPs.  The 

pelleted NPs were suspended in 10 mL of dI water, and 1 mL of hyaluronic acid (10 mg/mL in dI 

water; Lifecore Biomedical) containing 2mg of NU7441 (Tocris) was added to the NP suspension 
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to initiate the coating of drug loaded HA onto the GNPs.  The solution was allowed to stir overnight 

at room temperature, followed by centrifugation at 15,000 RPM for 30 minutes and lyophilized 

for 2 days to collect the DSNPs. 

 Antibody (Ab) conjugation onto the DSNPs was performed via carbodiimide crosslinker 

chemistry.  Briefly, 5mg of lyophilized NPs were suspended in 4mL of 2% 2-ethanesulfonic acid 

(MES; MilliporeSigma) buffer (~pH 5.0), and 20 mg of 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC; MilliporeSigma) was added to this suspension and allowed to react at room 

temperature for 30 minutes.  Twenty mg of N-hydroxysuccinimide (NHS; MilliporeSigma) was 

then added to this suspension and allowed to react at room temperature for another 30 minutes 

(this reaction activates ester groups on the surface of the NPs for conjugating of ligands/antibodies 

onto NPs).  Eleven µg of Ab solution was then added to the above NP suspension, and the 

conjugation reaction performed overnight 4°C, followed by dialysis to remove unconjugated Abs, 

and lyophilization to obtain the Ab/targeting ligand-conjugated NPs. Antibody conjugation 

efficiency was determined by Bradford protein assays and calculated by the following equation; 

𝐴𝑏 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑢𝑠𝑒𝑑 − 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑏 𝑢𝑠𝑒𝑑
𝑋 100% 

…. (4.1) 

4.2.3 Characterization of nanoparticles 

 

Particle size was measured using the Dynamic Light Scattering (DLS) technique via the 

ZetaPALS zeta potential analyzer (Brookhaven Instruments Inc.).  NU7441 loading efficacy into 

the shell and cisplatin loading efficiency into the core of the DSNPs were determined by indirect 
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method.  Briefly, the amounts of NU7441 and cisplatin in the supernatants were determined by a 

UV-Vis spectrophotometer (Tecan) at an absorbance of 288 nm and 346 nm, respectively. 

The amount of drug loaded into the NPs was determined by the following:  

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑎𝑐𝑦 =  
𝐷𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑 − 𝐷𝑟𝑢𝑔  𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝐷𝑟𝑢𝑔  𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑
𝑋 100%  

…. (4.2) 

To study the drug release kinetics, DSNPs were exposed to either of the 4 conditions, no 

treatment (1X-PBS), GSH (5 mM), radiation (5 Gy) and a combination of GSH (5 mM) and 

radiation (5 Gy).  The purpose of this study was to observe the synergistic cisplatin release (from 

the GSH sensitive core) and NU7441 release (from the radiation responsive shell).  To initiate the 

drug release, 1 mg/mL of DSNPs were resuspended in either 1X-PBS (0 mM GSH) or 1X-PBS 

containing 5 mM of GSH (6 replicates each).  3 replicates from each GSH concentrations were 

then exposed to radiation (0 Gy or 5 Gy).  The NPs were then incubated at 37˚C between 

predetermined timepoints.  At each time-point, the NP suspensions were centrifuged at 15,000 

RPM for 25 minutes.  The supernatants containing the released drugs were collected and stored at 

-20˚C, following which the NPs were resuspended in 1X-PBS (± 5mM GSH) and incubated until 

the next time point.  The amounts of NU7441 released were calculated using a standard curve of 

NU7441 (absorbance 234 nm), followed by normalizing the drug released against the amount of 

NU7441 loaded into the NPs.  Similarly, cisplatin was calculated using a standard curve of 

cisplatin (absorbance 310 nm), followed by normalizing the drug released against the amount 

cisplatin loaded into the NPs.  A sample size of n=3 per group was used for this study.  
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4.2.3 Investigating the therapeutic efficacies of dual drug combinations  

 

The therapeutic efficacy of dual drug combinations compared to single drug 

administrations, were determined by studying the A549 cancer cell killing ability of the drugs via 

MTS assays (72 hours of drug exposure) and colony formation assays (10 days of drug exposure).  

To study the drug therapeutic efficacy via MTS assays, A549 lung cancer cells were seeded at a 

seeding density of 20,000 cells/well in a 48 micro-well plate and allowed to attach overnight.  The 

following day, cells were treated with free NU7441, free cisplatin (0.5 µg/mL and 1 µg/mL drug 

concentration) or a combination of the drugs (NU7441+cisplatin).  Untreated cells and cells treated 

with 1% Triton X-100 were regarded as the negative and positive controls, respectively.  For this 

study, we used a sample size of n=4 per treatment group.  72 hours later, cell viability was 

determined by MTS assays (Promega Corporation) following the manufacturer’s protocol.  

To observe the survival of cancer cells upon exposure to the drugs, we performed colony 

formation assays (CFA).  To perform these studies, A549 lung cancer cells were seeded on 60 mm 

petridishes, and in vitro CFA studies were performed as described previously [108].  The cells 

were treated with free NU7441 and cisplatin or the drug combinations (100 ng/dish) and incubated 

at 37˚C for a period of 10 days.  Once the cancer cell colonies had reached a colony of at least 50 

cells, the cells were washed with phosphate buffered saline, and stained with crystal violet 

(MilliporeSigma) dye (0.5% w/v in 6% v/v glutaraldehyde).  The number of colonies in each dish 

were then counted. A sample size of n=3 per treatment group was used for this study.  

 

4.2.4 Cellular uptake of nanoparticles 
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Cellular uptake of DSNPs and E-DSNPs was determined by measuring the amount of 

fluorescently-labeled NPs that get internalized by lung cancer cells.  DSNPs and E-DSNPs loaded 

with a fluorescent dye, Coumarin-6 (MilliporeSigma), were synthesized as described earlier.  

Coumarin-6 was used here to facilitate fluorescent mediated detection of NPs in the cells.  To 

study in vitro cellular uptake of these NPs, A549 human lung cancer cells were seeded at a seeding 

density of 10,000 cells/well in a 96 micro-well plate and allowed to attach overnight.  Next day, 

the cells were incubated with DSNPs or E-DSNPs at different concentrations (0, 25, 50, 100, 250 

and 500 µg/ml; n=4 per concentration per group) at 37°C for 2 hours.  Post 2 hours, cells were 

imaged using a fluorescence microscope.  The cells were also washed 3X with sterile 1X-PBS and 

lysed using 1% Triton X-100. The amount of NPs internalized were determined by measuring the 

fluorescence intensity of coumarin-6 (translated to µg of NPs) at a wavelength of λex 458 nm and 

λem 540 nm and normalized against the amount of total protein from cells per well, which was 

determined using bicinchonic acid assays (BCA) following the company’s instructions (Pierce™ 

BCA Protein Assay Kit, ThermoFisher Scientific).  Furthermore, fluorescence imaging was used 

to image E-DSNP and DSNP uptake into A549 lung cancer cells.  Briefly, A549 cells were seeded 

at a cell seeding density of 150,000 cells on glass coverslips and allowed for attaching overnight.  

The following day, the cells were exposed to 1mg/mL of DSNPs or E-DSNPs encapsulating 

coumarin-6 for 2 hours.  The cells were washed three times with 1X-PBS, and fixed for 15 minutes 

in 4% paraformaldehyde.  The fixed cells were washed with 1X-PBS to remove excess 

paraformaldehyde and their nucleus stained with nucBlue® (ThermoFisher Scientific) dye.  The 

cells were then observed under a fluorescence microscope (Cytoviva Inc). 
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4.2.5 In vitro therapeutic efficacy 

 

A proof-of-concept study to determine the benefits of using dual drugs vs. single drugs was 

first performed using MTS assays.  The in vitro therapeutic efficacy of double drug-loaded E-

DSNPs compared to single drug-loaded DSNPs in the absence of radiation were determined.  The 

purpose of this study was to first determine the enhanced therapeutic efficacy of dual drug loaded 

NPs, against single drug loaded NPs.  The drug combination was chosen from the results obtained 

from section 4.2.3.  Briefly, A549 and H460 lung cancer cells were seeded at a seeding density of 

20,000 cells/well in a 48 micro-well plate and allowed to attach overnight.  The following day, 

cells were treated with either the free single drugs (0.5 or 1 µg/mL drug concentration), or 

combined free drugs, or drug-loaded NPs, i.e.  E-DSNPs with NU7441, E-DSNPs with cisplatin 

and E-DSNPs with NU7441+cisplatin.  Untreated cells and cells treated with 1% Triton X-100 

were regarded as the negative and positive controls respectively.  72 hours later, cell death was 

determined by MTS cell viability assays.  In addition, the toxicity of DSNPs vs. E-DSNPs (without 

radiation) to healthy lung cells (AT1) was also studied by assessing the cell viability of the AT1 

cells via MTS cell viability assays.  For this study, the cells were treated with 500 µg/mL of drug 

loaded NPs for 2 hours, after which the media was aspirated, cells were washed 2X with media to 

remove left-over NPs and the cells replenished with fresh media (this was done to prevent any 

excess non-specific uptake of the NPs).  

The in vitro therapeutic efficacies of dual-drug loaded E-DSNPs compared to single drug 

loaded E-DSNPs in the presence of radiation were determined by studying the viability of A549 

lung cancer cells after treatment by MTS assays.  The study was performed as described above, 

this time with exposure to 5 Gy radiation in addition to the DSNPs.  72 hours after exposure, cell 
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viability was determined by MTS assays.  To observe the survival of cancer cells upon exposure 

to the drugs, we performed colony formation assays (CFA).  To perform these studies, A549 lung 

cancer cells were seeded on 60 mm petridishes, and in vitro CFA studies were performed as 

described previously [108].  The cells were treated with free NU7441+ cisplatin (100 ng/mL of 

each drug/dish), DSNPs (loaded with NU7441+cisplatin) and E-DSNPs (loaded with 

NU7441+cisplatin) and the vehicle, following which they were irradiated (3 sets, each treated at 

either 2, 5 or 10 Gy) and incubated at 37˚C for a period of 10 days.  Another set of replicates were 

also generated, without exposure to radiation (0 Gy).  This set served as a control for the study.  

Once the cancer cell colonies had reached a colony of at least 50 cells, the cells were washed with 

tap water, and stained with crystal violet (MilliporeSigma) dye (0.5% w/v in 6% v/v 

glutaraldehyde).  The number of colonies in each dish were then counted, and survival fraction of 

the cells was calculated and plotted. To calculate the survival fraction of A549 cells, the number 

of surviving colonies at a radiation dose (SD) was normalized (SD/S0) to the number of surviving 

colonies at 0 Gy radiation (S0). 

 

4.2.5. Cytotoxicity analysis of nanoparticles 

 

Healthy lung alveolar Type 1 epithelial cells (AT1) cells were seeded at a density of 8000 

cells/well in a 96 microwell plate and incubated overnight to facilitate cell attachment.  Next day, 

the cells were incubated with varying concentrations (n=4 per concentration) of non-drug loaded 

DSNPs (0, 50, 100, 200, 500, and 1000 µg/ml).  Following 24 hours incubation, the cell viability 
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was determined using MTS cell viability assays (CellTiter 96®AQueous One Solution Cell 

Proliferation Assay, Promega Corporation).  

 

4.2.6 Hemo-compatibility analysis of nanoparticles 

 

A hemolysis evaluation of the non-drug loaded DSNPs was conducted as described 

previously [109].  Human blood from a donor was acquired following methods approved by the 

Institutional Review Board at the University of Texas at Arlington.  After collection, human blood 

was incubated with DSNPs at a NP concentration of either 100 µg/ml or 1000 µg/ml, 0.9% saline 

(as negative control), or distilled water (as positive control) for 2 hours at 37˚C.  The samples were 

then centrifuged at 1000 g, following which absorbance readings were taken at 545 nm using a 

UV-Vis spectrophotometer.  The percentage of hemolysis was calculated using the following 

equation:  

𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝐴𝑏𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100% 

…. (4.3) 

To study the blood clotting kinetics, non-drug loaded DSNPs at concentrations of 100 or 

1000 µg/ml), water (negative control) and 0.9% saline (positive control) were added to blood 

activated with 0.1M calcium chloride (CaCl2) and incubated at room temperature.  At pre-

determined time points (10, 20, 30, and 60 minutes), water was added to the tubes to lyse the red 

blood cells (RBCs) that were not a part of the formed clot.  Absorbance readings of supernatant 

were taken at 540 nm using a UV-Vis spectrophotometer.  The blood clotting kinetics were also 
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observed visually, and photographs acquired. A sample size of n=8 per group was used for the 

hemolysis and blood clotting studies.  

 

4.2.7 Statistical analysis 

 

Results were analyzed statistically using 2-way ANOVA and Fisher’s post-hoc analysis 

(Statview 5.0 software) with p<0.05 considered as a significant value.  All results were displayed 

as mean ± SD, and quadruplet samples (n=4) were used for each experiment if not specified. 

 

4.3. RESULTS 

 

4.3.1 Nanoparticle characterization  

 

 The GSH NP core, non-drug loaded DSNPs and dual-drug loaded DSNPs observed a 

diameter of 187± 28 nm, 223 ± 31 nm and 297 ± 27 nm respectively, by dynamic light scattering 

technique (Figure 4.1 A).  Conjugation of antibodies against EphA2 further increased the NP size 

to 323 ± 21 nm. Scanning electron microscopy (SEM) imaging of the DSNPs observed a spherical 

morphology of the NPs(Figure 4.1 B).   
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4.3.2 Physico-chemical characteristics of DSNPs 

 

 NU7441 and cisplatin loading efficacies into the DSNPs were measured indirectly via a 

UV-vis spectrophotometer at an absorbance of 288nm and 346nm and was calculated to be about 

71% and 56% respectively.  Drug release of NU7441 and cisplatin from the DSNPs under GSH (5 

mM) and radiation (5 Gy) exhibited radiation responsive and glutathione responsive drug 

characteristics (Figure 4.1 C and D). DSNPs exposed to 1X-PBS alone, produced negligible 

NU7441 and cisplatin release.  Similarly, DSNPs exposed to GSH alone, also observed poor 

cisplatin and NU7441 release.  The poor cisplatin release could potentially be due to the HA layer 

acting as a shield to prevent drug leakage from the GSH sensitive core.  Radiation alone, on the 

other hand triggered the degradation of the HA shell, characterized by the significant increase in 

 

Figure 4.1. In vitro characterization of E-DSNPs. A) Dual drug-loaded E-DSNPs exhibited 

hydrodynamic diameter up to ~ 300nm. B) SEM imaging observed a spherical morphology of the NPs. 

C) Exposure of E-DSNPs to combined radiation and GSH permitted elevated cisplatin release from 

the core of the NPs, compared to that by radiation alone. D) E-DSNPs exhibited higher NU7441 release 

from the shell, when exposed to combined GSH  and radiation, and that by radiation alone. Exposure 

to GSH alone did not have any effect on the drug release characteristics of cisplatin or NU7441.  

C)

Size (nm)

GNPs 187± 28

DSNPs without drug 223 ± 31

DSNPs with dual drug-loading 297 ± 27

E-DSNPs with dual drug-loading 323 ± 21

B)

D)

A)
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NU7441 (~ 90%) and cisplatin (~ 40%) within 72 hours.  Furthermore, NPs treated with GSH and 

radiation experienced nearly 100% cisplatin and NU7441 release within 72 hours, as a result of 

radiation degrading the radiation responsive shell, thus exposing the GSH sensitive core to GSH 

in the solution.  

 

4.3.3 In vitro tumor killing efficacy of drug combinations 

 

The in vitro therapeutic efficacies of drug combinations were investigated using MTS cell 

viability assays and colony formation assays. MTS assay was used to study the effect of combined 

NU7441 and cisplatin, over a 72 hour period (Figure 4.2A). The combination of free NU7441 and 

cisplatin reduced the viability to A549 cells to 40%, compared to NU7441 and cisplatin alone (cell 

viability reduced to 60% and 55% respectively).  We also examined the efficacy of a combined 

drug regimen vs. individual drug therapy, by evaluating their ability to reduce survival of A549 

lung cancer cell colonies via colony formation assays as described previously (Figure 4.2B). The 

 

Figure 4.2: In vitro investigation of dual-drug treatment. A) A549 cell viability after 72 hours 

treatment with drug combinations (circled), observed significant decline compared to free drugs. B) 

Treatment of A549 lung cancer cells with individual free drug vs. combined free drugs (circled) 

revealed lower cancer colony survival as a result of the combined treatment than that with individual 

drugs. 

*

*
*** **

**
*

**

*P < 0.05 vs 1 µg/mL of 

NU7441+cisplatin *P < 0.05 vs. NU7441+cisplatin

A) B)
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results observed a significant decrease in the survival fraction (SF) post treatment with 

combinations of radiosensitizers and chemotherapeutic drugs compared to the single drugs alone. 

The combination of NU7441+cisplatin were significantly more toxic (SF: 0.49) than NU7441 

alone (SF: 0.90) or cisplatin alone (SF: 0.67). 

 

4.3.4. Investigation of E-DSNP uptake into lung cancer cells 

 

Spectrophotometric analysis of NP uptake into A549 cells found that DSNPs and E-DSNPs 

consisted of NP dose-dependent uptake into A549 lung cancer cells (Figure 4.3A).  Importantly, 

E-DSNPs significantly improved NP uptake, with nearly a 50% increase in NP uptake at the 

highest NP concentration.  Similar findings were observed using fluorescence microscope, where 

EphA2 targeted NPs exhibited a distinct difference in NP localization (in terms of higher green 

intensity as a result of FITC in the NPs) in the A549 cells (Figure 4.3B).  

 

Figure 4.3. In vitro uptake of DSNPs. A) Spectrophotometric analysis of E-DSNP uptake into A549 

cells showed dose dependent uptake, in addition to nearly a fold-increase in NP uptake compared to 

untargeted DSNPs. B) Fluorescence imaging also observed significant enhancement in  

NP internalization of the anti-EphA2 tagged DSNPs into A549 cancer cells compared to that of the 

untargeted DSNPs. Nucleus of the cells were stained blue with nucBlue® dye.  

*

A) B)



P a g e  92 | 123 

 

 

4.3.4 In vitro tumor killing efficacy of NPs  

 

 In vitro therapeutic efficacy of E-DSNPs in the absence of radiation were investigated in 

A549 and H460 lung cancer cells, to observe the benefits of dual drug therapy compared to that of 

single drug (Figure 4.4).  The E-DSNPs loaded with NU7441 and cisplatin significantly reduced 

the viability of 

H460 cells 

(20% cell 

viability), out-

performing the 

therapeutic 

efficacy of 

either E-

DSNPs 

encapsulating 

either NU7441 

(32% cell viability) or E-DSNPS encapsulating cisplatin (cell viability 34%).  The dual drug-

loaded E-DSNPs also observed significant improvement in H460 cell death compared to free 

combined drugs (NU7441+cisplatin) (cell viability: ~ 20% and 35% respectively).  A similar trend 

in therapeutic efficacy was observed for A549 lung cancer cells treated with dual-drug loaded E-

DSNPs compared to either E-DSNPs encapsulating NU7441 only or E-DSNP loaded with cisplatin 

only (cell viability: ~ 30%, 50% and 40% respectively).  The dual drug-loaded E-DSNPs also 

 

Figure 4.4. In vitro tumor killing efficacies of E-DSNPs. Dual drug loaded DSNPs 

observed significantly lower cell viability compared to DSNPs encapsulating 

NU7441 only or cisplatin only (DSNP1: DSNP with NU7441 only; DSNP 2: DSNP 

with cisplatin only and DSNP 3: DSNP with NU7441+ cisplatin). NU: NU7441 and 

CP: cisplatin. 
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observed significant improvement in A549 cell death compared to free combined drugs 

(NU7441+cisplatin) (cell viability: ~ 29% and 41% respectively).   

 In vitro therapeutic efficacy of dual-drug loaded E-DSNPs in combination with radiation 

exposure, were investigated in A549 lung cancer cells, to observe the benefits of dual drug therapy 

compared to that of single drug (Figure 4.5A).  The dual drug loaded E-DSNPs significantly 

reduced the viability of A549 cells (~61% cell viability), out-performing the therapeutic efficacy 

of E-DSNPs encapsulating NU7441 alone (~84% cell viability) or E-DSNP loaded with cisplatin 

alone (~71% cell viability).  The therapeutic efficacy of dual drug-loaded E-DSNPs was further 

improved by combining the NPs with radiation (5 Gy), where the cell viability significantly 

reduced (~29%) compared to radiation alone (~80% viability), free dual drugs (~51% viability) 

and E-DSNPs encapsulating either NU7441 only (~46% viability) or cisplatin only (~41% 

viability).  Importantly, the efficacy of combining cisplatin and NU7441 with concurrent radiation 

treatment was clearly observed.   

 

Figure 4.5. Investigation of in vitro cancer cell killing ability of dual-drug loaded E-DSNPs. A) In vitro 

therapeutic efficacy of dual drug loaded E-DSNPs with 5 Gy radiation treatment observed significantly 

lower cell viability of A549 lung cancer cells compared to cells treated with E-DSNPs without radiation 

treatment and single drug loaded NPs or free drug controls (± RT). B) E-DSNPs exert higher toxicity 

to A549 cells due to targeting via EphA2 receptors, but produce similar cancer cell death as untagged 

controls in AT1 cells due to poor targeting efficiency. NU: NU7441 and CP: cisplatin. 
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The therapeutic efficacy and associated toxicities of NU7441 and cisplatin loaded E-

DSNPs vs. DSNPs to A549 lung cancer cells and AT1 lung epithelial cells were also determined 

by MTS cell viability assays (Figure 4.5B). A549 cells treated with dual drug-loaded E-DSNPs 

and dual drug-loaded DSNPs observed reduced cell survival, although E-DSNPs significantly 

enhanced A549 cell death (~18% cell viability) compared to DSNPs (~50%) and free 

NU7441+cisplatin (~53%).  However, in case of AT1 cells, free NU7441+cisplatin, DSNPs and 

E-DSNPs each reduced the cell viability to about 50%, potentially due to poor binding of the E-

DSNPs to AT1 cells, thus producing similar cell death as the untagged DSNPs.  

 The tumor cell killing capability of E-DSNPs were also tested by colony formation assays. 

Photomicrographs (Figure 4.6A) represent cancer cell colonies from various treatment groups 

exposed to increasing doses of radiation exposure.  The surviving fraction of A549 cells treated 

 

Figure 4.6. Colony formation assays to study the therapeutic effects of E-DSNPs. A) 

Photomicrographs of A549 lung cancer cell colonies. B) graphs depicting survival fractions of cancer 

cells treated with concurrent 10Gy radiation and dual drug loaded E-DSNPs treatment to nearly 

complete loss of tumor cell survival compared to that by radiation, free drugs and dual drug loaded 

untargeted NPs. NU: NU7441 and CP: cisplatin.  

A) B)

*

* Significant vs. E-DSNPs_10 Gy
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with dual-drug loaded E-DSNPs concurrently with radiation observed a radiation-dose dependent 

response, where the survival fraction of the cells were reduced to 0.39, 0.17, 0.01 (nearly 100% 

loss of cancer cell survival) when exposed to 2 Gy, 5 Gy and 10 Gy respectively.  Cell treated with 

free drugs noted a survival fraction of 0.41, 0.39, 0.18 upon exposure to 2 Gy, 5 Gy and 10 Gy 

respectively. Untargeted DSNPs consisted of survival fraction of 0.55, 0.30, 0.14 upon exposure 

to 2 Gy, 5 Gy and 10 Gy respectively.  Thus, concurrent CRT with our E-DSNPs as drug carriers 

could significantly improve lung tumor cell killing.  

 

4.3.5 In vitro characterization of E-DSNPs 

 

 The cytotoxicity of DSNPs at increasing concentrations were determined by MTS cell 

viability assays.  The DSNPs observed over 85% cyto-compatibility at the highest NP 

concentration of 1000 µg/mL to AT1, confirming the cyto-compatibility of the NPs to healthy lung 

cells (Figure 4.7A).   

 

Figure 4.7. In vitro characterization of DSNPs. A) In vitro cyto-compatibility Of the NPs observed over 

90% alveolar type-I cell viability via MTS assays. B) DSNPs observed a blood clotting trend similar to 

that of saline control. 

Treatment % hemolysis

0.1 mg/mL DSNP 0.23

1 mg/mL DSNP 1.04

A) B)
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 Hemo-compatibility of the E-DSNPs was analyzed by investigating the hemolysis of blood 

and clotting profile of whole blood exposed to the NPs.  E-DSNPs exhibited less than 5% 

hemolysis, which is below the acceptable range (by FDA).  An increase in hemolysis was observed 

with increase in NP concentration.  E-DSNPs exhibited a hemolysis of about 0.2 % and 1 % at a 

NP concentration of 0.1 mg/mL and 1 mg/mL respectively.  Additionally, the blood clotting trend 

was like that of the control group (0.9% saline).  These results confirm the hemo-compatibility of 

the E-DSNPs (Figure 4.7B).  

 

4.4. DISCUSSION 

 

 We have reported an innovative dual-stimuli responsive core-shell NPs that comprise of a 

glutathione responsive core encapsulating a chemotherapeutic drug and a radiation sensitive shell 

loading with a radiosensitizer, for multiple drug delivery for CRT.  These NPs had several exciting 

features, namely their stimuli-responsiveness that permited enhanced release of radiosensitizer 

during concurrent radiation therapy, followed by cisplatin release in the intracellular environment.  

Furthermore, the incorporation of EphA2 provided targeting of the NPs to the lung cancer cells, 

while sparing the healthy cells thus reducing the chances of off-target drug toxicity.  These NPs 

were loaded with radiosensitizer NU7441 and chemotherapeutic drug cisplatin for enhanced 

chemo-radiotherapy of lung cancer, and functionalized with EphA2 antibodies to impart lung 

cancer cell targeting functionalities to the NPs.  Our results demonstrate the retention of stimuli 

responsive nature of the polymers in the DSNPs, where the GSH responsive core observed 

significant increase in drug release in GSH solutions, while the radiation responsive shell observed 
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significant increase in release of NU7441 with the increase in exposed radiation dose.  

Additionally, we observed an increased cisplatin and NU7441 release from the core and shell 

respectively when exposed to radiation and glutathione.  Importantly, dual drug-loaded E-DSNPs 

and DSNPs combined with radiation significantly improved lung cancer cell death compared to 

NPs encapsulating single drugs or free single or dual-drugs (with or without radiation) thus 

emphasizing the benefits of: 1) synergistic radiation therapy concurrent with dual drug therapy and 

2) utilizing NPs responsive to dual stimuli for delivering multiple drugs.  

Ephrin transmembrane receptors A2 is a member of the Eph family, which is the largest 

family of tyrosine kinase receptors [163].  EphA2 highly expressed on lung cancer cells, plays a 

major role in cancer recurrence and metastasis and often results in poor prognosis and survival of 

NSCLC patients [91].  Due to the over-expression of EphA2 receptors on cancer cells, we 

functionalized the DSNPs with antibodies against EphA2 receptors to improve the localization and 

enrichment of the NPs in the tumor regions.  The in vitro enhancement in uptake of E-DSNPs, 

correlates with our findings from the in vitro uptake studies and in vivo biodistribution studies 

from chapters 2 and 3.  Furthermore, compared to the folate conjugate core-shell NPs developed 

earlier by our group [87], we observed nearly 25 times higher NP internalization into A549 cancer 

cells.  Similarly, EphA2 targeting also outperformed CD44 and folate targeting by hyaluronic acid 

micelles synthesized by Liu et al. [164].  As reported by this study, the addition of folate groups 

to hyaluronic acid micelles did not improve the uptake of the micelles, conjugation of EphA2 to 

the hyaluronic acid backbone, resulted in a fold-increase in NP uptake. These results once again 

highlight the superior and highly specific targeting capability of EphA2. 
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The synergistic radiation and glutathione responsiveness of the shell and core of the NPs 

were confirmed.  The HA shell acts as a shield to drug leakage from the GSH core, as evidenced 

by the lack of cisplatin release in the absence of radiation.  NU7441 release from the shell 

demonstrated a sharp burst release when treated with radiation. The GSH responsiveness of the 

core is similar to previous reports of redox responsive NPs containing disulfide linkages in the 

polymer backbone, where addition of glutathione enhances drug release from the NPs [112].  

Radiation induced release of NU7441 from the shell also follows similar reports of ROS induced 

drug release from hyaluronic acid based NPs [141].  Chiang et al. [165] reported a single 

nanocarrier responsive to ROS and GSH levels in the environment.  Nearly 100% of campothecin 

was released from these NPs within 50 hours when exposed to either 100 µM of H2O2 or 20 mM 

of GSH; however, drug release in response to both stimulus together was not studied.  Some NP 

designs incorporating multiple drugs into a single structure for dual drug release have also been 

investigated.  Zhang et al. [166], utilized Poly (lactic-co-glycolic acid)-poly (ethylene glycol) 

(PLGA-PEG) NPs co-delivering cisplatin and wortmannin (wtmn) to enhance the efficacy of 

radiation therapy, while reducing side-effects.  However, these NPs observed poor drug 

encapsulation efficiency of about 12.5% and 40% for wtmn and cisplatin respectively, potentially 

due to the two drugs being loaded into the same NPs resulting in the one drug interfering with the 

loading of the other drug. The DSNPs, on the other hand, are two-compartment nanoparticles thus 

loading of one drug does not affect the loading of the other, as evidenced by the higher drug 

encapsulation efficiencies of cisplatin (~ 56%) and NU7441 (~ 71%).  

  Various NP formulations for chemo-radiotherapy have been investigated with the central 

purpose of enhancing therapeutic efficacy, while reducing toxicity to the healthy tissues. Core-
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shell nanoparticle structures have gained popularity due to their multi-compartment design that 

permits the loading of multiple drugs and synergistic drug release.  Kim et al. [167], fabricated 

pluronic-based core-shell NPs encapsulating doxorubicin (dox) in the shell for chemotherapy and 

gold NPs in the core for radiosensitization of SSC-7 oral cancer cells.  The combination of 5 Gy 

radiation and the dox loaded NPs observed a fold-reduction in the in vivo tumor volume, compared 

to mice treated with the NPs alone without radiation.  However, the combined treatment did not 

result in a complete tumor ablation, with tumor volumes exhibiting a slightly increasing trend with 

time.  Although in vitro therapeutic efficacies of these NPs combined with radiation was not 

investigated, the NPs decreased the viability of SSC-7 cells in a dox dose dependent manner in 

this study.  However, the dox loaded NPs were not as effective as free dox at killing the cancer 

cells (cancer cell viability of ~ 50% and 30% after 2 days of treatment with the NPs and free dox 

respectively).  E-DSNPs, on the other hand, produced a more distinct cancer cell killing efficacy, 

with nearly a fold-reduction in cancer cell viability compared to the free drugs, even in the absence 

of radiation.  A single compartment design delivering cisplatin and wtmn lowered the survival of 

ovarian cancer cells in a radiation dose-dependent manner, with significant increases in 

sensitization enhancement ratios (SER) from 1.00 to 1.29 for untreated cells and cells treated with 

dual drug loaded NPs respectively [166].  The core-shell E-DSNPs also observed significant loss 

in cell viability (up to ~ 60%) compared to untreated cells without any radiation exposure.  

Furthermore, radiation treatment reduced the cell viability to 18% (i.e. ~ 82% cell death), 

potentially be due to the addition of targeting antibodies against EphA2 transmembrane receptors 

that enhanced the preferential localization of the NPs.   
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The application of NPs for CRT have revolutionized pre-clinical cancer treatment, due to 

the ability to amplify the benefits of both radiation and chemotherapy alone.  Lung cancer 

chemotherapy using the campothecin loaded ROS/GSH responsive NPs by Chiang et al. [165], 

observed a drug concentration dependent decrease in A549 lung cancer cell viability to about 60% 

within 48 hours.   Similarly, our dual-drug loaded E-DSNPs also decreased A549 cell viability to 

nearly 30%.  Furthermore, E-DSNPs encapsulating NU7441 only reduced the cell viability by 

50%, while E-DSNPs encapsulating cisplatin only reduced the cell viability to 40%.  However, 

exposure to radiation produced a fold-decrease in cell viability compared to cells treated with E-

DSNPs without radiation exposure.  Similarly, PLGA NPs encapsulating NU7441 and conjugated 

with R11 to specifically target and treat PC3 prostate cancer cells, revealed a survival fraction of 

about 0.5 after radiation exposure, compared to about 0.7 for non-drug loaded R11-PLGA NPs 

[126].  On the other hand, E-DSNPs combined with radiation reduced the survival fraction of A549 

lung cancer cells to less than 0.008, compared to 0.41 by E-DSNPs without radiation treatment.  

These results further signify the advantages of dual drug treatment from core-shell NPs and 

synergistic radiation therapy for reducing the survival of cancer cells.  

  Although we have been able to show the improved therapeutic efficacy of the DSNPs and 

E-DSNPs, there are some limitations to address.  One limitation, is that the HA coating on the 

GNPs may not be sufficient to cover the whole surface of the NPs, which may affect the expected 

release kinetics of the two drugs. Thus, a future strategy could be to add multiple layers of HA to 

facilitate complete coverage of the GSH core. However, this may also result in larger NPs, thus 

affecting their internalization into cancer cells [147].  This chapter also falls short of in vivo tumor 

reduction and biodistribution studies.   
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4.5. SUMMARY 

 

 In summary, we have synthesized dual drug loaded, dual stimuli responsive NPs, that 

exhibit both radiation-responsive release of NU7441 from the shell, and glutathione-responsive 

release of cisplatin from the core NPs for concurrent chemo-radiotherapy.  These NPs are cyto-

compatible and hemo-compatible, in addition to exhibiting enhanced uptake because of the EphA2 

targeting moieties on the DSNPs.  We also observe an enhancement in the therapeutic efficacy of 

dual drug loaded DSNPs, compared to those with single drug, thus emphasizing on the improved 

therapeutic characteristics of these NPs.  Furthermore, the therapeutic efficacy of E-DSNPs in 

conjunction with concurrent radiation, supports the benefits of utilizing E-DSNPs for lung cancer 

chemo-radiation therapy.  
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CHAPTER 5: SUMMARY AND FUTURE STUDIES 

 

The goal of this research is to develop core-shell NPs consisting of a glutathione-responsive 

core and a radiation-responsive shell for cisplatin and NU7441 release, respectively, for use in 

concurrent chemo-radiation therapy to treat lung cancer.  We have approached this goal in a step-

by-step manner, by fabricating and characterizing the core and shell of the NPs in separate aims 

(Aim 1 and 2 respectively), followed by evaluation of the final composite NPs in aim 3.  Our 

results demonstrated the stimuli-responsive nature of each polymer, in terms of enhanced drug 

release from each layer upon exposure to its respective stimulus.  In addition to these findings, the 

drug release studies performed in aim 3 also fulfill the expected order of drug release from the NPs 

exposed to both radiation and glutathione.  Furthermore, we also evaluated EphA2 receptor 

targeting to enhance the localization of the NPs at the lung tumor site.  Via in vitro targeting and 

in vivo biodistribution studies, we observed that the EphA2 targeted NPs not only accumulated 

more in the lung cancer cells, but also substantially avoided uptake into healthy cells.  

Subsequently we did observe improved tumor killing abilities of the EphA2 targeted NPs in all 

three aims.  We also observed improved therapeutic efficacies of the NPs from aims 2 and 3 in 

conjunction with radiation.  Furthermore, the in vivo therpaeutic efficacy studies in a subcutaneous 

tumor model in aim 1, observed enhanced lung tumor reduction, when treated with anti-EphA2 

tagged GNPs encapsulating cisplatin.  Thus, to study the in vivo tumor reduction capabilities of 

EPHNPs and E-DSNPs with concurrent radiation therapy, we will use a subcutaneous tumor model 

as a proof-of-concept.  If successful, we will investigate lung tumor reduction by these NPs in an 

orthotopic lung tumor model, and utilize inhalation delivery via a nebulizer for NP delivery to the 

lung tumors. 
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Although, we have seen success in the development and characterization of the E-DSNPs, 

there are some limitations associated with the nanoparticle design.  For instance, there is some 

degree of cisplatin leakage from the EGNPs in the absence of glutathione stimulus.  To overcome 

this limitation, we can investigate other variations of the PU-SS polymer, by varying the amount 

of disulfide linkages in the polymer backbone.  Furthermore, to improve the in vivo tumor 

reduction ability of the NPs, we may  utilizing different antibody coating techniques or varying 

the amount of antibody:nanoparticle ratios, that may improve the antibody conjugation efficiency 

on the NPs and subsequently NP localization in the tumor.  Additionally, to improve the 

therapeutic efficacies of the NPs, we can incorporate higher amounts of drugs into the NPs and/or 

use layer-by-layer technique to incorporate the drugs onto the NPs.  In addition, cisplatin resistance 

has also been reported to result in tumor relapse, due to either enhanced DNA repair, altered 

cellular uptake of cisplatin, increased cellular export of cisplatin or drug inactivation in the tumor 

cells [168].  Thus, therapeutic efficacies may also be improved by utilizing other FDA approved 

and/or clinically investigated single-drugs or drug-combinations, such as CDK 4/6 inhibitors, 

histone deacetylate inhibitors, paclitaxel, carboplatin, gemcitabine, and others. 
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