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Abstract 

POLYMERIC NANO/MICROPARTICLES FOR MANAGEMENT OF  

PULMONARY DISEASES 

 

Jyothi Unnikrishna Menon, PhD 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Kytai T. Nguyen 

Drug delivery via pulmonary route has emerged as an attractive area of study in 

the past two decades. This method of administration has multiple advantages for both 

systemic and local drug delivery due to the availability of a large surface area for drug 

absorption and higher solute permeability in the lung.  Most importantly, inhalational drug 

delivery provides direct accessibility to the lung via a noninvasive route of administration. 

Recent literature has shown a surge in the use of nano/micro particles for a wide range of 

pulmonary applications ranging from targeted and controlled drug delivery to drug 

screening and tissue regeneration. In this research, polymeric nano and micro particles 

were first screened and characterized for diagnosis and treatment of pulmonary ailments 

such as restrictive lung diseases and lung cancer. Initially, various natural and synthetic 

polymer-based nanoparticles (NPs) were screened for delivery of protein and 

deoxyribonucleic acid (DNA) to the lung. Poly lactic-co-glycolic acid (PLGA) NPs showed 

the highest stability, controlled drug release and cytocompatibility. Although natural 

polymer-based NPs showed the highest cellular uptake in vitro, results from in vivo 

studies indicated more sustained and uniform tissue distribution on nebulization of PLGA 

NPs. Our major contribution to the field of drug delivery is that in vitro NP properties need 

not necessarily reflect their behavior in vivo. It is therefore necessary to validate in vitro 
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findings of NPs encapsulating biological agents with in vivo results in order to choose the 

most favorable nanocarrier for the desired application.  

The PLGA NPs thus chosen were incorporated with superparamagnetic iron 

oxide (SPIO) and coated with a poly N-isopropylacrylamide – carboxymethyl chitosan 

(PNIPAAm-CMC) shell to form novel temperature- and pH-sensitive multi-layered NPs to 

provide better controlled drug delivery options for lung cancer treatment. Additionally, 

these core-shell particles were conjugated with folic acid for targeted lung cancer 

therapy. The particles produced good negative contrast using MRI in vivo. The NU7441 

(radiosensitizer)- and gemcitabine hydrochloride (chemotherapeutic drug)- loaded NPs 

also significantly slowed down tumor growth when administered in combination with 

radiation in vivo. These observations indicate that our novel core-shell NPs could 

potentially be used as a drug carrier to provide efficient chemo-therapy and/or combined 

chemo- and radiation-therapy to treat lung cancers. 

Finally, PLGA was used to synthesize stable, degradable and porous 

microparticles using porogens such as sodium bicarbonate, gelatin and poly-N-

isopropylacrylamide (PNIPAAm) particles, to form 3D lung cancer models for screening 

of chemotherapeutic drugs in vitro. An innovative aspect of this research is the use of 

PNIPAAm NPs to generate uniform pores on the PLGA microparticles. Comparison 

between particles prepared using different porogens to form an in vitro tissue model is 

also novel. Our preliminary in vitro results indicate that the responses of 2D cancer cell 

monolayer and our 3D lung tumor model vary significantly when exposed to 

chemotherapeutic drugs of the same concentration. These results suggest the potential 

of our porous microparticles for screening of therapeutic agents in an in vitro setting, 

while mimicking in vivo conditions more closely than a conventional 2D model.  
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Chapter 1  

Introduction 

1.1. Respiratory Physiology and Common Ailments 

Interest in respiratory physiology has been prevalent since the time of Plato 

several thousand years ago [2]; however, significant steps were taken towards 

understanding lung anatomy during the time of Leonardo da Vinci over 500 years back 

when he famously conducted his experiments on human cadavers. Although an improved 

understanding of lung physiology was acquired about 200 years ago, our current 

knowledge on pulmonary exchange of gases was established as late as during World 

War II [3]. The second half of the 20
th
 century saw increased interest in the area of 

pulmonary drug delivery and nanotherapeutics [4]. Today, inhalational drug delivery has 

become an attractive route for localized delivery of therapeutic agents to the lung as well 

as systemic drug delivery to treat diseases like diabetes mellitus. The following sections 

will briefly outline the two pulmonary ailments that form the focus of this thesis, 

pulmonary drug delivery and its design considerations, as well as the long term goal and 

specific aims of this research.  

 

1.1.1. Pulmonary Physiology 

The human respiratory tract begins with the nose and mouth and continues to the 

larynx, trachea, bronchi and bronchioles which eventually lead to the alveoli. The human 

trachea (25 mm in diameter) [5] is separated from the alveoli by 23 generations of 

dichotomous branching [5]. At the 23
rd

 generation of branching, the alveolar ducts end in 

the alveolar sacs lined with alveoli, 300 million of which are present in an average human 

lung [6].  
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The respiratory tract is lined with cells specializing in specific functions. The 

elongated, columnar ciliated and goblet cells found in the  trachea and bronchial surfaces 

are primarily involved in secreting mucus, which lines the upper respiratory tract and 

preventing entry of foreign materials [6]. The ciliated cells assist in fluid and electrolyte 

movement down the respiratory tract [7]. Triangular basal cells found in the trachea and 

bronchi are responsible for cellular regeneration. Further, non-ciliated and secretory 

Clara cells in the bronchiole carry out surfactant protein secretion [7].  Type I and Type II 

cells are found mainly in the alveolar region. In this thesis, we are chiefly interested in the 

flat and thin Type I cells which form 95 % of alveolar epithelial cells in the lung [8]. Type II 

cells on the other hand can expel characteristic lamellar structures which contain 

surfactant proteins [6]. Coordination between these different cells is necessary for 

carrying out respiration and other necessary lung functions. 

In addition to its main function of carrying out gas exchange, the respiratory 

system also plays a major role in metabolism, pulmonary circulation, and filtration of 

impurities and harmful substances entering the body during breathing [9]. Airborne NPs 

are taken in during inhalation and are expected to overcome clearance mechanisms in 

the lung in order to reach the site of interest and release the encapsulated therapeutic 

agents. The mucus layers and ciliated cells lining the trachea can remove foreign objects 

and drug particles taken in during inhalation. Alveolar macrophages form the primary 

clearance mechanism in the alveoli. There are about 5 to 7 macrophages per alveoli, and 

they function to remove microorganisms, insoluble particles and drugs in the region. 

Drugs and particles not taken up by the macrophages either stay indeterminately in the 

alveoli or are conveyed to other parts of the body via pulmonary circulation [10].  
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1.1.2. Common Pulmonary Ailments 

Pulmonary ailments such as lung cancer, pulmonary arterial hypertension (PAH), 

chronic obstructive pulmonary disease (COPD), restrictive diseases, genetic lung 

diseases, and infectious diseases like tuberculosis are a global burden that affects 

thousands of people worldwide [9]. The two key lung ailments that form the focus of this 

thesis, i.e. Restrictive Lung Diseases (RLDs) and lung cancer have been briefly 

described below.  

 

1.1.2.1. Restrictive Lung Diseases  

Restrictive lung disease (RLD) is a condition where lungs are ‘restricted’ from 

expanding fully due to the development of scarring or inflammation. There are two 

categories for this disease, namely intrinsic and extrinsic RLDs. Intrinsic diseases usually 

affect the pulmonary interstitium and other parts of the lung parenchyma while extrinsic 

RLDs generally result in decreased gas exchange in the lung due to damage to chest 

wall, pleura and respiratory muscles [11]. In response to RLD, there will be an increase in 

exertion of mechanical stresses on the remaining functioning lung units, which involves 

potent stimuli for gene transcription, protein expression, cellular growth and remodeling of 

alveolar septa. This phenomenon is collectively known as compensatory lung growth 

(CLG) [12].  Pneumonectomy is a model that mimics the consequences of lung 

destruction and can be used to study CLG. Although CLG can significantly improve 

structure and function of the lungs, the compensation is incomplete in adult lungs, where 

the function of both lungs is not fully restored. In order to overcome this limitation, 

exogenous growth promoters can be provided to encourage balanced alveolar 

remodeling. The screening and characterization of different polymeric nanocarriers to 
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eventually deliver growth factors to the lung to promote uniform alveolar remodeling will 

be the focus of Chapter 2.  

 

1.1.2.2. Lung Cancer 

Lung cancer is the most deadly form of cancer accounting for nearly 1.6 million 

newly diagnosed cancer cases around the world annually [13]. According to the National 

Cancer Institute, this disease is expected to responsible for about 224,210 new cases of 

cancer diagnoses and 159,260 deaths in the US in 2014 [14].  An estimated 26% of 

female cancer-related deaths and 28% of male cancer-related deaths was expected to 

occur due to lung cancer in 2013 [15]. Due to the asymptomatic nature of lung cancer 

during its early stages, more than 56% of the diagnoses take place at a later stage of this 

ailment [16]. The 5-year survival rate of lung cancer patients is less than 15% partly due 

to the advanced disease stage at the time of diagnosis [17]. Conventionally, lung cancer 

has been treated using surgery, chemotherapy and radiation therapy. Surgical resection 

is feasible only when the tumor is localized [18]. Chemo- and radiation therapy 

administered alone or in combination have only shown temporary remission [16]. 

Additionally, due to the non-specific nature of these treatments, undesirable systemic 

side effects and toxicity may occur as they act on and inhibit normal cells in the body [19, 

20]. Therefore it is crucial that a comparatively precise, targeted treatment regimen be 

put in place to overcome the limitations of conventional lung cancer therapy following 

diagnosis. Chapters 3 and 4 of this dissertation focuses on the development of 

nano/micro particles which can be used for targeted drug delivery for lung cancer therapy 

as well as to form tumor models for screening lung cancer drugs in vitro. 
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1.2. Nanomedicine in Pulmonary Drug Delivery 

1.2.1. Type of NPs 

Drug delivery by inhalation is attractive due to its numerous advantages such as 

non-invasive method of administration, local action of therapeutic agent , availability of 

large alveolar surface area and reduced systemic side effects due to site-specific delivery 

of encapsulated payload [21].  Based on the application and desired release kinetics of 

the therapeutic agent, different types of NPs such as liposomes, micelles, dendrimers 

and polymeric NPs can be synthesized for pulmonary delivery, as shown in Figure 1. 

The size range of NPs can be determined based on several factors. For 

example, intravenous injection of microparticles greater than 5 µm has been shown to 

cause pulmonary embolism leading to fatal outcomes. On the other hand, particles in the 

0.5-3 µm size range tend to be taken up by macrophages and cleared from the body, 

thereby reducing their effectiveness as drug delivery systems. Nanoparticles in the 50 to 

Figure 1.1 Types of NPs employed today for pulmonary drug delivery and their 

corresponding attributes [1] 
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200 nm size range can theoretically escape macrophage clearance and show greater 

alveolar deposition following pulmonary delivery [22].  

 

1.2.1.1. Liposomes 

Liposomes are bi-layered phospholipid-based nanocarriers used to entrap 

hydrophilic agents on their surface and core, and hydrophobic/lipophilic payloads in 

between.  Liposomes are attractive carriers for pulmonary drug delivery as they have 

similar composition as lung surfactants, which are made of about 85% phospholipid [23]. 

One of the first liposomal carriers to reach the market for pulmonary delivery is Bovactant 

or Alveofact, which was prepared from artificial lung surfactants [24]. Recently, Chen et 

al. [25] synthesized salbutamol sulfate (SBS) encapsulating liposomes (~57 nm) for 

asthma treatment via inhalation. In vivo studies on Sprague Dawley rats showed that the 

liposomes were distributed homogenously in the lung and showed bronchodilating effects 

following aerosolization. Further, administration into guinea pig asthma models showed 

anti-asthmatic effect of the liposomes up to 18 h following administration while free SBS 

administered in vivo were effective only up to 6 h. Despite their many advantages, 

liposomes in suspension are limited by inadequate drug encapsulation efficiency, 

expensive method of production [26] as well as stability and leakage issues that tend to 

arise during aerosolization and nebulization. Therefore research is now focused on the 

development of liposomal dry powders [27]. 

 

1.2.1.2. Micelles 

Micelles are colloidal systems consisting of a hydrophilic shell and hydrophobic 

core which can be used to entrap drugs of varying solubility. The hydrophilic surface of 

micelles can evade the reticuloendothelial system (RES) and prevents fast elimination 
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from the lung following administration [28]. Sahib et al. [29] used polyethylene glycol–

phosphatidylethanolamine conjugate-based stable micelles for pulmonary delivery of 

beclomethasone dipropionate (BDP) to treat asthma or chronic obstructive pulmonary 

diseases (COPDs). In vivo studies following nebulization into asthmatic rat models 

showed greater pharmacodynamic activity than delivery of solubilized BDP powder alone. 

Micelles can also be prepared using phospholipids native to the lung, as demonstrated by 

Gill et al. [30]. These micelles (5 nm) consisted of a PEG-phospholipid hydrophilic 

surface (PEG5000) and distearoylphosphatidylethanolamine (DSPE) hydrophobic core. 

These biocompatible micelles enhanced paclitaxel retention in the lung compared to free 

paclitaxel. Although some micelles such as NK012 polymeric micelle encapsulating SN-

38 [31] have reached clinical trials lung cancer treatment, these formulations tend to be 

limited by their instability and degradation issues [32]. Therefore alternative nano-sized 

vehicles are being investigated for better drug delivery. 

 

1.2.1.3. Dendrimers 

The term ‘dendrimer’ is derived from the Greek words ‘dendron’ meaning tree 

and ‘meros’ meaning part [33]. Dendrimers are monodispersed and hyperbranched 

structures consisting of a core moiety of an atom or group of atoms attached to branches 

of repeating units. These repeating units are concentrically arranged and possess 

functional groups that allow ligand conjugation for cell-specific targeting [34]. 

Polyamidoamine (PAMAM) is most commonly used in dendrimer formation due to the 

presence of both carboxylic acid and amine functional groups on their surface for 

bioconjugation. For example generation 4 (G4) branched PAMAM dendrimers 

synthesized by Liu et al. [35] was bound to  non-small-cell lung carcinoma (NSCLC) -

targeting peptide for specifically targeting lung cancer cells following pulmonary delivery. 
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These dendrimers showed time- and dose- dependent cellular uptake in vitro and also 

showed good uptake by lung cancer cells in vivo. Kukowska-Latallo et al. [36] also 

prepared PAMAM dendrimers complexed with pCF1CAT plasmid DNA for gene therapy 

in the lung. CAT expression was observed mostly in the alveolar epithelium following 

intravenous administration while high expression was seen in the epithelia of respiratory 

bronchioles after endobronchial administration. Despite their many attractive qualities, 

dendrimers are limited by their uncontrolled and burst drug release as well as low 

encapsulation efficiency [37]. Therefore there is an urgent need for improved 

nanocarriers that can carry out sustained and controlled drug release following 

pulmonary delivery. 

 

1.2.1.4. Polymeric Micro/Nano particles 

Polymeric micro/ nano particles are being extensively investigated today for 

pulmonary drug delivery applications. The properties of both natural and synthetic 

polymers can be tuned based on their intended application. A wide selection of natural 

polymers such as gelatin, chitosan, alginate and cellulose are available for nanoparticle 

formulation. Poly lactic acid (PLA), poly lactic-co-glycolic acid (PLGA), polyanhydrides 

and poly- ε- caprolactone are some of the synthetic polymers in use today [27, 38]. 

Chitosan NPs have been synthesized by Mehrotra et al [39] to deliver Lomustine for 

inhibiting lung cancer cell growth. On the other hand, highly porous PLGA microparticles 

developed by Kim et al. [40] have demonstrated good aerosolization efficacy and 

sustained doxorubicin release for lung cancer therapy.  

NPs have also been developed by combining natural and synthetic materials so 

that the final product demonstrates the characteristics of both polymers. For example, El-

Sherbiny et al. [41] prepared microgels by graft copolymerization of poly (ethylene glycol) 
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(PEG) with chitosan and Pluronic
®
-F108. The mucoadhesiveness of chitosan coupled 

with the hydrophilicity and biocompatibility imparted by PEG aids in sustained drug 

delivery and enhanced circulation time. Within 240 h of exposure to lysozymes, the 

microparticles had degraded up to 41% of their weight and displayed tri-phasic drug 

release involving an initial burst release followed by sustained release and eventually 

rapid release due to particle degradation. In vitro studies also showed significantly 

delayed uptake of these particles by macrophages due to stealth characteristics imparted 

by PEG. Zou et al. [42]synthesized bioadhesive NPs using a combination of PLGA and 

bioadhesive Carbopol to enhance DNA binding for gene therapy to treat lung cancer. The 

NPs (~126 nm) were biocompatible and maintained stability of bound DNA while 

protecting it from degradation. Research thus far has gradually paved the way for the 

development of multi-functional NPs for targeting the cells of interest and disease 

diagnosis, as well as encapsulation and release of different drugs at varying rates for 

accurate and targeted therapy.  

 

1.2.2. Targeting Mechanisms 

Conventional therapies for treatment of lung disorders such as lung cancer are 

limited by systemic toxicity of the therapeutic agents [10]. Targeted delivery of the drug is 

advantageous as it helps increase the drug concentration at the disease site thereby 

limiting toxicity to other organs in the body. Therefore, targeted drug delivery has been  

receiving considerable attention in recent years [43]. Current literature has also revealed 

an emerging trend in the development of nanocarriers for targeted delivery in order to 

achieve more efficient therapy. Two methods of targeting have been used for drug 

delivery: passive and active targeting. 

 



10 

1.2.2.1. Passive Targeting 

Passive targeting can take place by two methods. The first involves drug 

diffusion through mucus layer and epithelial cell layer to reach lung tissue [44]. The 

second method of passive targeting takes advantage of the leaky vasculature seen in 

tumors and uses the enhanced permeability and retention (EPR) effect to accumulate the 

drug in the tumor regions [45]. Passive targeting in lungs was studied by Yu et al. [46] 

has  been used via thermally crosslinked iron oxide NPs containing doxorubicin, for lung 

cancer therapy and imaging. In vivo studies on orthotopic lung cancer mouse model 

showed preferential accumulation of NPs in the tumor region by EPR effect. The process 

of passive targeting can be time-consuming and could result in drug accumulation in 

other healthy tissues resulting in adverse side effects [45]. Further, repeated dosages of 

the nanoparticle formulation would be applied in order to achieve the desired effect by 

passive targeting. This causes patient inconvenience and may harm normal airway 

tissues from mouth to alveoli at the cellular level [40]. Therefore active targeting is being 

explored as an alternative method for better nanoparticle delivery to the disease site. 

 

1.2.2.2. Active Targeting 

Active targeting can be done either by bioconjugation of targeting molecules for 

receptor-mediated targeting or by guiding the nanoparticle to the site of interest using an 

external force/stimulus [45].  Vascular endothelial growth factor receptors (VEGFR), 

platelet-derived growth factor receptors (PDGFR), EGFR and folate receptors [10, 47, 48] 

are some common receptors known to be overexpressed by lung cancer cells. 

Conjugation of their corresponding ligands onto the nanoparticle surface helps in delivery 

of the nanoparticle specifically to these disease cells. An example was demonstrated by 

Zhou et al.[49] who had developed folate-decorated biodegradable pluronic F127-b-
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poly(ε-caprolactone) copolymeric micelles for active targeting of lung cancer. These 

micelles were specifically taken up by the A549 lung cancer cells compared to normal 

fibroblasts. Another attractive method of targeting is the use of an external magnet to aid 

SPIO-encapsulated NPs to the disease site. Goodwin et al. [50] synthesized a gamma-

emitting isotope Technetium 99 (
99m

Tc) conjugated composite particle of Fe and C. These 

magnetic particles could be magnetically targeted and retained in the lung of swine model 

as compared to groups not exposed to magnetic targeting. A combination of magnetic 

and receptor-mediated targeting is attractive for accurate and site-specific delivery of the 

therapeutic vehicle [51]. This was demonstrated by Yoo et al. [52] who had developed 

folate-PEG-superparamagnetic iron oxide NPs for lung cancer targeting. Significantly 

higher accumulation of these NPs was observed in lung cancer mouse model compared 

to the NPs not conjugated with folate.   

 

1.2.2.3. Cellular Uptake Mechanisms 

Following arrival at the targeted site, the NPs can be internalized by the cells via 

different endocytic pathways. This includes clathrin- and caveolae-mediated endocytosis 

as well as phagocytosis and pinocytosis [53]. Caveolae-mediated endocytosis is the most 

common pathway for cellular uptake of NPs.  This is because caveolin is abundantly 

expressed in many cells including lung tissues [53, 54]. Clathrin-mediated endocytosis is 

also well-characterized as it is commonly seen in all mammalian cells. Alveolar 

macrophages in the respiratory tract usually take up NPs by phagocytosis [53, 55-57]. 

This method of internalization is important for the delivery of nano/microparticles 

specifically to the alveolar macrophages to treat tuberculosis or other inflammatory and 

infectious diseases [58].  The different uptake mechanisms employed by cells in the lung 

for taking up NPs have been summarized in Figure 1.2.  
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1.2.3. Methods of Pulmonary Administration 

During administration, it is critical that the particles maintain optimum size as this 

can determine the region of their deposition following administration. Different methods of 

pulmonary administration of drugs/NPs can be used based on the region of the lung 

being targeted, as described below.  

 

Figure 1.2 Representation of uptake of NPs by lung cells of interest following 

inhalation. Uptake can occur via clathrin-mediated endocytosis, caveolae-mediated 

endocytosis or phagocytosis 
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1.2.3.1. Nebulization 

Nebulization is the oldest and most frequently used method of nanoparticle 

administration to the lung. This technique maintains a relatively small size of particles 

with minimal aggregation and can thus be aimed at the distal regions of the lung. For 

example, majority of the celecoxib- containing lipid nanocarriers prepared by Patlolla et 

al. [59] could be delivered to the alveolar region of mice lung by nebulization while larger 

particles (~ 10 µm) were delivered to the central airways and oropharynx [60]. During 

nebulization, the particles are generally suspended in a 0.9% (w/v) NaCl solution and are 

broken down into aerosol droplets (4-6 μm) by a jet or ultrasonic nebulizer using 

compressed air or ultrasonic power [61, 62].  

Studies done by Dailey et al. [63] showed that although aerosol size of the 

particles are not affected by nebulization, their mass median aerodynamic diameter 

(MMAD) tends to vary based on the types of nebulizers used. MMAD represents the point 

at which this aerodynamic diameter of the particles administered crosses the 50
th
 mass 

percentile [64]. For example, the Pari LC star nebulizer gave a narrow size distribution 

and smaller lose rate of NP mass than other tested Omron nebulizers [63]. Particles 

sometimes tend to aggregate in the nebulized fluid due to various factors including high 

shear forces within the nebulizer and interaction between the hydrophobic NP surfaces. 

This aggregation can be minimized by varying different parameters such as viscosity and 

surfactant concentration and by addition of hydrophilic polymers [62]. Recently, vibrating-

mesh nebulizers have been gaining prominence as they reduce particle aggregation, 

maintain consistent temperature and reduce residual volume, thus addressing the issues 

commonly seen in nebulizers today [62].  
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1.2.3.2. Metered Dose Inhalation (MDI) 

Metered dose inhaler is used to deliver fixed NP amounts using set pulses 

through a dosage valve. Particles delivered by this method generally have an MMAD 

between 2-4 µm [60]. For example, thymopentin NPs prepared by Tan et al. [65] and 

delivered via pressurized MDI (pMDI) were stable over time and the aerosol droplets had 

a cut-off diameter of less than 6.4 µm. Selvam et al. [66] developed swellable 

PEG/chitosan microgels containing PLGA NPs for delivery via pMDI. These hydrogel 

microparticles (1- 2 µm) could reach the deep lungs following administration and evaded 

alveolar macrophage uptake by swelling to larger sizes. Some of the disadvantages of 

this mode of administration are particle deposition in the oropharyngeal region due to 

high speed administration, and inconsistent dose delivery when the device is not shaken 

properly [60]. Therefore, there is a need for either improving this device or developing 

alternative devices to perform the same function more efficiently. 

 

1.2.3.3. Dry Powder Inhalation (DPI) 

Dry powder inhalers were developed to overcome limitations of pMDI by 

administering nanoparticle powders to the patient’s lung based on their ability to inhale. 

The turbulent airflow generated by inhalation forms  nanoparticle-containing aerosols 

(MMAD of 1-2 µm) [60]. The relatively low cost, ease of administration, high drug 

bioavailability and patient convenience makes this method an attractive route for drug 

delivery [67]. For example, Sinha et al. [68] had developed porous PLGA particles (2.47 

µm ) loaded with voriconazole for treatment of fungal infection in the lung following DPI. 

In vivo studies showed uniform distribution of the particles within the bronchial and 

alveolar epithelium as well as capillaries. However, DPIs are also limited by their 

dependency on the patient’s inspiratory flow rate and subsequent inconsistency in 
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dosage and limited availability worldwide [69]. In addition, dry powders tend to remain 

suspended in air and hence do not get deposited in the tissue. Therefore alternative 

methods of pulmonary delivery of NPs need to be investigated. The aerodynamic 

properties of NPs can also be improved by spray-drying, spray freeze-drying or 

electrostatic flocculation [70].  

 

1.2.3.4. Intratracheal Administration 

Delivery of NPs directly to the trachea would be a more specific and accurate 

mode of drug delivery. This method of delivery is generally done by creating an incision 

on the trachea and fitting a cannula for particle administration [71]. Ungaro et al. [72] 

developed antibiotic-loaded PLGA-chitosan and PLGA-alginate NPs  in the size range of 

~200-600 nm, spray dried with lactose and delivered intra-tracheally to male Wistar rats. 

The alginate-PLGA NPs reached the deep lung following administration while chitosan-

PLGA NPs were found in the upper respiratory airways indicating that polymer properties 

affected the deposition pattern of the particles. The PEG5000-DSPE micelles mentioned 

earlier showed greater accumulation and release of paclitaxel in the lungs following 

intratracheal administration (almost 45-fold compared to intravenous administration) 

demonstrating the effectiveness of this method of administration in treatment of lung 

diseases [30]. However, reduced patient comfort and compliance are possible 

disadvantages to this administration method. 
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1.3. Medical Applications of Pulmonary Nanomedicine 

1.3.1. Nanodiagnostic/Imaging Applications 

MRI is an attractive modality for imaging NPs containing contrast agents due to 

its high spatial and temporal resolution as well as good soft tissue contrast [73]. SPIO is 

an MRI contrast agent frequently used in drug delivery due to their slow renal clearance 

rate and high relaxation values [74]. As a result, NPs incorporating SPIO can be imaged 

using MRI for diagnostic applications, as well as for non-invasive visualization of their 

biodistribution following administration. For example, Guthi et al. [73] developed a 

multifunctional micelle (MFM) system loaded with SPIO and Doxorubicin and conjugated 

with a lung cancer targeting peptide (LCP) for lung cancer imaging and therapy. In vitro 

MRI study showed high T2 relaxivity in H2009 cells incubated with these micelles, 

indicating that these micelles can be detected using ultrasensitive MR.  SPIO can further 

be subjected to an alternating magnetic field to  induce hyperthermia for heat generation 

in the region resulting in tumor ablation [18]. Other imaging agents such as manganese 

for MRI [75] and gold NPs for computed tomography (CT) imaging [76] have also been 

used as diagnostic tools in pulmonary drug delivery.  

 

1.3.2. Therapeutic Applications 

NPs are widely researched for delivering the encapsulated therapeutic agent in a 

sustained and controlled manner. Conventional treatment methods are limited in that the 

drug can cause systemic side effects to other organs in the body upon administration 

[77]. Pulmonary drug delivery has the advantage of ensuring delivery of encapsulated 

therapeutic agents directly to the target organ, i.e., the lung. Further due to the sustained 

release of the drug over time, repeated dosages need not be given thus reducing patient 

discomfort and drug toxicity. For instance, the porous PLGA NPs containing the anti-
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fungal drug voriconazole developed by Sinha et al.[68] could be detected in the lungs for 

up to 7 days following administration in mice. Similarly, Lomustine-encapsulated chitosan 

NPs synthesized by Mehrotra et al.[39] for lung cancer treatment showed bi-phasic drug 

release and demonstrated greater inhibition of L132 human lung cancer cell line in vitro 

than delivery of Lomustine alone.  

 

1.3.3. In Vitro Models for Drug Screening 

An in vitro 3D tissue model is expected to mimic cell growth, proliferation and 

function as seen in cells in an in vivo environment. These 3D models would thus be a 

more accurate representation of cell behaviors than conventionally used 2D cell 

monolayers. Research has recently started to focus on the development of 3D tissue 

models using large polymeric microparticles which would provide a biocompatible surface 

for cell attachment and growth. Porous microparticles would have the added advantage 

of allowing nutrient diffusion and greater surface area for cell attachment and growth. 

This method of cell culture would greatly benefit research on tumor drug delivery as these 

3D tissue/tumor models can be used for in vitro screening of various drugs to relatively 

accurately determine their therapeutic efficacy before administering them during pre-

clinical and clinical trials. This cost effective method would also help thoroughly evaluate 

the efficacy of drug delivery systems in vitro to ensure that they will have the desired 

effect when used in vivo [78]. 

 

1.4. Design Considerations and Optimization of Nano/ Microparticles 

 
Based on the components and diameter of the NP system as well as the 

clearance mechanisms involved, varied half-lives are seen following pulmonary 
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administration. Ferric oxide NPs delivered by intratracheal instillation was removed from 

the lung at a rate of 3.06 µg per day and showed a plasma half-life of 23 days [79]. On 

the other hand, biocompatible hydrophobically modified glycol chitosan (HGC) NPs 

developed by Choi et al. [80] are stable in vivo and showed a lung half-life of ~6 days 

following intratracheal administration in mice. 20 nm polystyrene beads administered by 

airway exposure to rats showed a lung half-life of 18 days compared to 44 and 35 days 

for 100 nm and 1000 nm particles respectively, indicating that particle size does play a 

role in determining half-life [81].  

Besides, half-life, drug release profile is another criterion to be considered while 

designing NP systems. Different polymers are expected to show different drug release 

rates. For instance, Hitzman et al. [82] synthesized 5- Fluorouracil (5-FU)-loaded 

liposomes for adjuvant therapy for lung cancer. A burst drug release of 100%  was seen 

from the liposomes within 12 hours. On the other hand,  polymeric (PLGA, poly-lactic acid 

(PLA) or poly (lactide-co-caprolactone) (PLCL)) microspheres encapsulating 5-FU  

prepared by the same group showed a bi-phasic drug release in which there was an 

initial burst release of 40-60% of the drug within 4 hours followed by a sustained release 

of 70-90% of the drug within about 24 hours. Docetaxel-loaded HGC NPs prepared by 

Hwang et al. [83] for lung cancer therapy also showed a burst release of 35% of loaded 

drug within 6 hours followed by sustained release over a period of 2 weeks. The inherent 

pH-sensitivity of chitosan is also beneficial for drug release in the acidic tumor 

microenvironment for lung cancer treatment. These results indicate that the choice of 

materials and environmental stimulus plays a major role in determining the release 

kinetics of NPs. 

In addition to release kinetics, the clearance mechanism involved in nanoparticle 

removal should also be considered. As mentioned earlier, mucociliary clearance and 
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phagocytosis by alveolar macrophages can occur during particle clearance. Literature 

has shown that NPs, which tend to adhere to the mucosal surface avoid rapid mucociliary 

clearance as well as minimize recognition and subsequent clearance by macrophages 

[61]. Large particles and drug deposited from the 0 to 16
th
 generation of the respiratory 

airways are cleared by mucociliary clearance (MCC) mechanism. The ciliary lining 

transports mucus containing particles or drugs down to the larynx/pharynx and 

subsequently to the GI tract for elimination from the body [61]. Alveolar macrophages 

help in eliminating unwanted molecules from the alveoli, where cilia are not present. 

Phagocytosis by macrophages occurs within 6 to 12 hours of deposition of large particles 

in the alveoli and then they are broken down by enzymatic degradation [61]. Particle 

clearance can also occur by dissolution (if the polymer is soluble), exhalation, coughing 

and also via systemic circulation [61, 84] 

 

1.5. Overview of Research Project 

This research has been designed to extensively investigate several polymer-

based nano and micro carriers for various pulmonary drug delivery and in vitro drug 

screening applications. The long-term goal and specific aims of this project have been 

described in detail below:  

 

1.5.1. Goals/Objectives 

The long-term goal of this project is to develop biocompatible polymeric 

nano/microparticles for diagnosis and treatment of chronic lung diseases as well as for 

drug screening to provide effective cancer therapy. A vast array of published works in 

recent times has attempted to deliver therapeutic agents to the lung for treatment of 

diseases ranging from asthma and lung cancer to diabetes. However, there have been 
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no studies to our knowledge that have screened and characterized several commonly 

used natural and synthetic polymer-based NPs in terms of their efficacy as drug carriers 

for pulmonary drug delivery.  The most promising polymeric nanocarrier chosen from the 

screening process can be surface modified/functionalized for various pulmonary 

applications. Incorporation of contrast agents such as SPIO can aid in imaging and 

determination of nanoparticle biodistribution following delivery using MRI. Conjugation of 

targeting ligands on the nanoparticle surface can further help in accurate targeting of the 

diseased cells that overexpresses the corresponding receptor. Finally, the chosen 

biocompatible polymer is used to develop porous microparticles that can facilitate cell 

adhesion and proliferation on their surface in order to develop in vitro lung cancer models 

for screening of various commonly used lung cancer drugs. Therefore the final objective 

of this research is to design and screen various polymeric NPs for pulmonary delivery 

and chose the most promising nanoparticle for further studies involving drug screening, 

diagnosis and treatment of lung diseases. 

 

1.5.2. Specific Aims 

As a first step towards achieving my long-term goal of developing polymeric 

nano/micro carriers for effective diagnosis and treatment of pulmonary diseases, the 

following three specific aims were proposed and performed: 

To screen and characterize various natural and synthetic polymer-based NPs for 

pulmonary protein and DNA delivery via nebulization. Commonly used biocompatible 

natural and synthetic polymers were extensively compared and characterized in order to 

determine the most favorable polymeric NP formulation for further studies.  

To develop multi-functional core-shell NPs for targeted lung cancer therapy. The 

polymer chosen based on above studies - (poly lactic-co-glycolic acid, PLGA) was used 
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to develop multifunctional core-shell particles conjugated with folic acid for active 

targeting and treatment of lung cancer. 

To synthesize and screen porous microparticles as in vitro 3D tumor models for 

lung cancer drug screening. Porous PLGA microparticles were formulated and 

characterized for use as 3D culture systems.  The effectiveness of large porous PLGA 

microspheres as in vitro lung tumor models for drug screening applications was also 

investigated 

  

1.5.3. Innovative Aspects 

There are several innovative aspects to this research. Firstly, this work has 

extensively compared multiple natural and synthetic polymer based NPs in terms of their 

biocompatibility and drug release capabilities following nebulization. The results would 

aid future research in pulmonary drug delivery in terms of choosing the most suitable 

polymer for controlled and efficient delivery of therapeutic agents to the lung. Further, the 

cellular uptake results obtained in vitro have been corroborated with results in vivo. The 

most promising polymer chosen was further modified to develop a novel core-shell NP 

system for targeted and stimuli-responsive pulmonary drug delivery to diagnose, target, 

and treat advanced stages of lung cancer. Finally, the biocompatible and biodegradable 

polymer chosen was used to develop porous microparticles which were extensively 

characterized in order to develop in vitro 3D lung tumor models. Three different porogens 

were used to prepare particles with varying pore sizes. There have been no previous 

studies where particles prepared using varying porogens have been compared in terms 

of their potential as in vitro 3D tissue/tumor models. These tumor models are expected to 

be more effective than 2D cell monolayers in determining the efficacy of lung cancer 

drugs for in vivo administration. This is due to the ability of the 3D tumor models to mimic 
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in vivo tumor environments comparatively more accurately through extracellular matrix 

production and maintenance of cell functions. 

   

1.5.4. Successful Outcome 

The successful completion of this research will be helpful in the design and 

development of nanoparticle formulations that can achieve good treatment efficacy 

following pulmonary delivery. Since diagnosis of lung cancer generally takes place at an 

advanced stage of the disease, it is important that an effective and rigorous treatment 

regimen be provided so that the tumor can be quickly and effectively removed from the 

body. The novel multi-functional NPs presented in this research can be potentially used 

to diagnose, treat and track the progress of lung tumor following administration while 

causing minimal discomfort to the patient. Due to the ability of these particles to provide 

simultaneous diagnosis and sustained drug release over time, the patient will not have to 

be given repeated drug dosages. Further, systemic side effects of the lung cancer drugs 

would be reduced due to the site specific and targeted drug delivery. Further, in vitro 3D 

tumor models can help choose the most effective lung cancer drug so that immediate and 

effective treatment can be provided to the patient following diagnosis. This research is 

also an important step towards the development of personalized medicine where the 

patient’s own cells can be used to form in vitro tissue or tumor models. These models 

would aid in tailoring the medication more accurately according to the condition of the 

patient thus providing effective therapy.  
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Chapter 2 

Screening of Polymeric NPs for Protein and DNA Delivery to the Lung by Inhalation 

 
2.1. Introduction 

Drug delivery using polymeric NPs is an attractive area of study since the 

polymers can be co-polymerized, surface-modified or bioconjugated to incorporate 

desired properties such as hydrophilicity, cell-specific targeting and optimum drug release 

kinetics. Commonly used nanocarriers for pulmonary drug delivery are made from natural 

polymers such as gelatin, chitosan and alginate as well as synthetic polymers like 

poloxamer, PLGA and Poly-(ethylene glycol) (PEG) [85]. Gelatin is a biocompatible and 

biodegradable natural polymer that can covalently bind to the active compound [86] 

ensuring greater loading efficiency. Chitosan is a mucoadhesive polysaccharide and 

permeation enhancer that facilitates prolonged NP retention in the lung following 

administration [85]. Alginate is another highly biocompatible natural polymer with a 

hydrophilic matrix useful for protein loading [87]. PLGA is a well-established FDA-

approved biocompatible and biodegradable synthetic polymer that demonstrates a bi-

phasic drug release over a period of few weeks or months based on  the ratio of its 

constituent monomers [88]. The functional groups on PLGA can also be used for surface 

modification for incorporation of desired properties of other monomers [3]. Literature has 

shown that PLGA nano/micro particles are biocompatible and do not cause lung tissue 

damage after administration [72]. For instance, in vitro studies by Tahara et al. 

[89]confirmed that PLGA NPs in the presence and absence of chitosan coating were 

cytocompatible with A549 lung epithelial cells up to a high concentration of 5 mg/ml. Also, 

recent in vitro studies on PLGA NPs containing poly vinyl alcohol (PVA) surfactant 

revealed minimal inflammatory reaction and good cytocompatibility at <1 mg/ml 
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concentration with A549 cells [90]. Further, histological examination of lung tissue 

sections following in vivo intratracheal instillation of PLGA NPs have shown that these 

particles do not cause lung tissue damage [91]. Poly-(ethylene glycol) (PEG)-based NPs 

are well-known for their hydrophilicity, good aerodynamic characteristics and good 

retention time within the lung following administration [41, 92].  

The small size of NPs can make direct delivery to and deposition in the deep 

lung difficult as they tend to remain suspended in air. Therefore, the mode of pulmonary 

delivery also plays a crucial role in facilitating NP deposition and distribution in distal lung 

tissue. As mentioned earlier, an MDI or DPI could result in significant oropharyngeal NP 

deposition and variation in dosage when the device is not shaken correctly [93]. A 

nebulizer, on the other hand, can maintain relatively constant size of aerosol droplets in 

the range that easily allow the suspended NPs to reach the distal lung. For example, 

Patolla et al. [94] developed celecoxib-loaded lipid nanocarriers (~217 nm size) which 

could be deposited in the alveolar region of murine lungs following nebulization. A recent 

study also demonstrated that an Aeroneb™ nebulizer  could generate aerosol droplets 

containing 5(6)-carboxyfluorescein-loaded NPs (195 nm) with aerodynamic properties 

suitable for alveolar deposition [95].  

Recent years have seen an increase in publications on nanoparticle delivery to 

the lung; however, there have been no studies to our knowledge that corroborated the in 

vitro cellular uptake and retention of NPs with their behavior in vivo. Also the optimum NP 

formulation for prolonged core compound delivery and release as well as relatively longer 

retention in the lung is unknown. Previously published works have compared the 

properties of select polymeric (e.g. PLGA, chitosan, gelatin) nano/micro particles for 

pulmonary delivery of compounds ranging from antibiotics (e.g. tobramycin) to 

therapeutic drugs  (e.g. rifampicin) [96, 97]. However, there have been no comprehensive 
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studies to our knowledge that attempted to characterize and screen a broad range of 

commonly used natural and synthetic polymer-based NPs in terms of their potential as 

carriers of DNA and protein to deep lung tissue by nebulization. Such a study is vital so 

as to maximize therapeutic efficacy of these NPs following delivery to various lung cells 

for treatment of pulmonary ailments. Therefore, the goal of this project was to compare 

various nanoparticle formulations prepared using natural and synthetic polymers and 

encapsulating protein/dye/cDNA models (bovine serum albumin [BSA], indocyanine 

green [ICG], rhodamine conjugated to recombinant human erythropoietin [EPO] or 

plasmid cDNA encoding yellow fluorescent protein [eYFP] or green fluorescent protein, 

[GFP]) in terms of their physical and chemical properties, in vitro cytocompatibilty and 

cellular uptake by human alveolar Type1 cells, and in vivo action following nebulization 

into rats. This was done to determine the most promising nanocarrier for successful and 

effective delivery of therapeutic agents to the lung.   

 

2.2. Experimental Section 

2.2.1. Materials Used 

All chemicals, if not specified, were purchased from Sigma-Aldrich (St. Louis, 

MO). PLGA (inherent viscosity—0.4 dL/g, copolymer ratio 50:50) was purchased from 

Lakeshore Biomaterials (Birmingham, AL), chitosan from Polyscience Inc. (Warrington, 

PA) and NH2-PEG-COOH from Laysan Bio Inc. (Arab, AL). Iron oxide NPs were 

purchased from Meliorum technologies (Rochester, NY). Primary human alveolar Type 1 

cells, Prigrow III media and collagen-coated T25 flasks were obtained from Applied 

Biological Materials Inc. (Richmond, BC, Canada). Fetal bovine serum (FBS), penicillin-

streptomycin, and trypsin-Ethylenediaminetetraacetic acid (EDTA) were procured from 

Atlanta Biologicals (Lawrenceville, GA). 
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2.2.2. Synthesis of Natural Polymer-Based NPs 

A two-step desolvation method described by Shutava et al. [98] was employed 

for the synthesis of gelatin NPs. First 1.25 g of Type A gelatin was dissolved in deionized 

(DI) water and 25 ml of acetone was rapidly added to it. A gel-like precipitate was 

obtained, which was re-dissolved in water. Then 75 ml of acetone was added dropwise at 

40°C to obtain a milky-white solution. 0.2ml of glutaraldehyde crosslinker was then added 

and the solution was stirred overnight to allow acetone evaporation. The following day, 

the nanoparticle suspension was dialyzed and lyophilized to obtain gelatin NPs.  

Chitosan NPs were prepared by a simple ionic gelation method involving sodium 

tripolyphosphate (TPP) [99]. Briefly, 10mg of chitosan was added into 5 ml of 1% (w/v) 

acetic acid and the final pH of the solution was adjusted to 5.5. Following dropwise 

addition of 2 ml of 1 mg/ml TPP, the solution was stirred for 1 h to allow nanoparticle 

formation. Dialysis and lyophilization was then carried out to obtain the final chitosan 

NPs.   

Alginate NPs were prepared by cation-induced controlled gelification by 

modifying the procedure described by Rajaonarivony et al. [100]. Firstly, 9.5 ml of sodium 

alginate solution (0.06% w/v) was prepared and 0.5ml of 18 mM of calcium chloride was 

added dropwise to it. 2 ml of chitosan solution (0.05% w/v) was then added and the 

resultant solution was stirred overnight. Centrifugation at 19,000 rpm for 30 mins followed 

by lyophilization was done the following day in order to obtain the NPs.   

 

2.2.3 Fabrication of Synthetic Polymer-based NPs 

PLGA NPs were prepared by a standard emulsion-solvent evaporation method. 

For this procedure, 90 mg of PLGA was first dispersed in 3 ml chloroform to form the 
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organic phase. This was then added dropwise to poly vinyl alcohol (PVA) solution (5% 

w/v) and sonicated at 50 W for 3 mins. This particle suspension was then stirred 

overnight at room temperature to allow solvent evaporation. NPs were recovered by 

ultracentrifugation at 25,000 rpm for 30 mins at 10°C. For BSA loaded NPs, 30 mg of 

BSA solution was mixed in 300µl of DI water and then emulsified in the PLGA-chloroform 

solution. Similarly for cDNA loaded NPs, 9 mg of the cDNA was dispersed in DI water 

and used for emulsification with PLGA solution.  

For the preparation of PLGA-chitosan (PLGA-CS) NPs, carboxymethyl chitosan 

(CMC) was mixed with polyvinyl alcohol (PVA) surfactant solution. The NP preparation 

procedure is similar to that of PLGA NPs described above, except for the addition of 

0.5% (w/v) CMC in 4.5% (w/v) PVA solution.  

In order to copolymerize PLGA and PEG, N-hydroxysuccinimide (NHS) group 

was first introduced onto PLGA using EDC-NHS chemistry, Briefly,  5 g of PLGA was 

taken  in DCM and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-

hydroxysuccinide (NHS) was added to it. Following shaking for 2 h, the PLGA-NHS was 

collected by washing with ethyl acetate and methanol. 1 g of PLGA-NHS was then 

dissolved in 4 ml of chloroform and then 250mg of COOH-PEG-NH2 and 28 mg N,N-

diisopropylethylamine was added and stirred for 12 hours. The copolymer was 

precipitated with cold methanol and washed three times to remove unreacted PEG. This 

polymer was dried under vacuum and used for NP preparation by the emulsion 

procedure described above [101]. Bovine serum albumin (BSA) was used as protein 

model while YFP or GFP-encoded plasmid cDNA was used as cDNA model for 

encapsulation within all six NPs. All NPs were lyophilized and stored in powder form at -

20
o
C when not in use and were freshly reconstituted in DI water/media/saline/Gamble’s 

solution for our experiments.  
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2.2.4 Characterization of NPs 

The NP size, charge and polydispersity were determined using ZetaPALS 

dynamic light scattering (DLS) detector (Brookhaven Instruments, Holtsville, NY). Briefly, 

20 µl of 1mg/ml NP suspension was added to a transparent cuvette containing 3 ml DI 

water and placed in the instrument. The NP properties were detected by scattering of 

laser light due to Brownian motion of the NPs in solution. Transmission electron 

microscopy (TEM, FEI Tecnai G2 Spirit BioTWIN, Hillsboro, OR) was used to study the 

morphology of the particles. Briefly, a drop of particle suspension (1 mg/ml) was placed 

on a Formvar-coated 200-mesh copper grid (Electron Microscopy Sciences, Hartfield, 

PA) at room temperature and air-dried. The sample was then inserted into the TEM 

instrument for visualization.  

 

2.2.5. Physical-Chemical Characterization 

The in vitro stability of the NPs was determined by dispersing them in 4 different 

solutions, namely DI water, saline (0.9% sodium chloride solution), fetal bovine serum 

(FBS) or simulated lung fluid (Gamble’s solution, prepared as described by Marques et 

al. [102]). The NP suspensions were then incubated at 37
o
C and particle sizes measured 

using DLS at predetermined timepoints up to 5 days. In addition, drug release studies 

were conducted on the NP formulations. The amount of un-entrapped reagent collected 

in the supernatant after centrifugation was quantified to determine the drug loading 

efficiency of the NPs. The protein/cDNA encapsulation efficiency can be calculated as the 

percentage of protein/cDNA used initially during nanoparticle formulation (Equation 1). 

                   ( )   
                                             

                  
        (1) 
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For in vitro release studies, BSA was used as the protein model for 

encapsulation within the NPs. Briefly, 1 ml of nanoparticle suspension (1 mg/ml) was 

added to dialysis bags with molecular weight cut-off of 100 kDa (Spectrum Laboratories 

Inc., Rancho Dominguez, CA) and dialyzed against DI water at 37°C for 21 days. At each 

time points, 1 ml of dialysate was collected from the samples and replaced with 1 ml of 

fresh DI water. Pierce BCA protein assays (Fisher Scientific, Hampton, NH) was used 

according to the manufacturer’s instructions in order to quantify the amount of protein 

released. 

 

2.2.6. In Vitro Cell Studies 

Human alveolar Type 1 epithelial cells (AT1) were seeded in 96–well tissue 

culture plates at a density of 16,000 cells/cm
2
 and incubated at 37

o
C and 5% CO2 

overnight for cell attachment. The following day, media in each well was aspirated and 

replaced with increasing concentration (0, 100, 200, 300, 500, 1000, 2000 µg/ml) of NP 

suspensions in media for 24 hours. The wells were then washed twice with 1X Phosphate 

buffered saline (PBS) and incubated with MTS reagent (CellTiter 96®AQueous One 

Solution Cell Proliferation Assay, Promega, Madison, WI) in media. Absorbance readings 

were taken at a wavelength of 490 nm using a UV–Vis spectrometer (Infinite M200 plate 

reader, Tecan, Durham, NC), to determine cell viability. In order to confirm the MTS 

assay results, a Picogreen dsDNA assay was also performed to determine the DNA 

content per sample. For this assay, the cells were first lysed using 1% Triton X-100 and 

then the assay was conducted on the cell lysates per manufacturer’s instructions. 

For cellular uptake, AT1 cells were seeded in tissue culture plates and incubated  

as described above. Then the cells were incubated with increasing concentrations (0, 
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100, 200, 300, 500 µg/ml) of ICG-loaded NPs suspended in media for 2 h. Following 

incubation, the cells were washed 3 times with PBS and lysed using 1% Triton X-100. 

Fluorescence intensity measurement of each sample was carried out using a 

spectrophotometer at excitation of 780 nm and emission of 810 nm to determine the 

amount of ICG-loaded particles taken up by the cells. These measurements were 

analyzed against nanoparticle standards. The particle uptake was then normalized with 

the total DNA content per sample using Picogreen dsDNA assays (Invitrogen, Grand 

Island, NY) at excitation of 480 nm and emission of 520 nm. The cell lysate sample is 

usually quantified for the total cell protein or DNA, which presents the cell number per 

sample, using protein or DNA assays. However, EPO- and cDNA-loaded NPs will 

interfere with the readings for both these assays. Therefore, we used ICG-loaded 

particles for this study since the fluorescence readings will not interfere with our 

quantification of the total cell protein/DNA in the cell lysate samples. 

Finally, a cell activation study was conducted to determine whether NP uptake 

causes oxidative stress in the cells in vitro. Briefly, human AT1 cells were seeded in 

tissue culture plates and incubated overnight as described earlier. The following day, 

cells were exposed to two different concentrations of each NPs (250 µg/ml and 1000 

µg/ml) and incubated for a further 24 hours. Cells exposed to 10 μg/ml lipopolysaccharide 

(LPS) were considered as a positive control while cells exposed to media only served as 

the negative control. To detect the Intracellular Reactive Oxygen Species (ROS) 

production on NP exposure, cells were then washed thrice with PBS and incubated with 

5µM of 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA) solution in PBS for 30 

mins. The cells were then again washed with PBS and fluorescence was measured at λex 

of 485 nm and λex of 530 nm using a spectrophotometer. 
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2.2.7. In Vivo Studies 

2.2.7.1. Acknowledgements 

All in vivo work for this project including nebulization of NPs into the animals, 

histology and biomaging were conducted by Dr. Priya Ravikumar, Dipendra Gyawali and 

Roshni Iyer from Dr. Connie Hsia’s laboratory at UTSW. 

 

2.2.7.2 In Vivo Delivery of Protein- or cDNA- Loaded Gelatin and PLGA NPs 

All animal procedures were conducted at UTSW following approval from the 

Institutional Animal Care and Use Committee (IACUC) at UTSW. First Sprague-Dawley 

rats (300-400 grams body weight) were given intraperitoneal injection of ketamine (50 

mg/kg) and xylazine (5 mg/kg) for anesthesia.  An otoscope was used to visualize the 

larynx and then a guide wire was used to insert a 14 gauge cannula into the trachea. 

Heart rate and transcutaneous oxygen saturation was monitored throughout the 

experiment. Based on the characterization results, PLGA and gelatin NPs were chosen 

for in vivo studies. 4.5 mg of NPs encapsulating a) yellow fluorescent protein (pEYFP-N1, 

kindly provided by Dr. Makoto Kuro-o, Dept. of Pathology, UTSW) encoded plasmid DNA 

or b) recombinant human EPO (Cell Sciences, Canton, MA, 100 IU/kg body weight) was 

dispersed well in 0.5 ml of sterile 0.9% saline, and aerosolized through the cannula for 3 

min using a pediatric mesh nebulizer (Aeroneb™, 4-6µm droplets). Only one nanoparticle 

formulation was given per animal. NPs encapsulating empty vectors were aerosolized 

into the control group by the same method. The rats were observed until complete 

recovery from anesthesia following NP administration. 

At predetermined timepoints (3, 5 and 7 days post-treatment), rats were 

sacrificed by giving an intraperitoneal injection of Euthasol™ overdose (pentobarbital 86 
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mg/kg and phenytoin 11 mg/kg) which stops the heart. Tracheal instillation of 4% 

paraformaldehyde at 25 cm H2O of airway pressure was done to inflate the lungs and 

then remove them intact. The lobes were then fixed and serially sliced at 3 mm intervals. 

The slices were then imaged by a biofluorescence imager (CRI Maestro 2, Cambridge 

Research & Instrumentation Inc, Waltham, MA). The tissue was fixed by embedding in 

paraffin, and the histological sections (4 µm thickness) were visualized using a confocal 

microscope. Similarly in order to study the biodistribution of NPs, the kidney and liver was 

also removed and serially sliced followed by imaging using biofluorescence imager and 

confocal microscopy.  

 

2.2.8. Development of PLGA-SPIO NPs 

Based on the results obtained in the above studies, PLGA NPs was found to be 

most promising as nanocarriers for delivery of active compounds (protein and DNA) to 

the lung by nebulization. In order to validate pulmonary delivery of PLGA NPs and 

release of its encapsulated agents at the intended site, SPIO-encapsulated PLGA NPs 

(PLGA-SPIO NPs) were developed. A similar procedure as that of PLGA nanoparticle 

preparation was followed. 20 mg of SPIO and 90 mg of PLGA was added to 2 ml 

chloroform and sonicated for 8 mins at 20 W. This mixture was then added dropwise to 

PVA solution (5% w/v) and sonicated at 50W for 10 mins. Following overnight stirring for 

chloroform evaporation, the NP solution was centrifuged at 1000 rpm for 2 min to remove 

unloaded SPIO aggregates, which forms the pellet. The supernatant containing the 

prepared PLGA-SPIO NPs was then centrifugation at 25,000 rpm, 20 mins followed by 

lyophilization to get the NPs. 
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2.2.9. Characterization of PLGA-SPIO NPs 

In addition to particle characterization by DLS and TEM, Fourier transform 

infrared (FTIR) spectroscopy was also performed to ensure that SPIO has indeed been 

incorporated within our PLGA particles. Iron content within these particles was further 

assessed using a standard iron assay as described previously [103]. Briefly, a 48 well 

plate was taken and 100 µl of PLGA-SPIO NPs (1 mg/ml) was added to the wells. Then 

100 µl of 50% v/v hydrochloric acid (HCl) was added and the plates were incubated 

overnight at 37
o
C. The following day, 1mg/ml of ammonium per sulfate (APS) solution 

was added to the wells. The wellplate was incubated at 37
o
C for 15 mins following which 

0.1 M potassium thiocyanate (PTC) solution was added. The wellplate was incubated at 

37
o
C for 15 mins more following which absorbance readings were taken at 478 nm using 

a spectrometer.  A superconducting quantum interference device (SQUID; Quantum 

Design) magnetometer was used to study the magnetic properties of the particles 

prepared, as detailed by Wadajkar et al. [104]. Briefly, the nanoparticle powder was 

embedded in epoxy resin beads and exposed to varying magnetic fields at room 

temperature to obtain the hysteresis loop. This was then compared to the hysteresis loop 

of bare SPIO obtained by the same method. 

In addition to characterization of magnetic properties, the particles were also 

studied for their stability in various solutions such as DI water, 10% FBS, 0.9% saline and 

Gamble’s solution as mentioned earlier. Release studies were also conducted as 

explained above using BSA- and Texas Red Albumin (TR-A)-loaded PLGA SPIO NPs. 

TR-A release was measured based on fluorescence readings at λex 596 nm and λem 615 

nm. 
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2.2.10. In Vitro Studies on PLGA-SPIO NPs 

The cytocompatibility of PLGA-SPIO NPs was tested on both human AT1 cells 

as well as human dermal fibroblasts (HDFs). The influence of nanoparticle dose and 

incubation time on cellular uptake was also determined. Dose-dependent cellular uptake 

was done as explained in section 2.2.6. To study time-dependent uptake, the cells were 

incubated with NPs at a fixed concentration of 100 µg/ml for varying durations (1, 2, 4 

and 6 hrs). Following particle incubation, the cells for both uptake studies were 

extensively washed to remove free NPs and lysed using 1X- Triton solution. The amount 

of NPs taken up by the cells was measured using iron assays. The amount of total cell 

protein per well was measured by Pierce BCA assay and used to normalize the iron 

uptake results.  

A study was also conducted to determine activity of compounds released from 

PLGA NPs. Briefly, PLGA NPs encapsulating recombinant human erythropoietin (EPO, 

Cell Sciences, Canton, MA) (2mg/ml) was incubated in incomplete RPMI media at 37ºC 

for 5 days. At the end of the study, the samples were centrifuged and the supernatant 

was collected. This supernatant containing released EPO was tested for its ability to 

maintain the viability of Ba/F3 cells known to stably overexpress EPO receptor and 

require EPO for survival (courtesy of Dr. Lily Huang, Dept. of Cell Biology, UT 

Southwestern Medical Center). The groups used for this study include a) RPMI only, b) 

EPO (100 IU/ml) in RPMI, c) EPO (100 IU/ml) with empty PLGA NPs (2 mg/ml) in RPMI, 

and d) RPMI containing EPO released from PLGA NPs. Briefly, Ba/F3 cells grown in 

WEHI (Walter and Eliza Hall Institute)-conditioned medium at a density of 5x10
5
 cells per 

well were washed and switched to RPMI medium. These cells were incubated for 72 h at 

37ºC following addition of 90 µl  of supernatants obtained earlier after the 5 day 
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incubation. Cell viability was determined by MTT assays following manufacturer’s 

instructions. 

 

2.2.11. In Vivo Studies on PLGA-SPIO NPs 

2.2.11.1. Acknowledgements 

All the in vivo work including nebulization, histology, Prussian blue staining, TEM 

and bioimaging for this part of the project was conducted by Dr. Priya Ravikumar from Dr. 

Connie Hsia’s laboratory at UTSW. MRI was performed at Dr. Masaya Takahashi’s 

laboratory at UTSW.  

 

2.2.11.2 In Vivo Delivery of PLGA-SPIO NPs Encapsulating Various Payloads 

 
Animal procedures were conducted at UTSW with the approval of the Institutional 

Animal Care and Use Committee (IACUC) at UTSW. PLGA-SPIO NPs were synthesized 

as described above, loaded with different fluorescent probes: near-infrared dye (NIR-

797), rhodamine conjugated bovine serum albumin (BSA-rhodamine), Green Fluorescent 

Protein (GFP) (Santa Cruz Biotechnology Inc., Santa Cruz, CA), or plasmid DNA vector 

encoding yellow fluorescent protein (pEYFP-N1). These particles were administered to 

Sprague Dawley rats as explained previously. One hour following inhalational delivery of 

PLGA-SPIO NPs, the anesthetized animals underwent MRI (3T whole-body human 

scanner Achieva
TM

, Philips Medical Systems, Best, Netherlands) with a small animal 

solenoid radio- frequency (RF) coil (63 mm in diameter and 100 mm in length; Philips 

Research Europe, Hamburg) using a three-dimensional ultrashort echo time (UTE, echo 

time <500 µs) sequence with projection acquisition of free induction decay. This 

sequence enabled us to compare endogenous signal intensity (SI) of the lung 
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parenchyma [105] with SI of our experimental group as well as the control group which 

was given saline only. 

At 3, 5 and 7 days post-treatment, rats were killed by an intraperitoneal injection 

of Euthasol™ overdose and lung slices imaged by a biofluorescence imager while 

histological sections were examined under a fluorescent microscope. Further, Prussian 

Blue staining was done to visualize iron particles uptake by lung cells, using light 

microscopy and TEM. 

 

2.3. Results and Discussions 

2.3.1. Characterization of Natural and Synthetic Polymer-Based NPs 

In this study, six common NP preparations made of natural and synthetic 

polymers were screened to determine the most promising formulations for pulmonary 

delivery and uptake by distal lung cells. Our characterization results indicate that most 

NPs except PLGA-PEG and alginate NPs maintained a hydrodynamic diameter under 

300 nm (Table 2.1). The larger size of alginate NPs (556±56 nm) agrees with results of 

Yang et al.[106] who prepared alginate NPs based on the ionic gelation method, with 

sizes in the 536 nm to 1.8 µm range for gene therapy. However, as mentioned earlier, 

NPs in the 50 to 200 nm size range have demonstrated greater alveolar deposition [22]. 

Thus, most of our NP formulations except alginate and PLGA-PEG were in the desirable 

size range as nanocarriers for pulmonary delivery. The smaller polydispersity values of 

PLGA and PLGA-CS NPs (0.14 and 0.07, respectively) indicate that they are relatively 

uniformly dispersed. Chitosan and alginate NPs on the other hand demonstrated larger 

polydispersity values (0.28 and 0.29, respectively), indicating more variation in their 

particle size distribution. The positive zeta potential value of chitosan NPs indicates 
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presence of cationic NH2 groups on the surface of the particle while high negative zeta 

potential values of the other NP formulations are indicative of good stability. 

 

Table 2.1  Size, charge and polydispersity characterization of NP formulations

 

Transmission Electron Microscopy (TEM) images were taken to observe the 

morphology and distribution of all nanoparticle formulations. It was seen that all particles 

are relatively spherical in morphology and are uniformly dispersed (Figure 2.1). In 

addition, the particle sizes in the images are in accordance with the size ranges observed 

Polymer Particle Diameter (nm) Polydispersity Zeta Potential (mV) 

Gelatin 187 ± 83 0.22 ± 0.01 -18.2 ± 2.6 

Chitosan 253 ± 110 0.28 ± 0.02 4.8 ± 1.1 

Alginate 556 ± 56 0.29 ± 0.01 -28.7 ± 0.9 

PLGA  160 ± 63 0.14 ± 0.02 -20.2 ± 1.2 

PLGA - CS 191 ± 60 0.07 ± 0.01 -17.2 ± 1.3 

PLGA - PEG 335 ± 131 0.22 ± 0.03 -25.4 ± 1.0 

 

Figure 2.1 TEM images of NPs prepared using (A) gelatin, (B) chitosan, (C) alginate, 

(D) PLGA, (E) PLGA-CS and (F) PLGA-PEG. The insets represent the morphology of a 

single nanoparticle from each formulation 
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Figure 2.2 Stability of all NPs tested by measuring particle size in (A) DI water, (B) 

10% FBS (C) saline solution and (D) simulated lung fluid at 37
o
C. The PLGA-based 

and gelatin NPs remained stable for up to 5 days while alginate NPs tended to show 

aggregation by the 4
th
 day. Chitosan NPs showed fluctuations in size indicating 

comparatively less stability (n=4) 

using the dynamic light scattering (DLS) instrument. 

Stability studies of NPs suspended in DI water, 10% fetal bovine serum, 0.9% 

saline and simulated lung fluid were also conducted. PLGA NPs were relatively stable in 

all 4 solutions over 5 days with no significant aggregation or particle size change, which 

is in agreement with previous studies [88, 107]. Gelatin NPs were also stable in all 

solutions agrees with previous studies on these particles prepared by the layer-by-layer 

method, that demonstrated stability up to 4 weeks after preparation [108]. The observed 

aggregation of our chitosan NPs in media and serum concur with the results by Gan et al. 

[109], where chitosan particle aggregation was observed at different pH conditions and 
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Figure 2.3 Bi-phasic drug release profile of all NPs indicating a burst release for the first 2 

days followed by sustained release over 3 weeks. Gelatin, Chitosan and PLGA NPs showed 

an initial burst release of more than 40% loaded drug within 4 days (n=4) 

particle concentrations due to thermodynamic instability of the system. Alginate NPs also 

showed significant aggregation in serum, saline and simulated lung fluid as demonstrated 

by previous studies where alginate-chitosan NPs tended to break apart at a pH of 7.0 due 

to their instability at physiological pH [110]. PLGA-CS NPs remained relatively stable in 

DI water, serum and simulated lung fluid although some aggregation was observed in 

saline solution possibly due to chitosan’s thermodynamic instability with pH changes 

(Figure 2.2). 

Further, drug release studies indicate that >80% of incorporated BSA was 

released from all particles in a biphasic manner within 3 weeks. Among natural polymer-

based NPs, gelatin demonstrated a burst release of about 32% of the drug in 2 days 

while chitosan and alginate NPs showed burst release of 43% and 27% of the drug, 

respectively, within the same time period. The high burst release (about  43%) from 

chitosan NPs within 2 days was similar to the ~40% BSA release within 48 h observed by 

Gan et al. [109] using NPs prepared with medium molecular weight chitosan, which was 

also used by us in our preparation (Figure 2.3A). 
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The highest burst release among all NPs was observed for PLGA NPs (about 

48%) within 2 days followed by a characteristic sustained release up to 21 days (Figure 

2.3B), which was similar to the drug release profile seen in the literature [88, 111]. 

Although we observed higher burst release from PLGA than from PLGA-PEG NPs (about 

30%) , Li et al. [112] detected higher initial BSA release from the latter. This may have 

occurred due to the different PEG compounds used in their experiments and the 

availability of different functional groups on the NPs that may interact different with 

different encapsulated compounds. On the other hand, Parveen et al. [113] observed 

slightly reduced paclitaxel release from PLGA-CS and PLGA-PEG NPs than from PLGA 

NPs, which is consistent with the results obtained by us.  

 

2.3.2. In Vitro Characterization of the Different Polymeric NPs 

The cytocompatibility with AT1 cells observed by us for gelatin NPs (~80% 

viability at 2 mg/ml) is similar to the value reported by Tseng et al. [114] using human 

fetal lung fibroblasts (HFL1). Our chitosan NPs maintained greater than 80% 

cytocompatibility up to a concentration of 1 mg/ml which is in agreement with studies by 

Grenha et al. [115] that showed ~80% viability for human bronchial Calu-3 cells and A549 

alveolar epithelial cells viability at an NP concentration of 1 mg/ml. Similarly, our alginate 

NPs showed a comparable cell viability (92% cell viability  at 250 µg/ml concentration) as 

reported in previous studies using T47D breast cancer cells (~90% viability at 50 µg/ml 

NP concentration, 24h incubation) [116]. The higher cytocompatibility observed for 

PLGA-based NPs in our studies agrees with results by Mura et al. [117], which showed 

more than 80% viability of Calu-3 cells incubated with PLGA and PLGA-CS NPs up to a 

concentration of 5 mg/ml for 24 hours. These results indicate that all of our NP 
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Figure 2.4 Cell viability studies on AT1 epithelial cells using (A, B) MTS assay and (C, 

D) Picogreen ds DNA assay indicated that gelatin, chitosan, alginate and PLGA-PEG 

NPs maintained cytocompatibility up to a concentration of 1000 µg/ml. All NPs except 

alginate showed greater than 80% DNA content at 2000 µg/ml concentration. (n=3, 

*p<0.05 w.r.t cell viability at 0 μg/ml MDNP concentration) 

formulations are compatible with lung cells up to a high concentration of 1 mg/ml (Figure 

2.4 A, B). 

 These findings were confirmed using Picogreen dsDNA assays. More than 90% 

of the total cell DNA was retained following incubation with PLGA- based NPs at all 

concentrations (Figure 2.4D) while ~ 80% of control DNA content was obtained following 

treatment with gelatin and chitosan NPs up to 2 mg/ml concentration (Figure 2.4C). 

Incubation with alginate NPs resulted in a decrease in DNA content to 76% at 2mg/ml 

concentration. It should be noted, however, that more than 80% of the DNA content was 

observed in all samples following incubation with all particles up to 1 mg/ml concentration 
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indicating that these particles are cytocompatible up to 1mg/ml. This indicates that all the 

NP formulations are cytocompatible at high concentrations with AT1 cells in vitro. 

The uptake of all NPs by AT1 cells following a 2 h-incubation with increasing NP 

concentrations was studied. All of our NP formulations exhibited concentration-dependent 

uptake by human AT1 cells. These results are in keeping with reports by other groups 

that tested various NP formulations on different cell lines.  For example, complexes of 

gelatin NPs and biotinylated epithelial growth factor (EGF) conjugated with 

NeutrAvidin
FITC

 demonstrated increasing NP uptake by A549 cells up to a concentration 

of 200 µg/ml [114]. Nam et al. [118] observed a similar dose-dependent uptake of 

hydrophobically modified glycol chitosan NPs by HeLa cervical cancer cells up to 200 

µg/ml concentration. The dioctylsodium sulfosuccinate (AOT)-sodium alginate NPs 

formulated by Chavanpatil’s group [119] also showed dose-dependent uptake when 

incubated with MCF7 breast cancer cells and MCF7-ADR cells (a multidrug resistant sub-

line of MCF7). Chen et al. [120] demonstrated concentration-dependent uptake of PLGA-

PEG NPs by MCF7 cells. Further, the dose-dependent uptake of PLGA and chitosan-

modified PLGA NPs by A549 cells observed by Tahara et al. [89] is comparable to our 

results using PLGA and PLGA-CS NPs. However, contrary to our results, this group 

observed greater PLGA-CS uptake than PLGA NP uptake. This difference may have 

occurred due to differences in the chitosan concentration used for preparation as well as 

variations in formulation techniques (Figure 2.5). 

We observed a higher in vitro NP uptake of natural polymer-based NPs than 

synthetic-polymer based NPs by lung cells grown in culture. This disparity could have 

occurred due to differential uptake rates of different polymer-based NPs by cells over 

time. We previously demonstrated variation in uptake rates of PLGA-based NPs by 

different cells in a concentration and incubation time-dependent manner [88, 121]. 
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Interactions between the cell membrane and polymers could affect the uptake of NPs by 

human AT1 cells [122]. For example, the negatively-charged cell membranes would favor 

the positively-charged chitosan NPs, resulting in higher cellular uptake of these particles 

[123]. 

 

Finally, cell activation study was conducted to determine whether NP uptake by 

AT1 cells can cause oxidative stress. ROS are factors and free radicals known to cause 

Figure 2.5 Cellular uptake of all NP formulations by alveolar Type 1 epithelial cells 

was studied using BCA protein assay and fluorescence readings from NPs after 2h 

incubation with increasing NP concentrations. Dose-dependent increase in cellular 

uptake was observed with increasing NP concentration (n=3, *p<0.05 w.r.t to cellular 

uptake at 100 µg/ml) 
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oxidative stress and eventual apoptosis in cells. Inhalation of toxic substances can result 

in overproduction of ROS by the cells which in turn can cause inflammation in the lung 

[124]. In this study, ROS produced by cells cultured in media only served as a control. 

We observe that chitosan and PLGA-PEG NPs showed greater ROS production (172 and 

175 % of the control respectively) at 1000 µg/ml concentration among all the formulations 

(Figure 2.6). Treatment with Alginate NPs also triggered ROS production (132% and 

147% w.r.t control at 250 μg/ml and 1000 μg/ml concentrations respectively). Gelatin and 

PLGA NPs on the other hand triggered minimal ROS production (127 and 122 % of the 

control respectively at 1000 µg/ml concentration). LPS initiated ROS production that was 

Figure 2.6 The effect of NPs on ROS production by Alveolar Type 1 cells following a 

24 hour exposure. ROS production was calculated as a percentage of control (cells 

grown in media only). Significant ROS production was seen in cells exposed to both 

concentrations of chitosan and alginate NPs compared to the control samples. 

Significant ROS production was also observed on treatment with 1 mg/ml PLGA-PEG 

NPs (*p<0.05 w.r.t control) 
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425% of the control. Previous studies on BALB/c mice have reported the moderately 

proinflammatory properties of PEGylated nanocarriers 48h following instillation, which is 

in keeping with our in vitro study [125]. The inflammatory effects of chitosan observed by 

us also concur with previously published in vivo reports where chitosan microparticles 

caused dose-dependent inflammatory effects in rat lungs following inhalation [126, 127]. 

However this inflammation was reported to be mild compared to that induced by LPS, as 

also observed by us.  

Taken together, our results imply that gelatin and PLGA NPs possess the most 

promising characteristics as nanocarriers for pulmonary delivery of biological agents 

(Table 2.2). Both nanocarriers were within the appropriate size range for alveolar 

deposition with minimum  clearance by alveolar macrophages. Further, they showed 

excellent stability, good cytocompatibility and dose-dependent uptake by AT1 cells. Due 

to their overall promising features, both PLGA and gelatin NPs were chosen for our 

preliminary in vivo studies. 

 

Table 2.2 Comparison of physical-chemical, in vitro and in vivo characteristics of the 

formulated NPs 

Nanoparticle Natural polymer-based Synthetic polymer-based 

 Gelatin Chitosan Alginate PLGA 
PLGA-

CS 

PLGA-

PEG 

Size <200 nm Yes No No Yes Yes No 

Stability at 5 d Yes No No Yes Yes Yes 

Burst core release (2 d) <40% >40% <40% >40% <40% <40% 

Sustained core release (3 

wk) 
>80% >80% <80% >80% >80% >80% 

Time and concentration 

dependent cell uptake 
Yes Yes Yes Yes Yes Yes 

Cytocompatibility 
Up to 1 

mg/ml 

Up to 1 

mg/ml 

Up to 1 

mg/ml 

Up to 2 

mg/ml 

Up to 2 

mg/ml 

Up to 1 

mg/ml 

Pulmonary distribution of 

delivered or expressed 

protein following 

nebulization 

Less 

uniform or 

sustained 

- - 

More 

uniform and 

sustained 

- - 
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Figure 2.7  Panel A: Biofluorescence of rat lung slices fixed at 3, 5 and 7 d after 

nebulization of gelatin or PLGA based NPs loaded with YFP cDNA, compared to 

control lungs following nebulization of the corresponding NPs loaded with empty vector 

(bar=0.5 cm). The panels show increasing YFP expression up to 7 d following 

nebulization; expression was greater and more uniform using PLGA than gelatin NPs. 

Panel B: Confocal fluorescence microscopy of histological sections taken from the 

corresponding lungs shows increasing and widespread YFP expression up to 7 d post-

inhalation compared to the respective controls (bar=50 µm). 

2.3.3. In Vivo Properties of Gelatin and PLGA NPs 

A single dose of gelatin or PLGA NPs incorporating YFP DNA or recombinant 

human EPO nebulized to the lungs of anesthetized and intubated rats resulted in 

widespread and increasing fluorescence throughout lung tissues up to 7 days. The 

pattern of distribution observed in lung slices and histological sections increased from 

punctate (day 3) to diffuse (days 5 and 7) in all lobes, consistent with persistent gene 
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Figure 2.8  Panel A: Biofluorescence of rat lung slices fixed at 1, 4, 7 and 10 d 

following nebulization of gelatin or PLGA-based NPs loaded with rhodamine-

conjugated recombinant human erythropoietin (EPO-Rhodamine) compared to 

control lungs following nebulization of the corresponding empty NPs (bar=0.5 cm). 

Panel B: Confocal fluorescence microscopy of histological sections taken from the 

corresponding lungs. These panels show more sustained fluorescence up to 10 days 

post-inhalation using PLGA NPs compared to those of gelatin NPs (bar=50 µm) 

expression and YFP production by lung cells (Figure 2.7A and 2.7B). 

Similarly, a single inhalational dose of gelatin or PLGA NPs incorporating EPO-

rhodamine resulted in widespread fluorescence in lung tissue that persisted for at least 

10 days (Figure 2.8A and 2.8B). At the same delivered dose of cDNA or protein, tissue 

expression was uniform following inhalation of both protein and cDNA-loaded PLGA and 

gelatin NPs. However, uniform protein expression was observed for a longer time 

following inhalation of PLGA NPs than that following gelatin NP inhalation. 
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Although AT1 cells showed greater uptake of gelatin NPs than PLGA NPs in 

vitro, the in vivo lung tissue distribution profile was relatively similar for both PLGA and 

gelatin NPs loaded with YFP cDNA. Greater fluorescence was observed with time in lung 

slices of animals administered Rhodamine-tagged EPO encapsulated PLGA NPs than 

gelatin NPs containing the same protein. Studies have shown that cellular uptake 

decreases with increasing size and hydrophilicity of the polymeric NPs [128]. Therefore, 

the observed variation between in vitro and in vivo results could potentially be explained 

by the slightly larger size of gelatin NPs following drug encapsulation (~260 nm), which 

could result in more rapid clearance by alveolar macrophages. The inherent 

hydrophobicity of PLGA may have contributed to its greater uptake in vivo compared to 

the hydrophilic gelatin NPs. Additional factors in intact lung, such as the amount and 

physical properties of alveolar lining fluid as well as various extracellular and intracellular 

clearance mechanisms, could also have differentially influenced the distribution, 

penetration and retention of nebulized NPs in tissues. These data thus illustrate the 

importance of verifying in vitro test results with in vivo results. Our results suggest that 

PLGA and gelatin NPs can be used as potential nanocarriers for inhalational delivery of 

proteins and DNA are about equal, but PLGA NPs are more effectively retained in the 

distal lung under physiological conditions. 

Further biodistribution studies were conducted to determine the fate of the NPs 

following nebulization. PLGA NPs containing green fluorescent protein (GFP) encoding 

human erythropoietin receptor (EPOR) cDNA was nebulized into anesthetized and 

intubated animals. Fluorescence was observed in kidney and liver slices of the nebulized 

animals from day 4 until day 21 indicating that some of the NPs entered the systemic 

circulation from the lung following nebulization and were expressed in other organs 
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including the liver and kidneys (Figure 2.9). Further studies would need to be done to 

determine the route of elimination of these NPs from the body.  

 

2.3.4. Characterization of PLGA-SPIO NPs 

Our PLGA-SPIO NPs had an average size of 250+97 nm and polydispersity of 

0.22±0.01, indicating minimal particle size variation. The zeta potential of -38±0.5 mV 

imply that these particles are highly stable. Although PLGA NPs had a smooth spherical 

Figure 2.9 Biodistribution of NPs following nebulization. Panel A: Biofluorescence of 

rat liver and kidney slices fixed at 4, 8, 14 and 21 d following nebulization of gelatin 

or PLGA-based NPs loaded with Green fluorescent protein (GFP)-tagged human 

EPOR cDNA compared to those of control samples (nebulization of the 

corresponding empty NPs) (bar=0.5 cm). Panel B: Confocal fluorescence 

microscopy of the kidney cortex showing fluorescence up to 21 days (bar=50 µm). 
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Figure 2.10 TEM image of (A) PLGA and (B) PLGA-SPIO NPs. (C) FTIR spectra of 

SPIO, PLGA and PLGA-SPIO NPs (D) Comparison of hysteresis loops of bare 

SPIO and PLGA-SPIO NPs indicating a decrease in magnetization in polymer-

bound iron oxide NPs. The coercivity and remanence values remain within the 

range suitable for magnetic-based drug delivery 

morphology, PLGA-SPIO NPs had a rough, speculated shape due to the presence of iron 

oxide which was distributed on the particle surface (Figure 2.10A, B). Iron assay results 

indicated that the PLGA-SPIO NPs contain 11.8% iron by weight.  

 

FTIR spectra of PLGA-SPIO NPs (Figure 2.7C) show characteristic –OH 

stretching by the carboxylic acid groups in PLGA at 3320 cm
-1

. Other peaks 

representative of bare iron oxide NPs (Fe-O peak at 590 cm
-1

) and PLGA (C=O 

stretching at 1735 cm
-1

and C-O stretching at 1072 cm
-1

) was also observed. Magnetic 
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property of PLGA-SPIO NPs studied using SQUID magnetometry (Figure 2.7D) showed 

a decrease in saturation magnetization of PLGA-SPIO NPs compared to bare SPIO. This 

decrease occurred due to the diamagnetic property of the polymer coating [104, 129]. 

Magnetic NPs with saturation magnetization as low as 7-8 emu/g have shown attraction 

towards small magnets, which supports their experimental use as targeting contrast 

agents [130]. Further, a remanence of 0.022 and coercivity of 69.8 was observed 

demonstrating that our PLGA-SPIO NPs exhibit similar properties as bare SPIO which 

has a remanence of 0.0028 and a coercivity of 75.4.  

Stability study in DI water, FBS, saline and Gamble’s solution showed that 

PLGA-SPIO NPs maintained their initial particle size with minimal aggregation for over 5 

days (Figure 2.11A). These results are consistent with previous studies in our lab 

showing good stability of PLGA NPs in water and serum with no variation in particle size 

for up to 5 days at 37
o
C [88].  

Figure 2.11 (A) Stability studies in DI water, FBS, 0.9% saline and simulated lung fluid 

(Gamble’s solution) (n=4 each) indicating good stability of PLGA-SPIO NPs over 5 

days with minimal aggregation (B) Release of TR-A and BSA from PLGA-SPIO NPs 

indicating a bi-phasic release involving an initial burst release of 40% of encapsulated 

agent within 2 days followed by sustained release for 21 days (n=4) 
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Drug release analysis showed that both BSA and TR-A-loaded PLGA SPIO 

particles showed a burst release of about 38% of the loaded BSA and 44% of the loaded 

TR-A within 2 days. This was followed by a characteristic sustained release of 89% of 

loaded BSA and 82% of TR-A over 21 days (Figure 2.11B). Release occurs via bulk 

erosion of PLGA by the hydrolysis of its ester bonds. Previous studies have shown a 

burst release of ~68% of FITC from PLGA-iron oxide NPs within 3 hours. This was 

followed by sustained release of almost 86% FITC by 168 hours [131]. Similarly, 

dexamethasone acetate-loaded PLGA (75:25) superparamagnetic microparticles have 

shown a burst core compound release of ~60% within 1 day and sustained release of 

80% within 8 days [132]. 

 

2.3.5. In Vitro Cell Studies on PLGA-SPIO NPs 

Human dermal fibroblasts and AT1 cells maintained >90% viability when 

incubated with PLGA-SPIO particles up to a concentration of 500 µg/ml. Cell viability was 

>80% at 1000 µg/ml concentration (Figure 2.12A). Factors such as the cell line tested, 

polymer composition and SPIO concentration may  contribute to differential 

cytocompatibility. Concentration dependent uptake of PLGA-SPIO NPs by AT1 cells was 

observed within 2h of incubation with saturation of uptake occuring at 300 µg/ml NP 

concentration (Figure 2.12B). This is in keeping with previous reports of PLGA 

nanoparticle uptake by airway, gut and renal epithelial cells [133] as well as by human 

umbilical vein endothelial cells (HUVECs) [134], and the uptake of poly(dl-lactic acid-co-

α,β-malic acid)-magnetite composite NPs by human mesenchymal stem cells [135]. 

Uptake by AT1 cells was also found to saturate within 2 hours of incubation, indicating 

time-dependence of uptake (Figure 2.12C). 
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To observe the bioactivity of released therapeutic agent, EPO released from the 

NPs was studied for its activity on EPO-sensitive Ba/F3 cell lines.  Ba/F3 cells showed 

poor viability in control medium (Figure 2.12D).  While empty PLGA NPs had no 

significant effect on cell viability, the EPO in the media helped keep the cells viable. The 

Figure 2.12 (A) Cell viability studies demonstrating that PLGA-SPIO at a concentration of 

500 µg/ml were compatible with human AT1 cells (n=4, *p<0.05 w.r.t Control). (B) Dose-

dependent uptake of PLGA-SPIO NPs by human AT1 cells up to a nanoparticle 

concentration of 300 µg/ml was observed (n=4, *p<0.05). (C) Time-dependent uptake of 

PLGA-SPIO NPs (100 µg/ml) by AT1 cells over 6 h (n=4, *p<0.05) (D) Viability of EPO-

dependent Ba/F3 cells was poor in  EPO-free (RPMI) medium (control), but rescued in 

medium containing EPO, EPO plus empty PLGA NPs, or medium incubated for 5 days with 

PLGA NPs encapsulating EPO [PLGA(EPO)] (n=3, * p<0.05 vs. control) 



54 

EPO-containing supernatants obtained after 5 days’ release from the NPs also 

significantly improved Ba/F3 cell viability (56±6%) compared to the control group (<20%). 

 

2.3.6. In Vivo Studies on PLGA-SPIO NPs 

Following a single inhalation dose of PLGA-SPIO NPs, the normalized MR signal 

intensity (SI) of lung parenchyma became much lower than SI of simultaneous saline-

treated or untreated control lungs. SPIO has been used as a “negative” MRI contrast 

agent,  in the liver [136], owing to its effect of shortening the proton spin-spin relaxation 

time (T2) and causing a reduction of signal intensity on MRI. Our results demonstrate this 

effect of SPIO encapsulated in the PLGA NPs using UTE MRI (Figure 2.13).  

Figure 2.13  Signal intensity changes following inhalation of PLGA-SPIO 

nanoparticles, using UTE MRI. Upper panel: The lung in rats administered PLGA-

SPIO via nebulization showed significant darkening compared to control untreated rats 

or rats that received nebulized saline. Lower panel: At any given echo time, the 

normalized SI of lung parenchyma was lower following PLGA-SPIO inhalation when 

compared to SI of control and untreated animals 
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 Additionally, light microscopy images of Prussian Blue tissue staining  showed 

scattered distribution of iron oxide within alveolar septal cells as well as alveolar 

macrophages under light microscopy (Figure 2.14: upper panels). PLGA-SPIO NPs 

distribution within the lung cells was also visualized using TEM. (Figure 2.14: lower 

panels). 

. 

The distribution of nebulized NPs was observed in lung slices (Figure 2.12: upper 

panels) and histological sections (Figure 2.15: lower panels). The control lung (saline) 

Figure 2.14 Distribution of inhaled PLGA-SPIO NPs in rat lung. A to D: Prussian blue 

staining was negative for (A) control lung (saline inhalation) while scattered blue stains 

(arrows) were seen in the alveolar septa of animals given the nanoparticle formulation (B, 

C, D) Bar=25 µm. E to H: TEM images show the presence of NPs (arrows) in (E) alveolar 

interstitial fibroblasts (bar=1 µm), the (F) interstitium and an endothelial cell (bar=1 µm). 

Images at higher magnification show dispersed free iron particles (~5 nm) within the (G) 

interstitium and endothelium (G, bar=50 nm), and (H) within alveolar type-1 epithelium 

(bar=50 nm) 



56 

showed no distinct fluorescence while, a single inhalation of NPs containing NIR dye 

resulted in diffuse fluorescence throughout the lung 3 d after administration. A single 

inhalation of GFP-containing NPs also showed extensive peribronchial and 

peribronchiolar fluorescence up to 5 days.  A previous report of inhalational delivery of 

insulin-loaded PLGA nanospheres, had similarly demonstrated a sustained insulin 

release in the lung and hypoglycemic effect for up to 48 hours [137]. Further, a single 

inhalation of NPs encapsulating YFP cDNA resulted in diffuse and increasing 

fluorescence atleast up to 7 d. This is consistent with persistent gene expression and 

YFP production by lung cells seen by us previously following PLGA NP uptake. Our 

results are also consistent with published in vitro studies using DNA-containing PLGA-

Figure 2.15. Upper row: Biofluorescence of fixed rat lung slices at different times 

following PLGA-SPIO NP nebulization. Encapsulated compounds include : GFP or BSA-

rhodamine protein, YFP cDNA, and near-infrared (NIR) dye, compared to control (saline 

nebulization). The scattered GFP expression (5 d), increasing YFP expression (from  3, 

5, to 7 d), and diffuse NIR dye (3 d) indicate that the particles were successfully 

delivered to the lung and released their payloads at the site (bar=0.5 cm). Lower row: 

Confocal fluorescence microscopy shows scattered GFP and diffuse BSA-rhodamine 

expression at 5 d, and widespread YFP expression at 7 d after inhalation, compared to 

their respective controls (bar=50 µm) 
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polyethyleneimine (PEI) NPs (207-211 nm), which were localized to the endo-lysosomal 

compartment of lung epithelial cells within 6 hours of treatment, indicating their potential 

as gene carriers [138]. 

 

 
2.4. Summary 

To summarize, we have successfully synthesized and characterized six different 

polymeric NPs and characterized them in terms of their physical and chemical properties, 

in vitro cytocompatibility and cellular uptake as well as in vivo deposition and action of the 

core compound. Gelatin and PLGA NPs showed the smallest sizes of 187 and 160 nm 

respectively and also maintained consistent particle sizes in water, serum, saline and 

Gamble’s solution. Further they showed a bi-phasic drug release profile, although PLGA 

NPs had the highest burst release within 2 days. PLGA-based NPs showed the highest 

cytocompatibility with AT1 cells while natural polymeric NPs showed the highest uptake 

at a given concentration. Based on the results from in vitro characterization, PLGA and 

gelatin NPs showed the most favorable characteristics for pulmonary delivery. Following 

inhalational delivery of PLGA NPs, more sustained and uniform distribution of 

encapsulated proten was seen compared to those of gelatin NPs. We can thus conclude 

that PLGA NPs demonstrate the most favorable set of characteristics as carriers for 

pulmonary delivery of therapeutic agents. Further, the feasibility of PLGA-SPIO NPs as 

vehicles for in vivo inhalational administration of active biological compounds such as 

DNA and proteins was also established. These particles were characterized in terms of 

their distribution and expression within lung tissue following delivery, both by MRI and 

fluorescence imaging. Our results thus provide a proof-of-concept for the further 

development of PLGA-based nanocarriers for various pulmonary drug delivery 

applications.  
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Chapter 3 

Development of Multi-Functional Core-Shell NPs for Targeted Lung Cancer Dual Therapy 

 
3.1. Introduction 

Lung cancer is one of the leading causes of cancer-related mortality in the United 

States with a quarter of cancer-related deaths in 2014 expected to be attributed to this 

disease [14]. Factors contributing to lung cancer include excessive tobacco use, air 

pollution, genetic aspects and environmental factors [139, 140].  Up to 40% of non-small 

lung cancer (NSCLC) patients present with locally advanced and mostly inoperable 

disease. Conventional treatments are limited by temporary remission [16] and systemic 

toxicity due to non-specificity of these therapies [19, 20]. Poor overall survival rates in 

NSCLC patients may also be attributed to the intrinsic radiation resistance of many 

tumors due to increased ability to repair DNA damage after radiation therapy. Therefore, 

it is crucial to develop a system that that can provide targeted and controlled therapy for 

effective lung cancer treatment for these patients.  

Nanomedicine has been recently gaining widespread attention for cancer 

treatment due to its multiple advantages including improved drug solubility and 

bioavailability, site-specific targeting, reduced systemic toxicity due to the use of lower 

drug dosages as well as multi-functionality for diagnosis and therapy [141, 142]. 

Specifically, stimuli-responsive or ‘smart’ polymer-based nanoparticle systems are 

capable of undergoing rapid and reversible phase transitions in response to external 

stimuli such as temperature or pH changes, thereby releasing their contents at the site of 

interest “on demand” [143]. These NPs are a stepping stone towards the development of 

highly accurate and site-specific drug delivery systems. For example, a pH- responsive 

polymer- based nanoparticle can be used in a wide array of medical applications ranging 
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from delivering drugs to the acidic stomach lumen and tumor microenvironment, to 

intracellular drug delivery [144]. A temperature-sensitive polymer, on the other hand, 

could be used to deliver and release drugs in response to induced temperature changes 

at the disease site. PNIPAAm and chitosan are two commonly used thermo-responsive 

and pH-responsive polymers, respectively. However, PNIPAAm is limited by its non-

biodegradability [145]. Therefore in this project, PNIPAAm was copolymerized with the 

biodegradable carboxymethyl chitosan (CMC) to form a semi-interpenetrating network, in 

order to impart pH- and temperature-sensitivity and degradability to the final product. This 

material could incorporate with PLGA and iron oxide NPs to provide multi-functionalities 

for drug delivery applications.  As discussed in Chapter 2, PLGA-based NPs are 

promising nanocarriers that can deliver the encapsulated therapeutic agent to the lung 

and provide a sustained release of drugs over a period of time.  Also, superparamagnetic 

iron oxide can be incorporated in the NPs for MR imaging and to induce hyperthermia 

therapy [146].  

Therefore in this project, a novel multi-functional dual responsive nanoparticle 

(MDNPs) system was developed consisting of a PLGA-SPIO core and a PNIPAAm-CMC 

shell. In order to sensitize the cancer cells for effective radiation therapy, the PLGA-SPIO 

core will be encapsulated with 8-dibenzothiophen-4-yl-2-morpholin-4-yl-chromen-4-one 

(NU7441) – a highly potent radiosensitizer known to selectively inhibit DNA-dependent 

protein kinase (DNA-PKcs). As a result of the DNA-PKcs inhibition, cells are unable to 

successfully repair DNA damage and die through various mechanisms [147]. The 

NU7441 is expected to release gradually over one month from the core preventing repair 

of DNA double strand breakage by cancer cells following radiation therapy. The 

PNIPAAm-CMC shell will contain gemcitabine hydrochloride - an FDA approved 

chemotherapeutic lung cancer drug. The burst release of gemcitabine hydrochloride from 



60 

the PNIPAAm-CMC shell in response to increase in surrounding temperature and acidic 

tumor environment (low pH) will aid in chemotherapy. Further, the MDNPs will be surface 

conjugated with folic acid to actively target folate receptor-α known to be overexpressed 

in a number of human tumor cells including lung cancer cells [148]. The 

glycosylphosphatidylinositol-anchored folate receptor is known to show high affinity for 

folic acid, which it usually captures to feed the fast-dividing tumor cells [149]. Therefore, 

the innovation of this project lies in the development of a biodegradable multi-functional 

nanocarrier that can actively target lung cancer cells followed by controlled release of two 

different therapeutic agents for non-invasive and effective lung cancer therapy. The 

theranostic aspect of this nanocarrier system lies in the fact that they can also be tracked 

using MRI following administration to ensure precise delivery. 

 

3.2. Experimental section 

3.2.1. Western Blot Analysis of  Folic Acid Receptors on Lung Cancer Cells 

For this project we have compared two different lung cancer cells - A549 and 

H460 for expression of folic acid receptors. First the cells were lysed using a lysis buffer 

consisting of Tris (50 mmol/l) of pH 7.5, 1% NP40, EDTA (1 mmol/l) and a protease and 

phosphotase inhibitor cocktail (phenylmethylsulfonylfluoride (1mmol/l), sodium 

orthovanadate (0.2 mmol/l), sodium fluoride (0.1 mmol/l), aprotinin (10 μg/ml), and 

leupeptin (10 μg/ml). The lysates were sonicated, incubated in ice for 15 mins and then 

centrifuged at 12000 rpm for 10 min.  Following quantification of cell protein by Bradford 

assay (Bio-Rad, Hercules, CA), 20 μg of protein was subjected to a 10% SDS-Poly 

acrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride 

membranes and probed with Anti-folate binding protein antibodies (Abcam, Cambridge, 

MA) as per manufacturer’s instructions. Actin was used as loading control. 
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3.2.2. Analysis of Binding Efficiency of Folic Acid to Cellular Folate Receptors 

The binding of folic acid to folate receptors was studied using Resonant Sensors 

Bioassay system (Resonant Sensors Inc.(RSI), Arlington, TX). A549 and H460 lung 

cancer cells as well as AT1 cells were seeded at a density of 10,000 cells/well in RSI 

sensor 96-well plates, which were then incubated at 37
o
C for 24 hours to allow cell 

attachment. For folic acid binding efficiency studies, the cells were incubated with folic 

acid at varying concentrations (0, 0.1, 1, 5, 10, 15 µM) for 3 h in the RSI system and peak 

shift with cell binding over time was studied. The results were plotted as peak shift vs 

time where greater binding of folic acid to cells resulted in greater peak shifts. 

 

3.2.3. Development of PLGA-SPIO NPs 

The PLGA-SPIO NPs were prepared similar to the procedure described earlier. 

Briefly, 20 mg of SPIO was added to 90 mg PLGA (50:50) solution in 5 ml DCM (oil 

phase) and sonicated for 8 mins at 20 W power. This emulsion was then added dropwise 

to 20 ml of 5% (w/v) PVA solution and sonicated for another 10 mins at 50 W. Following 

overnight stirring to allow solvent evaporation, the particles were centrifuged at 1000 rpm 

for 1 min to remove unencapsulated SPIO, and the NPs in the supernatant were then 

collected via lyophilization. To carry out drug loading, NU7441 was dispersed well in the 

DCM solution containing SPIO and PLGA (oil phase). This mixture was then added to 

PVA solution as described above. 

 

3.2.4. Surface Modification of PLGA-SPIO NPs with Allylamine (AH) 

20mg of PLGA-SPIO NPs was dispersed in MES buffer (pH 4.8) by sonication at 

30W, 10 mins. This suspension was then kept for stirring and equal parts of N-(3-
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dimethylaminopropyl)-N′-ethylcarbodiimidehydrochloride (EDC) and N-hydroxy 

succinimide (NHS) were added to it. Then 130 µl of Allylamine, and 14mg of SDS were 

added consecutively every 20 minutes. The reaction was allowed to continue for 4-6 h 

and the particles were washed and isolated by centrifugation at 15,000 rpm for 20 min.  

 

3.2.5. Development of MDNPs 

The final step of the nanoparticle formulation involves formation of the PNIPAAm-

CMC shell followed by folic acid conjugation. 28mg of PLGA-SPIO-AH particles was 

dispersed in DI water by sonication at 40W for 20 mins. 58mg of NIPA, 6mg of CMC, 

13mg of N,N′-methylenebisacrylamide (BIS) and 50mg of Sodium dodecyl sulfate (SDS) 

were added consecutively every 2 mins during sonication. Then the particle suspension 

was transferred to a 125ml flask and purged with Nitrogen gas for 30 mins. Following 

addition of 0.08% (w/v) of Ammonium persulfate (APS) and 50 μl of TEMED, the  reaction 

was allowed to continue in Nitrogen gas for 4-6 h. The particles were then isolated by 

centrifugation at 15,000rpm for 20min.  

For folic acid conjugation, 0.1 % w/v folic acid solution in 5 ml MES buffer (pH 

4.7-5) was prepared. Then 20 mg of EDC and NHS was added to it every 30 mins. EDC 

activates the surface carboxyl groups on folic acid [150] and NHs stabilizes it to form an 

active ester intermediate [151]. This intermediate then covalently binds to the amine 

groups of CMC present on the PNIPAAm-CMC shell. 5 mg of the prepared MDNPs was 

then added and sonicated for 2 mins at 20 W. Shaking was continued for 24 hours 

followed by centrifugation at 15,000 rpm, 20 mins and lyophilization to obtain the MDNPs.  

For drug loading, 1mg of gemcitabine hydrochloride was incubated with 5 mg 

MDNPs at 4
o
C under shaking conditions for 3 days. Since the polymeric shell is 
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hydrophilic below LCST, the drug will be loaded into the particles by diffusion. Following 

drug loading, the MDNPs were washed multiple times by centrifugation and the drug 

loaded MDNPs were collected via lyophilization. The supernatant following centrifugation 

was collected and stored for drug loading efficiency determination. 

 

3.2.6. Characterization of MDNPs 

3.2.6.1. Physical Properties 

The MDNPs were characterized extensively to observe their particle size and 

surface charge, stimuli-responsive and magnetic properties, stability as well as drug 

release characteristics. The MDNP size, polydispersity and zeta potential values were 

obtained using DLS as mentioned in Chapter 2. Briefly, 3 ml of DI water was taken in a 

transparent cuvette and 20 µl of MDNP suspension (1mg/ml) was added to it. Following 

insertion of the cuvette in the DLS instrument, readings were taken based on scattering 

of laser light by Brownian motion of the particles. TEM (TEM, FEI Tecnai G2 Spirit 

BioTWIN, Hillsboro, OR) was used to observe the size as well as morphology of the 

particles.  A drop of 1 mg/ml nanoparticle suspension was added to a Formvar-coated 

200-mesh copper grid (Electron Microscopy Sciences, Hartfield, PA) and air-dried. The 

grid was then inserted into the holder within the TEM instrument and particle morphology 

was observed. In order to confirm the incorporation of all components used during 

synthesis, FTIR was also conducted on individual components as well as at different 

stages of nanoparticle preparation. 

 

3.2.6.2. Magnetic and Stimuli-Responsive Properties  

Following characterization of their surface properties, the MDNPs were further 

studied for their magnetic as well as stimuli-responsive properties. In order to determine 
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iron content within the particles, an iron assay was conducted as mentioned in Chapter 

2..  Additionally, the magnetic property of the particles was analyzed using a SQUID 

magnetometer.  For this study, the MDNPs were well dispersed in epoxy resin beads and 

inserted into the instrument. Their response to varying magnetic fields at room 

temperature was recorded and plotted. Finally, agarose phantoms (0.5% w/v) containing 

varying concentrations of MDNPs (0, 0.25, 0.5, 1, 2 mg/ml) were prepared to determine 

whether the SPIO within MDNPs can be visualized using MRI. All images were done on a 

7T Agilent (Varian) MRI Scanner with a build in fsems sequence. Some major 

parameters are as follows:  TR=5000ms, TE = 8.58 ms, FOV = 35 x 35mm, slice 

thickness = 1mm.  

In addition to observing magnetic properties, the temperature- and pH-

responsiveness of the MDNPs were also studied. To study pH-responsiveness, the 

particles were dispersed in solutions of varying pH at room temperature and the size was 

observed using DLS. Temperature responsiveness of the sample was also studied. 

Briefly, 5 mg/ml MDNP solution was placed in a quartz cuvette (Starna Cells, Atascadero, 

CA) and submerged in a transparent water tank. The temperature of the water in the tank 

was varied using a temperature controller with a heater and a temperature feedback 

probe. A laser light of 609 nm wavelength was then shed on the MDNP sample and the 

scattered light captured by a photomultiplier (PMT) at 90 degree angle.   A 594 nm long-

pass filter was used as the captured-light filter. The signal was averaged 100 times 

following which the peak intensity of the emission decay curve was used to calculate the 

intensity. Photographs of the nanoparticle suspension were taken before and at LCST to 

observe cloudiness of the polymer network.  
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3.2.6.3. Stability, Drug Release and Degradation Characteristics 

Variation of MDNP size on incubation with DI water, 10% FBS, saline and 

Gamble’s solution at body temperature over time was studied. Briefly, 20 µl of MDNP 

suspension of 1 mg/ml concentration was added to a cuvette containing the respective 

solution. The cuvette was incubated at 37
o
C and DLS readings were taken every 24h to 

observe changes in nanoparticle size with time. In order to perform drug release studies, 

the drug loaded particles were dispersed in 4 different solutions (37
o
C and pH 7.4, 37

o
C 

and pH 6, 45
o
C and pH 7.4, and 45

o
C and pH 6) and kept shaking at the respective 

temperatures. At pre-determined timepoints, the particles were collected using an 

external magnet and the supernatant saved for analysis. Then the particle were re-

dispersed in fresh solutions of appropriate pH and incubated at the designated 

temperatures. The amount of gemcitabine released was detected at 234 nm absorbance 

using a spectrophotometer. NU7441 release was detected at λex 470 nm and λem 520 nm 

using a spectrophotometer. Further, degradation studies were conducted on the MDNPs. 

Briefly, 4 mg/ml of nanoparticle suspension was prepared in DI water and incubated at 

37
o
C. At each time point, the particles were collected using a 1.3T magnet and the 

supernatant was removed. Following air-drying, the particle weight was measured to 

determine decrease in weight over time.  

 

3.2.7. In Vitro Cell Studies 

3.2.7.1. Cytotoxicity Studies 

With the intention of studying the cytocompatibility of our formulated MDNPs, a 

24 hours cell viability study was conducted. Human dermal fibroblasts (HDFs) and 

AT1cells were seeded at a density of 5000 cells/well in a 96 well plate and allowed to 

attach at 37
o
C and 5% CO2 for 24 hours. Then the cells were incubated with varying 
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concentrations of folic acid (0 [control], 0.1, 1, 5, 10, 15 µM) as well as MDNPs (0 

[control], 100, 250, 500, 1000, 2000 µg/ml) for 24 hours. Following incubation, the cells 

were washed with 1X sterile PBS and cell viability was assessed using MTS and 

Picogreen dsDNA assays (Life Technologies, Grand Island, NY) according to 

manufacturer’s instructions. MTS assay gives us the percentage of cells alive in each 

well compared to the controls. These findings were validated using Picogreen dsDNA 

assay which gives us the amount of total cell DNA present in each well compared to the 

control. 

 

3.2.7.2. Cellular Uptake Studies 

The effect of MDNP concentration and external magnetic field on cellular uptake 

was also studied. A549 and H460 lung cancer cells were seeded at a density of 12,000 

cells/ well in a 48 well plate and incubated overnight at 37
o
C and 5% CO2 to allow cell 

attachment. Then MDNPs at different concentrations (0, 100, 200, 300, 500 µg/ml) were 

added to each well and the wellplate was incubated at 37
o
C for 2 h. Uptake by cells 

treated with particles in the presence and absence of a 1.3 T external magnet was also 

studied. This study was also repeated with human AT1 cells as well as human bronchial 

epithelial cells (HBECs). At the end of the uptake studies, the cells were washed thrice 

with 1X PBS and lysed using 1% Triton X-100. The contents in each well were analyzed 

using iron assay to detect amount of NPs internalized by the cells. This was normalized 

against the amount of cell protein per well, determined using BCA Assay. The cellular 

uptake was also visualized using Prussian blue iron staining and fluorescence imaging 

with ICG-loaded MDNPs. For this study, the cells were first incubated with the MDNPs for 

2 h following which they were washed and fixed using 1ml of 4% paraformaldehyde 

solution. For Prussian blue iron staining, a solution consisting of equal parts of 20% v/v 
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hydrochloric acid and 10% w/v potassium ferrocyanide was freshly prepared and added 

to the fixed cells for 20 mins. The cells were then washed thrice with PBS and immersed 

in eosin stain. Then the samples were further dehydrated in 95% and 100% ethanol 

respectively following which they were observed under a bright field microscope. To 

visualize uptake of ICG-loaded particles, the fixed cells were washed following a 2 h 

incubation with the NPs and then visualized using an enhanced fluorescent optical 

microscope (Nikon Eclipse TI, Nikon Instruments Inc., Melville, NY) 

A mechanism of uptake study was also conducted to determine the pathway 

used for uptake of the MDNPs by A549 and H460 cells. Following cell attachment by 

overnight incubation, the cells were first exposed to different endocytic inhibitors –10 

μg/ml chlorpromazine to inhibit clathrin-dependent endocytosis, 1 μg/ml filipin III to inhibit 

caveloae-dependent endocytosis and 50 μM amiloride to inhibit micropinocytosis. 

Following 1 h incubation with these inhibitors, the cells were washed and treated with 500 

µg/ml MDNP suspension for 2 h. This NP concentration was chosen based on the 

concentration at which saturation of cellular uptake had occurred in A549 and H460 cells.  

 

3.2.7.3. Cell Activation Studies 

The in vitro ROS production and cellular cytokine expression of AT1 cells in 

response to treatment with MDNPs was studied using methods described in Chapter 2, 

Section 2.2.6. To study cytokine production, the concentration of interleukin-1 alpha (IL-

1∞), interleukin-1 beta (IL-1β), interleukins 2, 4, 6, 8, 10, 12, 10A, and tumor necrosis 

factor-alpha (TNF-α) in the medium was measured using Multi-Analyte ELISAArray Kit 

(SA Biosciences, Frederick, MD) according to the manufacturer's directions.  
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3.2.7.4. In Vitro Clonogenic Assays 

In order to study the in vitro therapeutic efficacy of MDNPs, A549 and H460 cells 

were first seeded in 60 mm petridishes and in vitro clonegenic assays were performed 

similar to the procedure described previously [152]. A clonogenic or colony formation 

assay is highly sensitive and cost efficient compared to LDH, DNA and MTT assays, 

especially when studying monolayer cultures in vitro [153]. Three treatment groups 

(Control, MDNPs without drug and MDNPs with drug) and two temperatures (37
o
C and 

43
o
C) were used for this study. Following cell seeding, the cells were exposed to either 

media (control) or the respective MDNP suspensions.  Then the dishes assigned to the 

37
o
C group were placed at 37

o
C undisturbed for 10 days. Dishes assigned to 43

o
C group 

were placed at this temperature for 1 hour following which they were moved to 37
o
C and 

incubated for 10 days undisturbed. This was done as the cells would die due to 

hyperthermia if exposed to 43
o
C for long periods of time. At the end of the 10-day 

timepoint, the cells were washed well with PBS, fixed and stained using crystal violet 

staining. The number of colonies in each dish was then counted using a light microscope.  

 

3.2.8. Hemocompatibility Studies 

3.2.8.1. Hemolysis Analysis 

In order to assess blood compatibility, a hemolysis assay was conducted on the 

MDNPs. Human whole blood in acid citrate dextrose anticoagulant (ACD) tubes was 

used for the studies.  First two tubes of blood were taken and 0.9% saline and distilled 

water was added to prepare the negative and positive controls respectively. Distilled 

water is hypotonic to RBCs and this causes them to rupture. MDNPs at varying 

concentrations (0, 100, 200, 300, 500 µg/ml) were placed in 1.5 ml Eppendorf tubes and 

200 µl of the saline-diluted blood was added to them. The tubes were then shaken gently 
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at 37
o
C for 2h. Following centrifugation at 1000 g and 10 mins, 200 µl of the supernatants 

were added to a 96 well plate and absorbance readings were taken at 545 nm to 

compare percentage of hemolysis for the experimental groups in comparison with the 

positive and negative controls. The percentage of hemolysis was calculated using the 

equation below:  

  ℎ 𝑚 𝑙 𝑠 𝑠  
                     

(                                       )
x 100% 

 

3.2.8.2. Whole Blood Clotting 

The kinetics of whole blood clotting when exposed to our MDNPs was studied.  

First 0.1M of calcium chloride (CaCl2) solution was added to 8.5 ml of ACD blood to 

initiate blood coagulation. 50 µl of this activated blood was then added to MDNP samples 

of varying concentrations (0 [control], 100, 200, 300, 500 µg/ml) and incubated at room 

temperature. At pre-determined time points (10, 20, 30, 50 mins), 1.5 ml of DI water was 

added and the samples were incubated for 5 mins more. This step was performed to lyse 

red blood cells (RBCs) that had not been involved in clot formation. The supernatant thus 

obtained contained lysed RBCs which were measured at an absorbance wavelength of 

540 nm using a spectrometer. The blood clotting kinetics was also observed visually.  

 

3.2.9. In Vivo Investigation 

3.2.9.1. Acknowledgements 

 The intratumoral injections and histology following the MRI studies were done by 

Elizabeth Hernandez and Leah Gandee respectively from Dr. J.T. Hsieh’s laboratory at 

UTSW. MRI was performed by Dr. Shanrong Zhang from Dr. Masaya Takahashi’s 

laboratory at UTSW. For the study on therapeutic efficacy of MDNPs, the intratumoral 
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injections were performed by Dr. Zhang Zhang while tumor irradiation and excision were 

done by Dr. Debabrata Saha at UTSW. 

 
3.2.9.2. In Vivo Imaging 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the UTSW. For our preliminary in vivo study, H460 tumors were 

induced in the hind limbs of female athymic nude mice. The animals were monitored in 

terms of their weights, and tumor volume. When the tumor volume reached about 

100mm
3
, they were imaged using non-invasive MRI with a 4.7T Varian small animal 

scanner. Multi-echo multi-slice T2 images (TR = 2500 ms; TE = 10 ms; field of view of 

40 mm × 40 mm; matrix = 256 × 256; slice thickness = 1 mm) were obtained. Then the 

animals were randomly assigned to different groups: control, unconjugated MDNPs, folic 

acid-conjugated MDNPs. Intratumoral injection of MDNPs was done to mimic the 

localized delivery of particles seen following nebulization to the lungs. 24 hours post 

particle injection, the animals were imaged again using MRI.  Then the animals were 

sacrificed and Prussian blue staining done on the tumor sections to detect the presence 

of iron oxide. The MR imaging of animals was also used to confirm if more  folic acid-

conjugated MDNPs will be retained in the tumor region compared to the unconjugated 

MDNPs.  

 

3.2.9.3. In Vivo Therapeutic Efficacy 

The animal procedure for this study was approved by the IACUC at UTSW. In 

order to establish the therapeutic efficacy of the MDNPs, female athymic nude mice were 

injected with 1 x 10
6 

H460 cancer cells in the hind limbs and tumor volume and weight 

were measured over time. Once the tumor reached 100 mm
3 

volume, the mice were 
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randomly assigned to the different groups (Sham control, Drug cocktail, Drug cocktail + 

Radiation, MDNPs without drugs, MDNPs with drugs + Radiation). All animals were 

anesthetized by 1% isoflurane inhalation following which they were administered the 

different solutions by intratumoral injections. Intratumoral injections have also been 

adopted previously by other research groups to study the localized therapeutic efficacy of 

NPs for inhalational drug delivery [19, 154, 155]. Therefore this method of administration 

was chosen to mimic localized delivery of NPs which will be seen following inhalation. 

The injections were given on alternate days for 2 weeks. Tumors requiring radiation were 

treated with a radiation dose of 2 Gy per treatment day (Source to Surface Distance – 

20cm, Dose rate – 16.64 Gy/min ) using an X-RAD320 (Precision X-Ray, North Branford, 

CT) biological irradiator. 24 hours following injection, for the duration of the study. Tumor 

volumes and animal weights were measured and recorded prior to the injections at each 

timepoint. 

 

3.3. Results and Discussions 

 3.3.1. Western Blot and Folic Acid Binding Efficiency 

Western blot results demonstrated that the folate receptors are overexpressed on 

both A549 and H460 lung cancer cells (Figure 3.1A). This is in concurrence with previous 

studies which had also confirmed folate receptor expression on H460 cells using Western 

blot [156]. However, A549 has previously shown only low levels of folate receptor 

expression [157]. This is in concurrence with folic acid binding results obtained by us 

using the RSI system. Our studies with the RSI instrument indicated minimal peak shift 

on incubating AT1 cells with folic acid (Figure 3.1 B). This peak shift was also not 

dependent on the concentration of folic acid. On the other hand, H460 cells had 

comparatively larger peak shifts than both A549 and ATI cells (Figure 3.1C, D). The 
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larger peak shifts of H460 compared to A549 and AT1 cells indicate that H460 cells have 

more affinity for binding to folic acid. When the components within the RSI sensor well 

plates are illuminated with an incident broadband light, light of a specific wavelength gets 

reflected or transmitted back from it. When folic acid binds to H460 and A549 cells, a shift 

occurs in the resonance wavelength emitted from the plate. This shift is used to quantify 

the binding of folic acid onto the cells. 

B 

C D 

Figure 3.1 (A) Western blot results indicating the overexpression of folate α receptors 

on both H460 and A549 lung cancer cells. RSI bioassay system results demonstrating 

that (B) there is no dose-dependent increase in peak shift on treatment of human AT1 

cells with folic acid. An increase in peak shift was observed for both (C) A549 and (D) 

H460 cells compared to their respective controls (0 µM) indicating folic acid binding to 

cell surface receptors. H460 cells showed a comparatively larger peak shift indicating 

greater affinity for folic acid (n=4) 
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3.3.2. Characterization of MDNPs 

DLS results at each step of nanoparticle formulation indicate that PLGA-SPIO 

NPs had a hydrodynamic diameter of 230 + 98 nm while NPs following AH surface 

modification, and MDNPs had an average size of 262 + 79 nm and 289+ 49 nm 

respectively. The NPs were highly stable at all steps of synthesis, which is evident from 

the high zeta potential values of  -12, -18 and -36 mV observed for PLGA-SPIO NPs, AH-

modified PLGA-SPIO NPs and MDNPs respectively. The polydispersity ranging from 0.12 

to 0.32 indicate that the particles are well-dispersed (Table 3.1).  

 

Table 3.1: Size, surface charge and polydispersity values of the NPs at different stages of 

preparation 

 

The TEM images established that the particles were in the 250-280 nm size 

range and had smooth, spherical morphology (Figure 3.2A). The core-shell structure of 

MDNPs and their expected behavior at LCST and acidic pH have been represented in 

Figure 3.2B. 

 

 

 

 Diameter (nm) Polydispersity Zeta potential (mV) 

PLGA-SPIO NPs 230 + 98 0.22+ 0.40 -12 

AH-modified PLGA-

SPIO NPs 
262 + 79 0.12 + 0.23 -18 

MDNPs 289 + 49 0.32 + 0.31 -36 
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The successful incorporation of all components within the MDNPs was confirmed 

using FTIR as shown in Figure 3.3. The OH stretching characteristic of COOH groups in 

Figure 3.3 FTIR spectra of (A) individual components and (B) each step of nanoparticle 

synthesis demonstrating that all the components have been incorporated in the final 

nanoparticle system 

 
Figure 3.2 (A) TEM image of MDNPs showing smooth spherical morphology in the range 

of 250-280 nm. (B) A schematic representation of the MDNPs demonstrating their 

behavior in response to changes in surrounding temperature and pH and over time. The 

gemcitabine hydrochloride encapsulated within the shell was released promptly with 

temperature and pH change while slow, sustained release of NU7441 occurs from the 

PLGA core over time 
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PLGA can be seen in PLGA-SPIO NPs as well as AH-modified PLGA-SPIO NPs 

between 3200–3300 cm
-1

. The incorporation of SPIO was confirmed at all stages of 

synthesis by the distinctive peak observed between 530 to 570 cm
-1

. Further, the peaks 

at 1720 cm
-1 

for PLGA-SPIO NPs and 1750 cm
-1

 for AH represent the carbonyl groups 

seen in ester linkages within PLGA. The FTIR spectra for AH-modified PLGA-SPIO NPs 

also shows a distinct peak at 1560 cm
-1

 for C=ONH2 which represents successful 

coupling of Allylamine with the PLGA surface. The amide peaks at around 1670 cm
-1

 for 

both MDNPs and folic acid-conjugated MDNPs are characteristic for both chitosan and 

PNIPAAm. Further, peaks at around 1590 cm
-1

 indicate asymmetric stretching vibrations 

of COO
-
 due to the presence of carboxymethyl groups on the chitosan component. CH2 

peaks of PNIPAAm are also visible at 2920 cm
-1

. Folic acid conjugation was confirmed by 

the presence of an aromatic ring stretch at 1430 cm
-1

. 

 

3.3.3. Magnetic Property and Stimuli-Responsiveness of MDNPs 

The iron content of MDNPs was observed to be about 47%. The magnetic 

properties were studied both visually as well as using a SQUID magnetometer. It was 

observed that the NPs dispersed in DI water could rapidly move in the direction of the 

applied 1.3T magnet as evident from Figure 3.4A (inset). The hysteresis loop for MDNPs 

showed that the particles retained their magnetic properties with a remanence of 6.45 

(Mr/Ms) and coercivity of 52.6 Oe. Bare SPIO on the other hand showed a remanence of 

7.16 (Mr/Ms) and coercivity of 66.7 Oe (Figure 3.4 A). This decrease in magnetic 

properties could be due to the generation of a diamagnetic moment by the polymer 

coatings [104]. However, particles with similar or lower magnetization have been 

successfully used previously for MRI and drug delivery [158], indicating the feasibility of 
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our NPs in magnetic field-based drug delivery applications such as magnet-based 

targeting and MRI. 

Further, T2-weighted images of MDNPs-containing agarose phantoms showed 

darker negative contrast with increasing concentration of MDNPs (Figure 3.4 B). The 

percentage drop in MR signal intensity of the phantom with increasing MDNP 

concentrations was calculated and compared to the control (agarose only). It was 

observed that there was almost 87% decrease in signal intensity in the case of agarose 

Figure 3.4 Magnetic properties of MDNPs. (A) Hysteresis loop indicating 

superparamagnetic property of MDNPs. Magnetic behavior of MDNPs on application 

of 1.3 T magnet could be observed visually (inset) (B) MR images of agarose 

phantoms containing (1) Agarose only (2) MDNPs without iron oxide, (3) 0.25 mg/ml 

MDNPs, (4) 0.5 mg/ml MDNPs, (5) 1 mg/ml MDNPs, (6) 2mg/ml MDNPs (C) MR 

signal intensity drop observed with increasing concentration of MDNPs compared to 

the control (agarose only) 
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phantoms containing 2 mg/ml MDNP while 0.25mg/ml, 0.5 mg/ml and 1mg/ml MDNP 

concentrations caused the signal intensity to drop by 36%, 55% and 75% respectively 

compared to the control (agarose phantom only) (Figure 3.4C). This is in agreement with 

previous results from our lab where an SPIO containing core-shell NP formulation 

showed drops in signal intensity as the NP concentration increased from 0.3 mg/ml to 0.6 

mg/ml [104].   

In order to ascertain the stimuli-sensitive properties of our NPs, two studies were 

performed. DLS studies performed to determine pH sensitivity showed a significant 

decrease in particle size from pH 7 to pH 5 indicating that the particles shrink in response 

to acidic pH environment (Figure 3.5A). This is in keeping with the findings of Li et 

al.[159], who had synthesized chitosan-graft-PNIPAM hollow spheres which 

demonstrated significantly smaller sizes between pH 4.5 and 6.5 and larger sizes at more 

acidic and basic solutions. The ionization of chitosan chains at low pH and their rapid 

deprotonation at basic pH could result in instability in the system leading to possible 

swelling and eventual aggregation [160]. Further, LCST measurements confirmed that 

A B 

Figure 3.5 (A) Significant decrease in MDNP size observed with change in environmental pH 

from 7 to 5  (n=4, *p<0.05 w.r.t particle size at pH 7) (B) MDNPs demonstrated temperature-

sensitive behavior with LCST at 40
o

C. No significant variation in LCST was observed with 

pH.  LCST changes could be observed visually (in set) 
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the PNIPAAm-chitosan shell can undergo rapid, reversible phase transition at an LCST of 

43
o
C. In addition, a distinct cloudiness in the PNIPAAm-CMC NP suspension was 

observed at around 43
o
C while it remained clear below this temperature (Figure 3.5B). 

Therefore it was confirmed that the LCST of PNIPAAm-CMC is achieved at 43
o
C. pH was 

found to have no effect on the LCST of the particles. 

 

3.3.4. Stability, Degradation and Drug Release Kinetics of MDNPs 

Particle size measurements over a period of 5 days indicated that the MDNPs 

remained relatively stable in DI water, media containing 10% FBS, 0.9% saline and 

Gamble’s solution (Figure 3.6A). There was only about 30% decrease in particle size by 

the end of the experiment (day 5). About 25% reduction in particle size was observed in 

all solutions by day 3. This was consistent with our degradation study results where 20% 

decrease in particle weight was observed by day 3 (Figure 3.6B). This indicates that the 

MDNPs would remain stable in various solutions including body fluids without undergoing 

Figure 3.6 (A) Stability studies indicating minimal particle size variations for MDNPs 

incubated in DI water, media (10% serum), 0.9% saline and Gamble’s solution over 

a period of 5 days. (B) MDNP degradation studies showing decrease in particle 

weight by 63 % in 27 days. (n=4) 
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significant aggregation. Further degradation studies showed that the MDNP weight had 

decreased to 76 % of its initial weight in 5 days. There was a gradual decrease in weight 

to 37% of its initial weight by day 27. This indicates that the particles had undergone slow 

and gradual degradation with time. 

Further, drug release kinetics of the MDNPs was tested at different temperatures 

- 37oC (physiological temperature) and 45oC (hyperthermia temperature) and at 

solutions of different pH – 7.4 (physiological pH) and 6.0 (pH prevalent in acidic tumor 

microenvironment). The loading efficiency observed for NU7441 and gemcitabine 

hydrochloride was 52% and 88% respectively. The gemcitabine hydrochloride loaded in 

the PNIPAAm-CMC shell showed temperature- and pH-dependent release and achieved 

100% release at 45
o
C, pH 6 within 2 days. At 45

o
C and pH 7.4, only 85% of the 

encapsulated gemcitabine was released. Release under 37
o
C (pH 6 and 37oC, pH 7.4 

and 37
o
C) conditions was found to be 82% and 52% respectively (Figure 3.7B). There 

was sustained release of NU7441 from the core with about 70% release at  37
o
C and 

Figure 3.7 (A) Sustained release of NU7441 was observed from the PLGA core for 21 

days. This bi-phasic release is characteristic of PLGA. (B) Gemcitabine hydrochloride 

loaded in the PNIPAAm-CMC shell showed temperature- and pH-dependent release with 

maximum release at 45
o

C and pH 6 
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about 90% release at  45
o
C (Figure 3.7A). However the bi-phasicNU77441 release 

pattern observed is characteristic of PLGA NPs [88] indicating that the release was 

dependent chiefly on PLGA degradation and subsequent drug diffusion rather than on the 

stimuli-sensitiveness of the PNIPAAm-CMC shell.  

 

3.3. 5. In Vitro Cell Studies 

In vitro cytocompatibility studies using MTS assays on HDFs and AT1 cells 

indicated folic acid was non-toxic even at high concentrations of 10 µM (Figure 3.8A). 

Figure 3.8 In vitro folic acid cytocompatibility studies on HDFs and AT1 cells using (A) MTS 

assays (B) Picogreen dsDNA assays indicating good cell viability up to10 µM concentration. In 

vitro cytocompatibility of MDNPs using (C) MTS and (D) Picogreen dsDNA assay also 

demonstrated that cells were viable up to a high concentration of 1 mg/ml (n=4, *p<0.05 w.r.t 

cell viability in 0 μg/ml group [Figures 3.8 A and C] or DNA content in 0 μg/ml group [Figures 

3.8 B and D]) 
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This was confirmed using Picogreen dsDNA assay which showed that the total DNA 

content in samples treated with 10 µM folic acid was similar to that of control samples (0 

µM) (Figure 3.8C). The MDNPs also showed cytocompatibility with HDFs and AT1 cells 

up to 1 mg/ml concentration. At all concentrations, 80% or more of the cells were viable 

indicating that the particles are relatively non-toxic (Figure 3.8B). DNA assay results also 

demonstrated that >80% DNA content in each well was retained up to 1 mg/ml MDNP 

concentration. However a decrease in DNA content was observed in samples treated 

with 2 mg/ml MDNP concentration. (Figure 3.8D).  These results confirm that the MDNPs 

are cytocompatible in vitro up to 1 mg/ml concentration. 

Cellular uptake studies were conducted using normal lung cells (AT1 cells and 

HBECs) as well as A549 and H460 lung cancer cell lines to determine the optimal MDNP 

concentration that can be taken up by the cells. Our results demonstrated that for AT1 

cells and HBECs, there is magnetic-field dependent uptake and dose-dependent 

concentration of 300 μg/ml and 200 μg/ml respectively. However, this uptake is much 

smaller than what was observed in the case of A549 and H460 cells. In the case of both 

cancer cell lines concentration-dependent uptake was observed. Further, dependence of 

cellular uptake on applied external magnetic field was also studied. It was observed that 

a significantly higher cellular uptake of MDNPs occurred in the presence of a 1.3 T 

magnet for both A549 and H460 cells. Thus this study verified that cellular uptake of 

MDNPs by A549 and H460 cells was both concentration- and magnetic field-dependent 

(Figure 3.9A, B). On the other hand, uptake by healthy alveolar and bronchial epithelial 

cells was observed to be minimal with greater uptake occurring under the influence of an 

externally applied 1.3 T magnetic field. 
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In addition, a mechanism of uptake study was conducted to determine the route 

of uptake of our MDNPs by A549 and H460 cells. As shown in Figure 3.10, it was 

observed that MDNP uptake was significantly reduced when A549 and H460 cells were 

treated with filipin (60% and 45% reduction respectively). This indicates that caveolae-

mediated endocytosis played a key role in the uptake of our particles. Our results are in 

accordance with previous findings which show that folic acid binds to folate receptors, 

which are thought to be clustered around invaginated caveolae on the cell surface. 

Figure 3.9 In vitro cellular uptake of MDNPs by (A) AT1 cells and Human bronchial 

epithelial cells (HBECs) demonstrating magnetic field-dependent uptake of MDNPs up to 

300and 200 μg/ml MDNP concentration respectively. The MDNP uptake by (B) A549 

and H460 lung cancer cells was dependent on NP concentration and on externally 

applied magnetic field (1.3T) (n=4, *p<0.05) 

A 

B 
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Following ligand binding, the caveolae pinches the neck region and releases the folic acid 

into the cytosol. Then it reopens at the cell surface to enable further ligand binding. This 

method of endocytosis is also known as potocytosis [55]. Significant decrease in uptake 

was also observed in cells treated with chloropromazine indicating that clathrin-mediated 

endocytosis also plays a role in MDNP uptake. However greater inhibition of MDNP 

uptake occurred on cells treated with filipin than with chlorpromazine. This is similar to 

the results obtained previously by our lab where RGD-conjugated core-shell NPs were 

primarily taken up by caveolae mediated endocytosis in B16F10 skin cancer cells, 

although other uptake pathways also played some role in particle uptake [104].  

 

Figure 3.10 Mechanism of MDNP uptake by A549 and H460 cells. Significant reduction in 

MDNP uptake was observed in cells treated with filipin inhibitor suggesting that caveolae-

mediated endocytosis played a key role in the uptake. Also some decrease in cellular 

uptake was observed in H460 and A549 cells treated with chlorpromazine suggesting 

that clathrin-mediated endocytosis may have also played a role in MDNP uptake(*p<0.05 

compared to Untreated group) 
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3.3.6. In Vitro Clonogenic Studies 

To assess the therapeutic efficacy of our MDNPs, a colony forming study was 

also conducted. The number of cell colonies in each group was counted at the end of the 

study. No significant cell death was observed when compared to the controls, when A549 

and H460 cells were incubated with MDNPs not loaded with drugs at both 37 and 43
o
C. 

Some cell death was observed in the control and MDNPs (no drug) groups exposed to 

43
o
C and this might be due to hyperthermia (~80% cell death for H460 cells and ~60% 

cell death for A549 cells). However drug-loaded MDNPs showed significant reduction in 

cell proliferation at 43
o
C with only 10% colonies compared to control group at 37

o
C in the 

case of A549 cells and only 7% colonies compared to control at 37
o
C for H460 cells. On 

the other hand, A549 and H460 cells treated with drug-loaded MDNPs at 37
o
C showed 

19% and 14% colonies respectively compared to the control at 37
o
C (Figure 3.11).  

Figure 3.11 Colony forming study indicating that MDNPs not loaded with drugs did not 

have significant effects on (A) H460 and (B) A549 cell viability. Drug-loaded MDNPs 

on the other hand significantly reduced cell proliferation especially at 43
o

C (LCST of 

the MDNP shell) indicating the chemotherapeutic effect of MDNPs on the cancer cells 

(n=4, *p<0.05 w.r.t control at 37
o
C) 
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3.3.7 Visualization of MDNP Uptake by H460 cells 

Based on all the results obtained so far, H460 cells seemed to show greater 

affinity towards uptake of MDNPs. Greater folic acid binding was observed on H460 cells 

using RSI system. Also these cells showed greater dose- and magnetic-field dependent 

uptake. Therefore H460 cells were chosen for our further studies. In order to visualize in 

vitro uptake of MDNPs by H460 cells, Prussian blue and eosin staining was done. The 

particles could be clearly visualized within the H460 cells using bright microscope (Figure 

3.12A). Further ICG-loaded particles were internalized by H460 cells and clearly 

visualized using a fluorescence microscope (Figure 3.12B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Visualization of MDNP uptake by H460 cells by (A,B) Prussian blue 

and Eosin staining  and (B) Fluorescence imaging using ICG-loaded MDNPs 
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3.3.8 Cell Activation Studies  

Cell activation studies were conducted by incubating MDNPs with AT1 cells for 

24 hours following which cytokine and ROS production from the exposed cells was 

analyzed. The media from each tested group (i.e., control, 0.25 mg/ml MDNPs, 1 mg/ml 

MDNPs) was collected for the cytokine ELISA.  The cells stimulated using LPS (positive 

control) produced 0.25 ng/ml IL-6, 1.27 ng/ml IL-8, 0.24 ng/ml IL-10 and 0.11 ng/ml TNF-

α inflammatory cytokines.  In comparison, 0.25 mg/ml MDNPs showed significantly lower 

amount of, IL-6, IL-8 and IL-10 production and negligible amounts of TNF-α was released 

(Figure 3.13A). Even at a high MDNP concentration of 1 mg/ml, only 0.07 ng/ml IL-6, 

0.73 ng/ml IL-8, 0.05 ng/ml IL-10 and 0.02 ng/ml TNF-α cytokines was produced by the 

cells, which was significantly lower than the amounts produced by LPS stimulation.  

The selected cytokines were studied in our research as they play major roles in 

inflammatory reactions. For example, IL-6 is known to be produced on exposure to acute 

air pollutants while IL-10 is a regulatory cytokine known to decrease inflammatory 

responses by inhibiting production of other inflammatory cytokines [161]. In addition, IL-8 

is known to be released in response to airway inflammation although the  mechanism is 

unknown [162], while TNF-α is also commonly produced by alveolar epithelial cells in the 

case of acute inflammation and injury [163]. Our results agree with previously published 

works on PLGA core-PNIPAm shell NPs which did not stimulate TNF-α production in 

THP1 monocytic cell line at a high concentration of 5 mg/ml [162]. Significant TNF-α 

production was observed in the THP1 cells treated with LPS in this study, which was also 

observed by us in our study [164]. Similarly, the ROS produced by the cells on exposure 

of 1 mg/ml MDNPs was only 16% of the ROS produced by them on LPS treatment 

(Figure 3.13B). These results indicate that MDNP uptake does not cause significant cell 

activation or initiate significant inflammatory reactions in the cells.  
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3.3.9 Hemocompatibility Studies 

Due to the presence of alveolar-capillary interface in the lungs, a few of the 

administered NPs could enter the blood stream over time. Therefore it is essential that 

Figure 3.13 Cell activation study using AT1 cells. (A) Inflammatory cytokine release from 

cells following 24h exposure to MDNPs at two concentrations: 0.25 mg/ml and 1mg/ml. 

Significantly smaller quantities of IL-6, IL-8, IL-10 and TNF-α were produced compared to 

the positive control (LPS stimulated cells) (n=4, *p<0.05 w.r.t cytokine production by LPS-

treated cells) (B) ROS production  from cells was found to be about 16% compared to LPS 

control even at a high MDNP concentration of 1000 μg/ml 
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they maintain good blood compatibility to avoid clot formation or other adverse 

inflammatory reactions. The hemolytic property of administered drug carriers should be 

studied extensively to ensure that they do not lyse RBCs resulting in hemoglobin release. 

This release could result in several critical consequences including development of 

anemia, jaundice, acute renal failure and eventual death [165, 166]. Studies have shown 

that formulations causing <10% hemolysis is considered to be non-hemolytic [165]. Our 

hemolysis study results showed that less than 2% hemolysis occurred even at 500 µg/ml 

MDNP concentration, indicating that these particles were non-hemolytic. Visual 

observation also showed reddening of the solution for the positive control indicating 

hemolysis while no visual indication of hemolysis could be seen for the negative control 

and experimental groups (blood exposed to 100, 200, 300 and 500 μg/ml MDNP 

concentration) (Figure 3.14A, B).   

Further, blood clotting studies were conducted to ensure that the MDNPs will not 

promote clot formation on entering the blood stream. DI water addition causes lysis of 

unclotted RBCs in the samples. The hemoglobin released from these lysed RBCs can be 

quantified at 540 nm absorbance wavelength using a spectrometer. Therefore, the 

absorbance readings obtained at 540 nm is inversely proportional to clot formation. As 

seen in Figure 3.14C, the absorbance values for all experimental samples decreased 

gradually indicating clot formation in the tubes aligning with time. The MDNPs at varying 

concentrations ranging from 100 to 500 µg/ml showed the same blood clotting rate as the 

control group (whole blood not exposed to NPs).  This was visually confirmed as shown 

in Figure 3.14D, where the solution for control group and 500 µg/ml group had 

comparatively clearer supernatants at 60 mins than at other time points. The clot 

formation is clearly visible in both experimental groups during the 30 and 60 min 

timepoint. 
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3.3.10. In Vivo Investigation 

 
3.3.10.1 In Vivo Imaging 

 Tumors were visualized before and 24 hours after intratumoral injection of 

MDNPs into H460 tumor bearing mice. The darkening of the tumor region 24 hours 

Figure 3.14 (A) Hemolysis study showed that less than 2% hemolysis occurred even at 

an MDNP concentration of 500 µg/ml indicating that the particles are non-hemolytic. (B) 

Visual observation confirmed that minimal hemolysis occurred in negative control and 

other experimental groups while distinct reddishness was seen in the positive control 

group. (C) Blood clotting studies indicated that the amount of hemoglobin in the blood 

exposed to varying MDNP concentration decreased at the same rate as the control 

(blood not exposed to MDNPs). (D) Visual observation of the blood clotting study 
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following injection of the folic acid-conjugated MDNPs can be clearly visualized (Figure 

3.15 A,B,C, D). T2 signal intensity in the tumors was found to drop significantly by 30% in 

animals treated with folic acid-conjugated MDNPs compared to the tumor signal intensity 

before treatment.  On the other hand, control (untreated) animals and the animals treated 

with unconjugated MDNPs showed signal intensity drops of about 3.5% and 12% 

Figure 3.15 (A,B) MR images of the control group before and after saline injection. (C,D)  MR 

images of animals treated with folic acid-conjugated MDNPs before and after injection. A 

distinct darkening of the tumor was observed post injection. (E) Significant T2 signal intensity 

drop was observed in the case of folic acid-conjugated MDNPs indicating that there was greater 

negative contrast compared to the pre-injection scans, due to the presence of iron oxide in the 

tumor. (F,G,H)  Prussian blue staining on the tumors (10x magnification).  More blue regions 

(arrows) seen in the folic acid-conjugated MDNPs group indicating presence of greater amount 

of iron oxide as the MDNPs contained iron oxide 
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respectively compared to the intensity before treatment (Figure 3.15 E). These results are 

in agreement with previous studies done in our lab where R11-conjugated 

thermosensitive NPs showed greater retention in prostate tumors in vivo than 

unconjugated NPs, 24 hours after administration [167]. 

Prussian blue staining of the tumors was carried out and the sections were 

visualized at 10x magnification. More iron could be seen in the tumor sections treated 

with folic acid-conjugated MDNPs compared to sections treated with unconjugated 

MDNPs (Figure 3.15 F, G, H), 24 hours post treatment. This indicates that the folic acid-

conjugated MDNPs were retained longer in the tumor following administration. 

 

3.3.10.2. In Vivo Therapeutic Efficacy 

Further, the efficacy of drug-loaded MDNPs was studied in H460-tumor bearing 

athymic nude mice. For RT, the mice were placed under anesthesia in the X-RAD320 

chamber and a probe was used to deliver the radiation dose specifically to the tumor. In 

this preliminary proof-of-principle study, the external tumor volume of all animals was 

measured prior to the injections for the duration of the study and plotted as a percentage 

of initial tumor volume (Figure 3.16 B, C). It was observed that the tumors in control 

(sham) group grew exponentially to 6000% of their initial volume within 12 days. On the 

other hand, tumors in ‘MDNPs only’ (not drug-loaded) group and ‘drug cocktail’ 

(NU7441+Gemcitabine) group grew to ~2400% and ~1200%of their initial volumes 

respectively. The comparatively slower tumor growth rate in the ‘MDNPs only’ group 

compared to the sham control group could be due to possible release and subsequent 

toxicity of SPIO from the particles. This can be overcome by replacing SPIO with FDA-

approved Feraheme or other MR contrast agents such as manganese or gadolinium for 

future studies. The tumor inhibitory effect of the drug cocktail can be attributed to 

Cl 
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therapeutic effect of gemcitabine hydrochloride which was released from the shell. On 

providing RT only, the tumor growth on day 12 was only 535% of the initial volume.  

However significant inhibition of tumor growth was observed in ‘drug cocktail + 

RT’ group and ‘drug-loaded MDNPs+RT’ groups whose tumor volumes at day 12 were 

506% and 377% of their initial tumor volumes respectively (Figure 3.16 C). This indicates 

that the drug-radiosensitizer combination used in our study is effective in slowing down 

tumor growth when used in combination with RT. Our particles could potentially 

overcome the systemic side effects that may occur on administering the free drug cocktail 

[168]due to its controlled release properties and targeting capabilities. The targeting 

capabilities of the MDNPs have already been confirmed using in vivo MRI were folic acid-

conjugated particles were retained longer in the tumor. Following treatment, the animals 

were sacrificed and the tumors excised for ex vivo volume measurements (Figure 3.16 D) 

and visual observation (Figure 3.16 E). It could be clearly seen that tumors of animals 

treated with drug loaded particles + RT were significantly smaller than tumors from 

animals in the other treatment groups at the end of the study. Our preliminary results thus 

indicate the potential of our MDNPs as carriers of therapeutic agents for controlled and 

localized lung cancer therapy.  
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Figure 3.16 (A) Representative images showing the anesthesia set up for the in vivo studies 

(top) and the set up for radiation treatment (bottom). The circled area shows the mouse under 

anesthesia inside the X-rad320 biological irradiator. (B) Graphical representation of the 

changes in tumor volume for each group as a percentage of their initial volume at the 

beginning of the study. (C) Tumor volumes for each group excluding the Control group 

showing significant slower tumor growth rate in the case of ‘NU7441+Gem+RT’ group and the 

‘Drug-loaded MDNPs+RT’ group compared to other treatment groups at days 8, 10 and 12 

(n=4, *p<0.05 for ‘Drug-loaded MDNPs+RT’ group compared to other treatment groups) (D) 

Ex vivo tumor volumes of the different treatment groups at day 12 demonstrating the much 

smaller tumor size of ‘Drug-loaded MDNPs+RT’ group compared to the other groups (n=2) (E) 

Representative images of tumors from the different treatment groups 
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3.4 Summary 

To summarize, multi-functional core-shell NPs responsive to environmental 

changes in temperature and pH were successfully synthesized. The particles had an 

average hydrodynamic diameter of 289 nm and zeta potential of -36 mV indicating good 

stability. They also showed minimal particle size variations in DI water, serum, saline and 

body fluids over a period of 5 days indicating that they are stable. In addition, these 

particles maintained the magnetic property of encapsulated SPIO which was 

demonstrated both visually as well as using a hysteresis loop. Further these multi-

functional particles showed distinct temperature- and pH-responsiveness at 43
o
C and pH 

5 respectively. Drug release studies showed temperature and pH-dependent release of 

the encapsulated agents. In vitro cell studies demonstrated that our multi-functional 

particles were cytocompatible with HDFs and AT1 cells up to a concentration of 1 mg/ml 

and showed dose and magnetic field-dependent uptake chiefly by calveolae-mediated 

endocytosis. Colony forming studies established that our drug-loaded particles caused 

significant cell death at 43
o
C. Furthermore, our particles showed excellent 

hemocompatibility and did not accelerate hemolysis and blood clotting at high MDNP 

concentrations of 500 µg/ml. In vivo studies confirmed that our particles can be visualized 

by MRI and showed good therapeutic efficacy by slowing down tumor growth when 

administered in combination with radiation treatment.  
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Chapter 4 

Preliminary Investigation on the Use of Porous PLGA Microparticles as In Vitro 3D Tumor 

Models for Lung Cancer Drug Screening 

 

4.1. Introduction 

Two-dimension (2D) cell culture has been in existence as early as 1885 when 

Wilhelm Roux demonstrated that the medullary plate of a chick embryo can be 

maintained on glass plates with warm saline solution [169, 170].  Since then, cells have 

been traditionally cultured in vitro in 2D polystyrene or glass surfaces. With the advent of 

the field of drug delivery, there have been numerous works making use of 2D cell culture 

models for drug screening and cytocompatibility studies. However, these conventional 2D 

systems differ from in vivo tissues in cell surface receptor expression, extracellular matrix 

synthesis, cell density and metabolic functions [171]. They are also unable to develop 

hypoxia or demonstrate the different rates of cell proliferation seen in different parts of the 

tumor [172]. Further, studies have shown that tumor cell monolayers grown on tissue 

culture plates develop a non-natural morphology which could be a major factor affecting 

their responses to drugs as well [173].  

Recent studies have demonstrated that the promising effects of therapeutic 

agents in in vitro 2D cell culture systems have not translated into successful results in 

vivo in animal models and humans. Only about 5% of the chemotherapeutic agents that 

showed promising preclinical activity have demonstrated good therapeutic efficacy in 

phase III clinical trials [174].Therefore the need for an in vitro three-dimensional (3D) cell 

culture model that attempts to mimic in vivo tissues more closely for cancer drug 

screening and other tissue engineering applications becomes vital.  
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The tremendous progress in the field of tissue engineering as well as enhanced 

knowledge of cell physiology has recently led to the development of biodegradable 

polymeric scaffolds for 3D cell cultures. Considerable interest has been shown towards 

the development of microparticles as scaffolds for 3D cell cultures, particularly due to the 

large surface area available for cell attachment and growth [175]. Previously, spheroids, 

gels and scaffolds have been used in the development of 3D tissue models. However 

spheroids are limited by the difficulty in controlling the size of cell aggregates – variations 

in diameter ranges from 20-1000 μm.  On the other hand Gels are usually not adequately 

porous to support long term cell growth and proliferation and well as ECM deposition 

[176]. Scaffolds on the other hand are limited by uneven distribution of cells on its 

structure. The cells adhered to the outside would be exposed to nutrients and oxygen 

while cells within the scaffold may become necrotic quicklydue to limited availability of 

resources essential for their growth [177].  

Porous microparticles have attracted attention recently as substrates for forming 

3D tumor models for in vitro drug screening.  These particles provide greater surface 

area for cell growth, facilitates EMC production [171] and allow nutrient and oxygen 

diffusion through them, thereby simulating an in vivo tumor microenvironment better than 

a 2D model [78, 175]. In this project, three types of PLGA-based porous microspheres 

were synthesized and compared for in vitro lung cancer drug screening applications. The 

long-term motivation of this project is to develop in vitro tumor models for comparatively 

more accurate testing of the therapeutic efficacy of drugs and drug delivery systems such 

as the MDNPs developed in Chapter 3. These tumor models could be used to study the 

activity of therapeutic agents before conducting in vivo studies, thereby potentially 

reducing the cost and time spent on optimizing and investigating drugs in vitro. This 

research could also contribute towards the development of personalized medicine where 
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the patient’s owns cells can be used to form in vitro tissue or tumor models which can aid 

in tailoring the medication more accurately according to the disease of the patient, for 

effective therapy.  

As mentioned before, PLGA is an FDA-approved biocompatible and 

biodegradable polymer used in several drug delivery applications. Gelatin and Sodium 

bicarbonate (SBC) were used as porogens in this study. In addition, a novel method of 

porous microparticle formation involving the use of PNIPAAm particles (PMPs) as 

porogens has been introduced. Following optimization of their properties, the 3D tumor 

models prepared using these porous microspheres will be used for screening different 

FDA-approved lung cancer drugs in terms of their therapeutic efficacy. 

 

4.2. Experimental Section 

4.2.1. Materials Used 

Poly(lactic-co-glycolic acid) (PLGA, 50:50) was purchased from Lakeshore 

Biomaterials while Type B gelatin and sodium bicarbonate were obtained from  Sigma-

Aldrich and Invitrogen respectively. Poly vinyl alcohol (PVA, 87-89%), Dicholoromethane  

(DCM) and all other chemicals were purchased from Sigma-Aldrich. The A549 lung 

adenocarcinoma cell line was kindly given by Dr. Debabrata Saha’s laboratory at the UT 

Southwestern Medical Center. RPMI media, trypsin-EDTA and penicillin-streptomycin 

were purchased from Invitrogen while Fetal Bovine Serum (FBS) was bought from 

Atlanta Biologics.  

 

4.2.2. Preparation of Non-Porous PLGA Microparticles 

Non-porous PLGA microspheres were fabricated as control to observe 

differences in cell attachment and proliferation between porous and non-porous 
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microparticles. Cells cultured in a well plate (2D cell culture) will serve as another control 

for the in vitro experiments. A standard single emulsion solvent evaporation technique 

was employed for the particle preparation. Briefly, 100mg of PLGA  was dissolved in 5 ml 

of DCM to form the oil phase, which was then added drop-wise to 60 ml of 0.5% (w/v) 

PVA solution (water phase). The resulting emulsion was stirred overnight at 450 rpm to 

allow solvent evaporation. The particles were then isolated by centrifugation at 4000 rpm 

for 5 mins and lyophilized to obtain non-porous PLGA microparticles. 

 

4.2.3. Preparation of Porous PLGA Microparticles 

As mentioned earlier, three batches of porous microspheres were prepared using 

gelatin, SBC and PMPs as porogens respectively. A double emulsion technique was 

used for particle fabrication. The preparation technique for gelatin porogen-based 

particles was modified from a previously published work by Huang et al. [178]. Initially, 

37.5 mg of gelatin was dispersed in 60 ml of 1% (w/v) PVA to form the first water phase. 

This solution was then added dropwise to 2% (w/v) PLGA in DCM (oil phase) and 

vortexed. The resulting emulsion was then added to the second water phase consisting 

of 1% (w/v) PVA solution placed in ice water bath. The double emulsion thus formed was 

gently stirred overnight to allow solvent evaporation. In order to facilitate gelatin leaching, 

the particle suspension was kept in a warm water bath at 45
o
C under gentle stirring for 4 

hours. The porous particles were then isolated by washing thrice with water, followed by 

centrifugation at 4000rpm for 5min and lyophilization. 

The SBC porogen-based particles were prepared by modifying the protocol of Ke 

et al.[179]. Briefly, 500µl of 1% (w/v) SBC solution (first water phase) was added 

dropwise to the oil phase consisting of 5% (w/v) PLGA solution in 2ml DCM. This 

emulsion was then added dropwise to 60 ml of 0.1% (w/v) PVA solution and gently stirred 
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overnight. SBC leaching was done by centrifuging the obtained particles in PBS solution 

at a pH of 3-4 at a speed of 1500 rpm for 30 min.  Subsequently, the particles were 

washed twice in DI water, isolated by centrifugation (1500 rpm, 30 min) and lyophilized to 

obtain porous PLGA microspheres.  

To prepare the PMPs porogen-based particles, first the PMPs were prepared by 

free radical polymerization. Briefly, 1.54 mg of NIPA, 26.2 mg BIS and 43.8 mg SDS were 

allowed to disperse in 90 ml of DI water by stirring. The solution was then purged with 

nitrogen gas for 30 mins following which APS and 500 µl of TEMED was added. The 

reaction was allowed to occur in a nitrogen atmosphere for 5 hours and the particles were 

purified by dialysis and collected by lyophilization. In order to prepare the PMP porogen-

based PLGA microspheres, 0.5 ml of 0.3% w/v PMP suspension in DI water was added 

in a dropwise manner to 2ml of 5% (w/v) PLGA solution in chloroform. This oil-in-water 

emulsion was vortexed and dispersed well following which it was added dropwise to a 

0.1% (w/v) PVA solution. Following overnight stirring, the particles were collected by 

centrifugation at 1500 rpm and 30mins, and lyophilization. For porogen leaching, the 

microparticle suspension was kept shaking at 37
o
C for 2 hours following which the 

particles were centrifuged at 2000rpm for 5 mins to allow the heavier microparticles to 

settle down. The lighter PMPs that were leached out of the particles remained in the 

supernatant. The pellet containing the microparticles was then lyophilized to obtain 

porous PLGA microspheres. 

 

4.2.4. Physical Characterization  

Particle size, poly dispersity and surface charge measurements were carried out 

using the DLS instrument. 20 μl of 1mg/ml microparticle suspension was taken and 20µl 

was added to a transparent cuvette containing 3 ml of DI water. Particle size readings 
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were taken by scattering of laser light within the instrument by the Brownian motion of the 

suspended particles in the suspension. Further, the morphology of the prepared porous 

and non-porous microspheres was observed using Scanning electron microscopy (SEM, 

Hitachi S-3000N, Hitachi, Pleasanton, CA). Briefly, 10µl of the microparticle suspension 

was added onto a coverslip and air-dried overnight. This coverslip was then silver 

sputter-coated and inserted into the SEM instrument. Further, Energy dispersive X ray 

spectroscopy (EDS) was conducted to identify atomic compositions at the porous and 

non-porous sites of the particles. Additionally, the average pore size of the particles was 

also measured from the SEM images using Image J software. 

 

4.2.5. Particle Stability and Degradation Kinetics 

Stability of particles was investigated in DI water and media containing 10% 

serum over a period of 5 days. Briefly, 20µl of prepared particle suspension (1 mg/ml) 

was added to a transparent cuvette containing 3ml of serum/ water. Particles were 

incubated for 5 days at 37
o
C and their size evaluated at predetermined time points using 

DLS.  

In addition to stability, the degradation kinetics of the particles was also studied 

over a period of 4 weeks. Pre-weighed microparticles (1mg) were dispersed in 1 ml of 

PBS and incubated while shaking at 37
o C. At fixed time intervals ( 0, 1, 4, 7, 14, 21 and 

28 days), the particles were collected by centrifugation (4000rpm, 5 min), and then 

lyophilized.  The degradation profile was determined by calculating the weight loss of the 

particles over time, compared to their initial weight at day 0. 
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4.2.6. In Vitro Cell Studies 

4.2.6.1. Cell Attachment Study 

Multiple in vitro studies were done on the particles in order to optimize them for 

development of 3D tumor models. Before beginning the studies, the porous PLGA 

particles were first sterilized by overnight via UV light exposure following which they were 

immersed in 70% EtOH. They were subsequently washed with sterile 1X PBS and cell 

culture media. The serum proteins in the cell culture media were expected to be 

adsorbed onto the porous microparticles, which would provide a suitable surface for cell 

adhesion and proliferation [180]. Further, the wellplates were coated with 100 μl of 0.5% 

w/v agarose to ensure that cells do not adhere to the bottom of the wells. Studies were 

first conducted to determine the optimum cell seeding density onto the microparticles. 

A549 lung adenocarcinoma cells were seeded at varying densities such as 15, 25, 35, 45
 

and 55 cells/mg of particles into 48 well plates. These wellplates were incubated at 37
o
C 

in alternating shaking (30 rpm, 25 mins) and static conditions (25 mins) for the first 2 

hours of incubation following which they were left undisturbed. After 24 hours, the wells 

were washed well with PBS to remove unattached cells and the particles were 

transferred to a new 48-well plate. MTS assay was performed on the particles following 

the manufacturer’s instructions and absorbance was read at 490nm using 

spectrophotometer. Greater absorbance readings indicated that more number of cells 

have attached onto the particles.  

In order to study the effect surface coating on cellular attachment and 

proliferation, the microparticles were further coated with fibronectin. Briefly, 5 mg of 

porous particles were sterilized and placed in 48 well plates and 5 ml of serum-free 

media containing 10 µg/ml fibronectin was added to it. These particles were then shaken 
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at 37
o
C for 2 hours at 30 rpm following which cell seeding studies were conducted as 

described above.  

In order to visualize the cell growth on our particles, Live/Dead staining 

(Invitrogen, Grand island, NY) was used. Briefly, the particles containing cells were 

washed with PBS in a 48 well plate and 100µl of media was added to it. Then 100ul of 

working dye (EtD1 and Calcein in 2ml of PBS) was added to the particle-cell complexes. 

Following incubation at 37
o
C for 30 mins, the particles were washed with PBS and 100 

ng/ml DAPI solution was added to the cells and incubated at room temperature for 5 

mins. Then the cells were washed and imaged using an Enhanced fluorescent 

optical microscope (Nikon Eclipse Ti, Nikon Instruments Inc., Melville, NY).  

 

4.2.6.2. Cell Proliferation Study 

Based on the optimized cell seeding density observed in the cell attachment 

study, a cell proliferation study was conducted to determine the number of days up to 

which A549 cells can proliferate on our microparticles. Briefly, cells were seeded at 

250,000 cells/mg of particles seeding density on fibronectin-coated particles and these 

particles were incubated while shaking at 37
o
C. At pre-determined timepoints (1, 3, 5, 7 

and 9 days), MTS assay was carried out using a spectrophotometer and the absorbance 

values were normalized against a cell standard. The cells were further visualized using 

Live/Dead staining with the procedure mentioned above. Further cell attachment on the 

particles was also observed using SEM. For this procedure, the particle-cell complex was 

fixed using 2.5% glutaraldehyde followed by incubation at room temperature for 30 mins. 

Then the complexes were washed using PBS following which they were incubated with 

1% osmium tetroxide for 1 hour. The samples were again washed and then dehydrated in 
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50%, 75%, 95% and 100 % ethanol. Hexamethyldisilazane (HMDS) was added to the 

samples which were then air-dried and visualized using SEM following sputter-coating. 

 

4.2.6.3. In Vitro Drug Screening Study 

The difference in therapeutic efficacy of cancer drugs on 2D and 3D tumor 

models in vitro drug screening study was studied.  First the PLGA-SBC particles were 

sterilized and coated with fibronectin as described previously. The wellplates used for this 

study were coated with 100 μl of 0.05% agarose solution as described previously in order 

to prevent cell attachment to the bottom of the wellplates. Then A549 cells at a seeding 

density of 250,000 cell/mg of particles was added. The well plate containing the particles 

and cells were kept shaking for 3 days to ensure cell attachment and proliferation. For 

this study six chemotherapeutic drugs were chosen. Three of them – gemcitabine 

hydrochloride, paclitaxel and cisplatin have been approved by the FDA for treatment of 

lung cancer. Three other drugs not approved by the FDA for lung cancer treatment 

(doxorubicin, 5-FU and curcumin) were also tested. All drugs were added at their 

previously reported IC50 concentrations to the cell-particle complexes as well as the 2D 

cell layers. The groups were then incubated for 2 d at 37
o
C following which the samples 

were washed well to remove residual drugs. The number of cells viable in each group 

was tested with MTS assay and confirmed using LDH assay, following manufacturer’s 

directions.  

 

4.2.6.4. In Vitro Therapeutic Efficacy of MDNPs 

An in vitro study was also conducted to establish the therapeutic efficacy of 

MDNPs developed in Chapter 3 on our porous microsphere-based tumor models, both 

under normoxic and hypoxic conditions.   The purpose of this study was to confirm our 
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hypothesis that 2D monolayers and cells grown in a 3D environment may not respond im 

a similar manner to therapeutic agents. Results from this study could potentially lead to 

the development of more appropriate testing methods for drug delivery vehicles in vitro 

so that it can in turn speed up the time spent on clinical investigation and these products 

could be released faster in to the market to save people suffering from various critical 

ailments. Briefly, A549 cells were seeded at 250,000 cells/ mg of PLGA-SBC 

microparticles seeding density in 48 well plates and allowed to grow for 3 days to form 

the in vitro tumor model. Then the media was replaced using 200 μg/ml MDNP 

suspension in media and the wellplate was placed in a modular incubator chamber 

(Billups-Rothenberg, Inc. Del Mar, CA). The chamber was flushed with 0.1% O2 for 20 

mins following which it was sealed and placed in the incubator. 10 ml of sterile water was 

placed in the chamber in a beaker to prevent evaporation of cell culture media. At the end 

of the study, the cells were washed and viability was determined using MTS assays. The 

results were confirmed using LDH assays. This study was conducted under two 

conditions: 37
o
C and 43

o
C and also under normoxia (21% O2) or hypoxia (0.1% O2). 

A549 cells cultured as a 2D monolayer and exposed to MDNPs served as controls.  

 

4.3. Results and Discussions 

4.3.1. Microparticle characterization  

Non-porous as well as large porous PLGA microparticles were successfully 

synthesized using gelatin, SBC and PMPs as porogens. SEM images indicated that non-

porous PLGA particles (Figure 4.1A) had a smooth spherical surface while PLGA-Gelatin 

(Figure 4.1B), PLGA-SBC (Figure 4.1C) and PLGA-PMPs (Figure 4.1D) microspheres 

have spherical morphology with diameters of 62, 46 and 39 µm respectively. 
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ImageJ analysis was done to establish that the pore size of PLGA-Gelatin 

microspheres was around 0.5-10 µm while PLGA-SBC and PLGA-PMPs particles had 

pores in the size range 5-12µm and 1-4 µm respectively. The smaller pore size 

distribution range for the PLGA-PMPs was because of the use of PMP porogen, which 

was about 1-5μm diameter. The advantage of using this novel porogen was to obtain 

relatively uniformly sized pores throughout the microparticle so as to allow uniform 

nutrient diffusion. The SEM images confirm that the formed PLGA-PMPs had better 

uniform pore size compared to other porous microparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 SEM images of (A) non-porous PLGA microparticles and porous 

microparticles prepared using (B) gelatin (C) sodium-bicarbonate, and (D) PMPs. 

The spherical morphology and porous nature of PLGA-Gelatin, PLGA-SBC and 

PLGA-PMPs can be clearly visualized 

A B 

C D 
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The physical characteristics including particle size, surface charge, polydispersity 

and pore size measured using DLS and ImageJ have been summarized in Table 4.1. 

Based on DLS readings, the hydrodynamic diameters of PLGA-Gelatin and PLGA-SBC 

microspheres are close to 50 µm while PLGA-PMPs had a size of about 39 µm. Previous 

published works have shown that A549 cells have an average diameter of 6-15 µm 

indicating that our particles will provide sufficient surface area for A549 attachment and 

growth [181, 182].  

Table 4.1: Initial characterization of porous particles: PLGA-Gelatin, PLGA-SBC 

and PLGA-PMPs 

Particle type Diameter (μm) Polydispersity Zeta potential Pore size (μm) 

Non-porous 

PLGA 

41 0.4 -19.3+0.3 - 

PLGA-Gelatin 62 0.4 -26.3+0.9 0.5-10 

PLGA-SBC 46 0.4 -37.5+1.6 5-12 

PLGA-PMPs 39 0.3 -22.4+1.2 1-4 

 

 Prior to studying cell adhesion and growth in vitro, the porous PLGA 

microparticles were further analyzed using EDS to ensure that porogen leaching has 

occurred completely. Based on EDS spectrum given below, PLGA-SBC particles that 

have not undergone leaching of porogen shows a distinct Na peak suggesting the 

presence of SBC within the particle (Figure 4.2). On the other hand, PLGA-Gelatin and 

PLGA-PMPs does not show any distinct peaks as the components of gelatin and 

PNIPAAm are the same as the components of PLGA. Microspheres that have undergone 

porogen leaching show only the presence of carbon and oxygen, which represents the 

elemental composition of PLGA (data not shown). 
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4.3.2. Stability and Degradation Kinetics 

The porous microparticles were further characterized and compared with non-

porous PLGA microparticles in terms of their stability in media containing 10% serum and 

in DI water. It was seen that the particles maintain their size in DI water with minor 

variations, indicating that they are stable and undergo minimal aggregation. In media, all 

three types of particles were relatively stable and underwent minor fluctuations by about 

20-30% of their original size, over a period of 5 days (Figure 4.3 A, B). This suggests that 

the non-porous as well as porous particles were fairly stable in serum and DI water and 

will not undergo major aggregation or clumping which could possibly reduce the surface 

area available for cell attachment and growth. 

Prior to developing in vitro 3D tumor models, it is essential that the degradation 

rates of the scaffolds be properly characterized. This study is necessary to confirm that 

the polymeric microparticles will maintain their integrity long enough for the cells to 

attach, proliferate and infiltrate into them thus eventually replacing the polymer to form a 

B 

Figure 4.2 EDS spectrum showing the elemental compositions of PLGA-SBC (A) before 

and (B) after leaching. The absence of Na peak in figure B indicates that the SBC has 

been leached out successfully 

B A 
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tissue model that is representative of tumors seen in the body.  The degradation study 

conducted under physiological conditions for 4 weeks showed that the porous 

microspheres using gelatin and SBC porogens degraded 60% and 50% of their original 

weight respectively, as shown in Figure 4.3C. PLGA-PMPs also degraded about 50% of 

their weight within 4 weeks. 

 

Figure 4.3 Particle stability in (A) water and (B) 10% serum indicating that non-porous 

PLGA, PLGA-SBC, PLGA-Gelatin and PLGA-PMPs maintained their size and 

granulometric properties for 3 days. (C) Degradation of porous PLGA microparticles 

investigated at 37
o

C for 4 weeks. PLGA-Gelatin particles degraded 60% of their initial 

weight in 28 days while PLGA-SBC particles and PLGA-PMPs were reduced to 50% 

and 44% of their original weight respectively (n=4) 
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4.3.3. In Vitro Cell Studies 

4.3.3.1. Cell attachment studies 

In vitro studies were conducted to optimize the cell seeding density to be used on 

the microparticles. As shown in Figure 4.4 A and B, cell attachment saturated at a 

seeding density of 250,000 cells/ mg for all MPs (Figure 4.4 C).  No significant increase in 

cell attachment was observed at higher densities. Significantly higher cellular attachment 

Figure 4.4 A549 cell attachment on uncoated and fibronectin-coated particles for 24h. 

Maximum cell attachment was observed at cell at 250,000 cells/mg of particles cell 

density for PLGA-SBC and PLGA-gelatin particles. Cell attachment saturated at 150,000 

cells/mg density for PLGA-PMPs (*p<0.05 w.r.t cell attachment on uncoated particles, 

+p<0.05 w.r.t cell attachment between different cell seeding densities) 
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was observed on all particles following fibronectin coating and on dynamic cell seeding. 

Further, cell attachment and viability on our porous microparticles was visualized 

using Live/Dead and DAPI staining in order to ensure that the cells are indeed viable 

following seeding and attachment onto the particles. It was observed that the cells 

attached onto all particles within 24 hours with minimal cell death. (Figure 4.5).  

Cell attachment on the fibronectin-coated microparticles was further visualized 

using SEM. The arrows indicate regions where the A549 cells have adhered onto the 

particles. The cells appear to have retained their morphology and appendages can be 

seen indicating that the cells have spread out and begun to proliferate on the surface of 

all the particles (Figure 4.6). The protocol will be modified to incorporate critical drying in 

order to obtain better SEM images showing cell attachment on the particles, in the future.  

Figure 4.5 Live/dead and DAPI stained particles after 1d culture indicating that the 

A549 lung cancer cells could attach onto the particles within 24 hours and were viable 

(green = live, red = dead) 
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4.3.3.2. Cell Proliferation study 

Cell proliferation study using A549 cells indicate that cell proliferation does occur 

on all three types of porous microparticles (Figure 4.7). However significantly higher cell 

proliferation occurred on the surface of porous PLGA-SBC microparticles. Cell number 

Figure 4.7  A549 cell proliferation on particles up to 9 days, showing significantly 

higher cell growth on PLGA-SBC porous particles compared to the non-porous 

control particles and other porous particles (Porous PLGA-SBC vs. porous PLGA-

Gelatin and PLGA-PMPs (# p<0.05 w.r.t porous PLGA-Gelatin and PLGA-PMPs) 

Figure 4.6 SEM images of cell attachment on (A) PLGA-Gelatin, (B) PLGA-SBC and 

(C) PLGA-PMPs following 2 days of culture. The cells are clearly seen attached on to 

the surface of the microparticles (arrows) 

A B C 
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also appeared to saturate on all microparticles by day 7 of the study indicating that the 

cells may have covered the entire surface of the particles and did not have any further 

surface available for cell proliferation.  

Further cell proliferation was visualized using Live/Dead assay. Cell death was 

observed at day 7 in the case of PLGA-Gelatin which could have occurred because of the 

lack of microparticle surface for cells to grow on. Similarly, cell death could be distinctly 

seen on PLGA-PMPs from day 5 as the particles are small and have less area available 

for cell attachment. On the other hand, no significant cell death could be observed on 

PLGA-SBC particles up to day 7 (Figure 4.8).  

Based on all the studies conducted so far, it can be observed that PLGA-SBC 

particles were ideal for 3D tumor model formation as they demonstrated greater cell 

attachment, proliferation and viability than other particles. Therefore these particles were 

Figure 4.8 Live/Dead staining shows A549 lung cancer cells attached on  porous PLGA 

micro particles  are viable for up to 7 days with minimal or no cell death. PLGA-PMPs and 

PLGA-Gelatin showed minimal cell death (arrows) at around day 7; however PLGA-SBC 

microparticles remained viable throughout the study for 7 days 
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chosen to form A549 lung tumor models for our in vitro drug screening study. 

 

4.3.3.3 In Vitro Drug screening 

Six different drugs namely Gemcitabine, Paclitaxel, Cisplatin, Doxorubicin, 5-FU 

and Curcumin were screened in vitro for their therapeutic efficacy on 2D cell layers and 

3D tumor models formed using PLGA-SBC particles.  Both the monolayer and the 3D 

tumor model  were treated with IC50 concentrations of all drugs ( 11nM Gemcitabine 

[183], 4.1nM Paclitaxel [184], 64 μM Cisplatin [185], 0.6 μM  Doxorubicin [186], 13 μM 5-

FU [187] and 17  μM  curcumin [188]). As seen in Figure 4.9, the response of the 2D cell 

layer and the 3D tumor model to the same concentration of therapeutic drugs in vitro was 

significantly different. For example, gemcitabine, curcumin and cisplatin demonstrated 

significantly lower cell death on the 3D tumor model compared to control, than in the 2D 

cell layer at the same drug concentration.  

Figure 4.9 Drug screening study using A549 lung cancer 3D tumor model and 2D 

monolayer showed different responses to chemotherapeutic drugs of same 

concentration. There was no significant variation between the two groups in response 

to paclitaxel (n=4, *p<0.05 w.r.t % cell viability of 2D cell layer) 
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On the other hand, doxorubicin and 5-FU caused greater cell death on the 3D 

tumor model compared to the control, than in the 2D layer. Paclitaxel had no significant 

effect on cancer cell death both in 2D and 3D. This is different from results obtained by 

Nirmalanandhan et al.[189] who had tested the effect of chemotherapeutic drugs on in 

vitro 3D spheroids prepared using A549 and H358 lung cancer cells in collagen gel. This 

group observed no significant variation in the efficacy of doxorubicin and cisplatin 

between 2D and 3D models, while we observed less efficacy for cisplatin and greater 

efficacy for doxorubicin compared to the 2D monolayer. Also, the authors noticed greater 

therapeutic efficacy of paclitaxel in the 3D model while we observed no change in the 

response of our 2D and 3D monolayer when exposed to paclitaxel. The differential 

responses may have occurred due to the different types of 3D models used in both 

experiments. While we used porous microparticles as a substrate for cell growth, the 

aforementioned article used a collagen gel. However as mentioned earlier, the spheroids 

thus formed may have uncontrolled sizes/ cell aggregation and limited porosity to allow 

nutrient and oxygen diffusion. This may have resulted in the variable results observed. 

Detailed studies would have to be conducted and compared with in vivo results to select 

the most appropriate 3D tumor model for future studies.  

Finally, drug screening was also conducted to study the in vitro therapeutic 

efficacy of drug-loaded MDNPs developed in Chapter 3 using our 3D tumor model and 

2D cell layer in vitro under hypoxic and normoxic conditions. Cells grown in 2D and 3D 

but not treated with MDNPs were used as controls. It was observed that the 3D tumor 

model developed using PLGA-SBC particles and the 2D monolayer varied significantly in 

their responses to treatment using MDNPs. For example, PLGA-SBC tumor model 

demonstrated 52% and 82% cell viability compared to those of the control under 

normoxic and hypoxic conditions at 37
o
C. The 2D monolayer on the other hand 
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demonstrated 23% and 34% viability respectively under the same conditions. At 43
o
C, 

our 3D tumor model showed lower viability of 41% and 32% under normoxic and hypoxic 

conditions compared to those of 37
o
C while the 2D monolayer showed 12% and 28% 

viability respectively. Cell viability under hypoxic conditions varied significantly from that 

observed under normoxia for both groups. Also, hypoxic cells in both groups showed 

resistance to the chemotherapeutic drugs at 37
o
C while more cell death was observed at 

43
o
C due to the simultaneous effect of chemotherapy and sensitization of the hypoxic 

cells to hyperthermia (Figure 4.10). This is in concurrence with studies by Gerweck et al. 

[190] which demonstrated that in vitro cancer cell culture in conditions mimicking tumor 

microenvironment increased the sensitivity of these cells to hyperthermia at 42
o
C. The 

Figure 4.10 Comparison of therapeutic efficacy of drug-loaded MDNPs with 2D 

monolayer and 3D tumor model under hypoxic and normoxic conditions.  Cell viability 

under hypoxia was significantly different from that observed under normoxia. Hypoxic 

cells at 37
o

C demonstrated resistance to treatment while they showed significant death 

at 43
o

C due to simultaneous hyperthermia and chemotherapy. 3D tumor model and 2D 

monolayer varied significantly in their response to treatment. Cells in 2D and 3D not 

exposed to MDNPs served as controls (n=4, *p<0.05) 
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greater resistance of hypoxic cells towards treatment also agree with findings by Jain et 

al.[191] who demonstrated that the in vitro uptake of their gold NPs was significantly 

lower in hypoxic DU145 cells than in normoxic cells. The lower MDNP uptake would have 

resulted in less drug release within the cells following endocytosis, which in turn would 

have caused lower cell death.   

 

4.4. Summary  

In summary, three biodegradable large, porous PLGA microparticles using 

gelatin, SBC and PMPs as porogens, for development of a 3D lung tumor model were 

synthesized. In addition, an innovative method of preparing porous microparticles with 

uniform pores, using PMPs was also been presented. These particles had average 

diameters 46-62 µm and showed high zeta potential of -26, -38  and -22 mV respectively 

for PLGA-SBC PLGA-Gelatin and PLGA-PMP microparticles. The PLGA-PMP particles 

showed a pore size of 1-4 µm while PLGA-Gelatin and PLGA-SBC had average pore 

sizes of 0.5-10 µm and 5-12 µm respectively. All three microparticle formulations particles 

were reasonably stable in DI water and serum up to 5 days and degraded up 60% 

(PLGA-Gelatin),44% (PLGA-SBC) and 50% (PLGA-PMPs) of their original weights 

respectively within 28 days. Moreover, saturation of cell attachment was observed at a 

seeding density of 250,000 cells/ mg of particles for all microparticles. Live/Dead staining 

and SEM images demonstrated that the cells were viable on all particles and had 

attached onto their surface within 24 hours of cell seeding. Cell proliferation studies 

conducted over a period of 9 days using MTS assays and Live/Dead staining indicate 

that all particles provided a good substrate for cell attachment and proliferation. However, 

PLGA-SBC showed maximum cell growth and viability while PLGA-Gelatin and PLGA-

PMPs tend to show some cell death towards day 7. Based on these results PLGA-SBC 
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particles were chosen and optimized for further studies. Preliminary drug screening 

studies conducted to determine the therapeutic efficacy of various lung cancer drugs 

demonstrated that the 3D tumor model on PLGA-SBC microparticles responded 

differently compared to the 2D cell monolayer. This indicates that tumor architecture and 

dimension may play a significant role in the response of cells to different therapeutic 

agents. This is in keeping with previous published works that have shown differential drug 

responses between 2D and 3D models in vitro [173, 189]. Although drug screening using 

3D models can be more time consuming, it may provide results with greater physiological 

relevance than a 2D model [192]. Therefore the 3D models should be further optimized to 

ensure high-throughput drug screening with reliable repeatable results. In vitro studies to 

evaluate the therapeutic efficacy of MDNPs also showed different responses in the 3D 

and 2D cancer models indicating that more studies are required to determine whether a 

conventional 2D tumor model is indeed the best option for evaluating in vitro therapeutic 

capabilities of different drugs prior to in  vivo and clinical studies. Limitations of this work 

as well as other possible future studies have been explained in detail in Sections 5.2 and 

5.3 respectively. 
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Chapter 5  

Conclusions and Future Outlook  

 
5.1. Conclusions 

To summarize, seven different types of nanoparticle formulations and three 

porous microparticle formulations were developed in this project for various pulmonary-

based applications. The first project involved the synthesis of gelatin, chitosan, alginate, 

PLGA, PLGA-PEG and PLGA-CS NPs which were extensively characterized and 

optimized to determine the most promising formulation apt for pulmonary delivery of 

biological molecules such as proteins and cDNA via nebulization. The PLGA and gelatin 

NPs showed promise in terms of optimal size, stability, in vitro cytocompatibility and 

uptake, as well as in vivo uptake and retention. However, PLGA NPs contained EPO-

Rhodamine demonstrated greater retention in vivo indicating their potential as 

nanocarriers for inhalational delivery. The PLGA NPs were further modified to form a 

core-shell nanocarrier (MDNPs) for stimuli-responsive dual-drug delivery for targeted lung 

cancer therapy. These multi-functional NPs can be used for rigorous cancer treatment by 

stimuli-responsive burst release of encapsulated gemcitabine hydrochloride followed by 

radiosensitization of lung cancer cells by the controlled release of NU7441 – a potent 

radiosensitizer. The encapsulated SPIO successfully showed a decrease in signal 

intensity using MRI both in vitro and in vivo. Further the folic acid conjugated particles 

were successfully retained in vivo 24h after injection. Our formulated drug-loaded MDNPs 

also showed good therapeutic efficacy in vivo by significantly slowing down tumor growth 

when given in combination with RT.  These results support our hypothesis that the 

MDNPs can be potentially used as nano-vehicles to provide simultaneous chemotherapy 

and radiation sensitization for lung cancer treatment.   
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Finally the PLGA polymer was also used in the development of porous 

microparticles (PLGA-Gelatin, PLGA-SBC and PLGA-PMPs) which could be used as 

substrates for cell attachment and proliferation to form in vitro 3D tumor/tissue models.  

These stable porous particles coated with fibronectin supported A549 lung cancer cell 

attachment and proliferation up to 9 days. PLGA-SBC supported greater cell proliferation 

and viability than the other two formulations and was hence chosen for further studies. 

Drug screening studies using six different chemotherapeutic drugs as well as drug-loaded 

MDNPs demonstrated varying therapeutic effects on the 2D monolayer and 3D PLGA-

SBC models. These results support our hypothesis that a 2D cell layer would behave 

differently from a tissue/tumor model grown on a 3D platform. Extensive studies are 

required to confirm the feasibility of replacing the traditional 2D cell monolayers with 3D 

models for in vitro studies. However, these are only preliminary findings to support the 

use of 3D tissue/tumor models for drug delivery/screening as well as tissue engineering 

applications.   

 

5.2. Limitations 

Although the findings presented in this work are encouraging for pulmonary drug 

delivery and drug screening applications, a few limitations exist which have been detailed 

below.  One of the limitations observed in Chapter 1was the comparatively larger size of 

PLGA-SPIO NPs (250 nm) compared to PLGA NPs (160 nm) alone. This large size could 

risk fast NP clearance from the lung by macrophages. However SPIO incorporation was 

done only for imaging purposes and will not be used eventually by us for drug delivery 

applications for later studies. 

The PLGA NPs chosen after our extensive screening was used to develop the 

multi-functional MDNPs for delivery of therapeutic agents for lung cancer treatment. The 
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size of the particles (289 nm) is a limitation as this could result in rapid clearance from the 

lung. Efforts will be taken to further reduce and optimize the particle size by increasing 

the sonication power and/or surfactant concentration. Also, the use of multiple 

instruments for imaging (MRI) and treatment (Radiotherapy) using these particles could 

result in patient inconvenience. Another possible limitation is the use of iron oxide; many 

SPIO-based formulations have either been withdrawn by their manufacturers or by the 

FDA. Feraheme or Ferumoxytol is an ultrasmall superparamagnetic iron oxide 

nanoparticle (USPIO) that has been recently approved by FDA for treatment of anemia 

and could potentially be used in our MDNP and PLGA-SPIO NP preparation [193].  

Although preliminary studies using our porous microparticles demonstrate good 

cytocompatibility, stability and cell adhesion following fibronectin coating, these particles 

may be limited by insufficient interconnecting pores. Also, our particles are only about 40-

60 µm in diameter which would need to be increased to provide more area for cell 

attachment. Another limitation of this work is that the porous 3D models may not be an 

accurately represent the physiological environment seen in vivo. Further studies 

simulating the mechanical stresses seen in the lung as well as tumor angiogenesis may 

need to be done to study the effect of these factors on tumor cell proliferation and drug/ 

NP uptake. Also the response of the 3D model to drugs following development of 

necrosis needs to be studied.  Further, co-culture of cancer cells on the 3D model with 

cancer-associated fibroblasts and other cells seen in a tumor region would potentially 

give more accurate responses to drugs than a 3D model of cancer cells alone.  

 

5.3. Future Outlook 

Based on the encouraging results obtained in this work, future studies will 

concentrate on the incorporation of various growth promoters into PLGA NPs for alveolar 
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remodeling, and determining the optimal dose and frequency of nanoparticle 

administration for treating lung diseases effectively. The local and systemic side effects of 

the encapsulated agents following delivery will also be studied in detail. In the case of 

MDNPs, future studies will concentrate on decreasing the particle size to facilitate greater 

retention in the lung following delivery. Further, SPIO could be replaced with other MR 

contrast agents such as ferumoxytol, gadolinium complexes and manganese oxide [194] 

and studied to ensure that the polymer coating does not affect imaging capabilities of 

these contrast agents. LCST and degradation rate can be also be controlled by varying 

the polymer ratios. Although our preliminary in vivo studies have demonstrated the 

therapeutic efficacy of MDNPs, future studies will involve nebulization of MDNPs to an 

orthotopic lung tumor model to study their effect and biodistribution following delivery.  

In the case of porous microparticles, the particle size would need to be increased 

so that more surface area is available for cell adhesion and growth. The novel design of 

PLGA-PMPs can be used in the synthesis of uniformly porous microparticles for even 

distribution of nutrients and oxygen throughout the tumor model. Future studies will 

involve synthesizing larger PMPs so as to generate bigger pores on the PLGA-PMPs to 

support cell proliferation and infiltration. For detailed study on the effect of tumor necrosis 

on drug response, 3D cell culture may need to be conducted for longer periods of time to 

develop necrosis in the core, followed by drug screening. The response of non-porous 

and porous 3D tumor models to therapeutic agents can be compared to study the 

importance of porosity on the development of in vitro 3D models. Co-culture of cancer 

cells with fibroblasts can aid in providing better results for drug screening studies. Finally 

the optimized 3D tumor models can also be injected into animals to form tumors for in 

vivo studies. The response of animal models with these tumors as well as conventional 

animal tumor models, to varying therapeutic agents can then be compared.  
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The exponential growth in the field of nanomedicine and tissue engineering in the 

last few decades bears testimony to their immense potential in diverse medical 

applications. The particles presented in this work hold promise as theranostic carriers 

that provides innovative and high-throughput means of screening and delivering different 

agents with potential for clinical applications. 
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