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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a fatal progressive disease with a dismal prognosis and 

3-5 years of survival. Up to date, there are no effective treatments, and a few current therapies that 

do not ameliorate the pulmonary fibrosis but rather just increase the survival time by 2-3 years. 

The major factor limiting the treatment is the lack of targeted therapies to deliver the drugs past 

the mucosa, into the disease microenvironment. To combat this disease, we proposed a localized 

therapy via our targeted drug-loaded nanoparticles (TDNPs) to effectively deliver drugs and treat 

lung fibrosis. Our objective was to design TDNPs that should pass the thick mucus layer and 

release potent drugs at the lung fibrosis tissue in a controlled manner. Our designed TDNPs are 

comprised of an FDA approved drug Pirfenidone that inhibits the pro-fibrotic cytokines. 

Furthermore, the TDNP is tagged with antibodies against Fibroblast Activation Protein (FAP), 

which is overexpressed in the diseased tissue so that the targeting and retention of the nanoparticle 

at the fibrosis site could be enhanced. We also developed a novel lung fibrosis-on-chip platform 

to evaluate the effectiveness of the TDNP modality with highest precision surpassing the 

drawbacks of conventional therapeutic efficiency testing. Three specific aims followed are: 1) To 

design and characterize TDNPs for treating lung fibrosis, 2) To determine the therapeutic 

efficiency of TDNPs through 2-D and 3-D based in vitro studies, and 3) To evaluate the therapeutic 

effectiveness of our designed NPs using lung fibrosis animal models. The TDNPs were 

successfully fabricated with a size <500nm that was optimal for deep alveolar delivery. The NPs 

had sustained release of drugs up to 3 days and high stability for the same time period. We also 

demonstrated that the NPs, due to their PEGylated surface, were able to penetrate the mucus layer 

and the collagen matrix layer that mimic the in vivo conditions significantly higher than that of the 

PLGA NPs. TDNPs showed more than a 2-fold increase in uptake and accumulation in fibrotic 
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cells significantly higher than that of non-targeted NPs showing the effectiveness of FAP targeting. 

The NPs also displayed significantly higher therapeutic efficiency by reducing the expression level 

of αSMA by around 5 & 7-fold in 2D and 3D fibrosis models, respectively compared to that of the 

free drug. The TDNPs were also able to localize and retain significantly more in the lung tissue 

compared to the PLGA NPs. We have thus showed that the synthesized TDNPs would serve as a 

functional drug delivery system that can pass the pulmonary barriers and deliver drugs to the 

injured lung tissue to treat pulmonary fibrosis.  
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Chapter 1 

LITERATURE REVIEW 

 

1.1  Ideopathic Pulmonary Fibrosis (IPFs)  

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive life-threatening disease with an 

unknown origin and limited therapeutic options. IPF affects almost 3 million people worldwide 

and around 100,000 people in the US alone (Figure 1)1, 2. It has an estimated median survival of 

2-5 years3-6. It has a stiff collagenous extracellular 

matrix (ECM) and is a complex disease that 

involves with impaired cellular signaling from 

multiple cell types such as fibroblasts, epithelial, 

endothelial, and immune cells, uncontrolled 

migration and proliferation of various cells, 

including fibroblasts, scarring of the lung 

parenchyma, and irreversible loss of lung 

functions7. The rate of collagen production in the 

lung interstitium exceeds the rate of collagen 

digestion, and thus, the interstitial layer starts 

becoming rigid as the excess collagen accumulates in the ECM matrix. This in turn prevents gas 

exchange through the endothelium8 (Figure 2). Unfortunately, there is no cure for lung fibrosis, 

and the only viable option is lung transplantation9; yet the portion of patients who die while waiting 

for transplantation ranges up to 67%. 

Figure 1. The prevalence of IPF in the US.  
Sources on November, 2022. 
https://www.healthline.com/health/managing-
idiopathic-pulmonary-fibrosis/ipf-facts#prevalence 
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1.2 Current treatment of IPFs 

and their limitations 

1.2.1 Nonpharmacological 

treatments for IPF  

Currently lung transplantation is 

the only viable nonpharmacological 

treatment for IPF10, 11. Though 

transplantation does not guarantee a 

permanent cure for IPF, it is more 

advantageous as it improves the survival time and reduces symptoms12. There should also be 

consideration of the possible side effects caused from lung transplantation including cardiac 

dysfunction, diabetes and organ rejection13.  

The patient would be undergoing either unilateral or bilateral lung transplantation based on 

their condition and urgency; unilateral transplantation has a shorter wait time and less post-

transplantation complications. On the other hand, bilateral transplantations have better pulmonary 

function after transplantation14. Though transplantation prolongs the survival rate of the patients, 

their overall 5-year post-transplantation survival rate is still less than 50%15. 

 

1.2.2 Pharmacological treatments for IPF 

Currently, there are just two FDA approved drugs to treat IPF, namely Pirfenidone and 

Nintedanib, which have shown to reduce the rate of disease progression and increase the lung 

functions in clinical trials of IPF patients16, 17. Pirfenidone is a modified pyridine small molecule 

that has anti-fibrotic and anti-inflammatory properties. Clinical trials showed that Pirfenidone was 

Figure 2. Effects of IPF on the lung tissue. The alveolar 
remodeling due to scar tissue causes excess collagen secretion 
and stiffness in the interstitial layer, in turn reducing gas 
exchange through the endothelium. 
Martinez, F., Collard, H., Pardo, A. et al. Idiopathic pulmonary fibrosis. Nat Rev Dis Primers 3, 2017, 17074. 
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able to reduce both rates of fibrosis by suppressing TGFβ cytokine and of collagen production18, 

19. Pirfenidone, however, has been shown to cause abnormal liver function in some patients where 

there were elevated levels of serum alanine aminotransferase and bilirubin production7, 20, 21.  

Nintedanib, on the other hand, is an intracellular tyrosine kinase inhibitor, which binds to the 

adenosine triphosphate binding sites, thereby interferring with the signaling pathways of vascular 

endothelial growth factor (VEGF), platelet-derived growth factor (PDFG), and fibroblast growth 

factor (FGF) receptors22. Though Nintedanib showed improved lung functions and reduced severe 

side effects in clinical trial IPF patients, the death rate remained the same23. The drug also showed 

severe hepatotoxicity in a few patients.   

Recently, in a preclinical study, TD139, a novel inhibitor targeting Galectin-3 was tested in a 

Bleomycin induced mouse model. The study showed an elevated expression of Galectin-3 in a 

Bleomycin induced fibrosis model and that inhibiting the protein attenuated lung fibrosis24. The 

drug is currently in phase 2 clinical trials. Ziritaxestat (GLPG1690), a potent autotaxin inhibitor, 

is also in clinical trials for IPF treatment. The drug showed effective reduction in Lysophosphatidic 

Acid levels in vivo and also showed higher inhibition of Autotaxin compared to that of FDA 

approved drugs25.  

Though various drugs are being developed to improve lung functions, reduce scarring and 

revert back fibrotic conditions, they still face two main obstacles: 1) the delivered drug does not 

reach the lung interstitium because of scarring, mucus and exhalation, and 2) the systemic toxicity 

of these drugs is very severe. To overcome these limitations, novel drug carriers are being focused 

to deliver the drugs to the interstitium past the barriers26. 
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1.3 Nanoparticles for IPF treatment 

Nanotechnology has recently gained attention as effective drug delivery systems for numerous 

diseases due to their varied advantages including increased bioavailability, reduced side effects, 

and ease of surface modification27. The wide variety of nano-formulations and ease of controlling 

the drug pharmacokinetics and pharmacodynamics attract many researchers investigating in the 

nanomedicine field. In chronic lung diseases including fibrosis, nanotechnology based drug 

carriers act as the key to overcoming the many obstacles of intratracheal delivery28. Nanoparticles 

can be tuned in size to deliver the drugs at the specified disease region (upper/lower respiratory 

track). They also help avoid expulsion of the drugs and enzymatic degradation of the payload. It 

has also been shown that nanoparticles with a size ranging from 1-1000 nm can get the payload 

deeper into the alveoli29.  

 Though there are various types of nanoparticles, nanoparticles made from synthetic polymers 

including poly(lactic-co-glycolic acid) (PLGA), poly(ἐ-caprolactone) (PCL), poly(lactic acid) 

(PLA), polystyrene (PS),  and poly(ethylene glycol) (PEG) are studied extensively for pulmonary 

drug delivery30, 31. Of those, PLGA nanoparticles show to be the ideal system among the other 

polymers, due to their unique properties including that they 1) are biodegradable and 

biocompatible, 2) can load a broad spectrum of drugs and proteins, 3) are easy to modify/conjugate 

molecules onto the nanoparticle surface, and 4) size can be controlled with ease. For instance, 

Ruchit et al. showed enhanced delivery of Pirfenidone to the fibrotic tissue and a higher therapeutic 

efficiency of IPF in Bleomycin induced fibrosis model32. Thus, PLGA polymers would be an ideal 

candidate for payload delivery in pulmonary fibrosis. 
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1.4 PEGylation strategies for mucus penetration 

Though the nanoparticles provide resistance from drug degradation, sustained release of the 

payloads in the lung interstitium and reduced cytotoxic effect, it is still prone to mucus adhesion 

and rapid clearance even before reaching the lung epithelium. To overcome this issue, researchers 

have turned their attention to mucus penetrating nanoparticles33. 

Perhaps the most pioneered research is from the Hanes’s group in understanding the 

mechanism of mucus penetration by studying viruses travelling through mucus; its results showed 

that the neutral charge of the viral surface and lack of hydrophobic surface regions resulted in 

reduced mucus interactions34. PEG has also been the most studied polymer due to its hydrophilic 

nature and neutral charge35. NPs used for diseases with a mucus barrier have been conjugated or 

physically coated with PEG to give them a muco-inert surface, in turn aiding in the mucus 

penetrating properties36.  

PEG conjugated/coated polystyrene have long been studied for their muco-inert properties. 

PS-PEG NPs with size >200 nm was shown to have effective resistance against mucoadhesion and 

enhanced mucus penetration in airways mucus collected from lung fibrosis37, 38. PLGA-PEG has 

recently been focused on as mucus penetrating NPs due to their biocompatibility and ability to 

carry both hydrophilic and hydrophobic drugs39. It was shown that coating nanoparticles with a 

dense PEG layer shielded them from adhesive interactions with mucus constituents aiding to their 

rapid penetration through low-viscosity fluid between mucin fibers40, 41. Interestingly, studies also 

showed that NPs coated with 2-5 KDa PEG showed higher muco-penetrating properties compared 

to that of PEG ≥ 10 KDa42.     
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1.5 Targeting strategies for IPF 

Though delivering drugs to the disease microenvironment significantly increases therapeutic 

efficiency compared to systemic administration of drugs, targeted therapies always stay a step 

ahead. To understand the effective targeting moiety to use, we first have to understand the key 

player of the disease. In IPF, myofibroblasts have been the focus as the factor that controls and 

regulates fibrosis43. Myofibroblasts are responsible for excess ECM secretion resulting in the 

scarring of lung tissues. Targeting these myofibroblasts and reverting them back to quiescent 

fibroblasts would effectively reverse fibrosis. However, the challenge lies in finding a target that 

is expressed specifically in the fibrotic cells. 

Fibroblast activation protein-α (FAP) is a type II integral serine protease, which has been 

shown to overexpress in patients with IPF. It is observed that FAP has very minimal to no 

expression on healthy lung tissues, but has been shown to overexpress in lung tissue remodeling44. 

Suraj et al. showed the effectiveness of FAP as a myofibroblast target45. They showed the enhanced 

therapeutic effects of FAP-targeted PI3Ki on a Bleomycin induced fibrosis model compared to the 

non-targeted control. They showed that FAP targeting enhanced the targeting and retention of the 

drug in fibrotic tissue and produced significantly higher therapeutic efficiency than the control. An 

intensive meta-analysis of a huge group of IPF patients conducted by Penghui et al showed the 

high expression and dependence of FAP protein in the disease progression of IPF46. Therefore, 

using an FAP targeting antibody to selectively target the myofibroblast and deliver the drugs would 

enhance the therapeutic efficiency while eliminating systemic toxicity.    
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1.6 Models for assessment of IPF treatments 

Though many drugs and drug carrier systems show excellent results in laboratory conditions, 

they fail to show similar results in the pre-clinical and clinical studies. This is especially true in 

the case of pulmonary lung fibrosis47. There is a 

need for more advanced in vitro models that 

replicate the disease microenvironment 

mimicking an in vivo model before going into 

clinical trials. This also helps provide a patient 

specific testing to verify if the drug works for each 

individual patient. Thus 2.5D and 3D models 

have been areas of great focus as they can 

overcome the limitations of conventional 2D in 

vitro models. A few of the major advantages of 

2.5D and 3D models are listed in Figure 3.  

Transwell systems have been widely used as 2.5D models to study the airway epithelial cells 

in Air-liquid interface (ALI)-induced epithelial maturation, which is the first step for any injury 

model48. Prasad et al. used the co-culture transwell system to study the reduction in migration of 

IPF cells due to the impaired paracrine epithelial PDGF signaling49. Studies have shown that the 

complex 3D structures produced by airway epithelial and microvascular endothelial cells on 2.5D 

Matrigel is not reproducible by 2D systems50-52. Huang et al. showed that the effect of anti-

angiogenic peptide kallistatin on reducing VEGF and VEGFR2 expression in the 2.5D Matrigel 

assay was much more comparable to the in vivo model53. Though the 2.5D system shows great 

Figure 3. Advantages of 2.5D and 3D in 
vitro cultures over conventional 2D in 
vitro cultures.  
Sundarakrishnan A, Engineered cell and tissue models of pulmonary fibrosis. 
Adv Drug Deliv Rev. 2018 Apr;129:78-94. 
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advantage over the conventional system, it still faces some limitations including lack of 

mechanical tunability and multi layered cellular interactions. 

When focusing on the key players in fibrosis (fibroblasts), a much more complex testing 

system is required. Hydrogel based systems, especially made from collagen type 1, is highly 

preferred for fibroblast culture as it closely mimics the in vivo ECM condition54. Acid-solubilized 

animal collagen I undergoes de novo fibrillogenesis at neutral pH55. Fibroblasts added during 

polymerization encapsulate, attach and contract the collagen hydrogel network via integrin 

adhesions54. Arora et al showed that the degree of collagen gel compliance was directly 

proportional to α-SMA expression level by studying the fibroblast-mediated collagen 

contraction56. This correlation plays a very important role in designing the experiment57, 58. We 

will be utilizing the 3D collagen based model to test the effectiveness of the nanoparticle and to 

design the 3D organ on chip, which would take us closer to the clinical model. 

 

1.7.1 Overview of dissertation research 

To overcome the current limitations, our long-term goal for this research is to develop and 

investigate the effectiveness of novel site-specific targeted drug-loaded nanoparticles (TDNPs) 

that can penetrate the mucus barrier and deliver the anti-fibrotic/anti-inflammation drug to 

reduce/reverse fibrosis process while consisting of minimal off-target severe side effects. 

 

1.7.2 Specific aims 

Aim 1: Formulating and characterizing TDNPs that are made from biodegradable and 

biocompatible PLGA-PEG copolymer, loaded with FDA approved Pirfenidone, and used for 

targeting myofibroblasts via FAP antibodies. The synthesized NPs were characterized for their 
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physicochemical properties like size, charge, and stability. The drug release kinetics for therapeutic 

application were analyzed. Finally, their mucus penetrating effect was analyzed to consider if they 

were an ideal drug carrier system for intratracheal delivery. 

Aim 2: Determining the in vitro efficiency of the formulated TDNPs. The NPs were analyzed 

for their effectiveness in targeting activated myofibroblasts through in vitro uptake studies. The 

therapeutic efficiency of these NPs was analyzed in vitro to access the effectiveness of these NPs 

to prevent myofibroblast transition. The cytocompatibility of TDNPs was also analyzed in healthy 

lung cells including epithelial and fibroblast cells. 2.5D fibrosis models were created to act as a 

transition bridge between laboratory and clinical models. The NPs were tested for their therapeutic 

efficiency in the 2.5D fibrosis model. 

Aim 3: Evaluating the in vivo effectiveness of the TDNPs in Bleomycin induced IPF model. 

The targeting and retention efficiency of the NPs on lung tissues of the mice were tested using 

Rhodamine B loaded TDNPs. The therapeutic efficiency of TDNPs was evaluated by analyzing 

the reduction in scarring and lung structure after treatment. Masson’s trichrome staining analysis 

was also performed to analyze the reduction in collagen deposition after treatment with TDNPs. 

 

 1.7.3 Innovative aspects 

The innovative aspect of this thesis research is that firstly, we created a novel biodegradable 

nanoparticle system that not only can penetrate the lung mucosa, but can also target the 

myofibroblasts for a more enhanced delivery of payload in the fibrotic microenvironment. This 

nanoparticle system further serves as a drug carrier for both hydrophilic and hydrophobic drugs 

for pulmonary drug delivery. Our modified 3D fibrotic model will help transition the model into a 

fully functional organ-on-chip fibrosis model. 



10 
 

Chapter 2 

MATERIALS AND METHODS 

2.1 Materials used 

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

PEG and PLGA-PEG-NHS (Molecular weight 17kDa - 5kDa) was purchased from Akina Inc. 

(West Lafayette, IN); Rhodamine B dye was purchased from Sigma-Aldrich (St. Louis, MO). 

Iscove’s Modified Dulbecco’s Medium (IMDM), Fetal bovine serum, penicillin-streptomycin, and 

trypsin-ethylenediaminetetraacetic acid (EDTA) were procured from Fischer Scientific (Waltham, 

MA).  

2.2.1 Formulation of DNPs 

The drug loaded PLGA-PEG nanoparticles are synthesized using a modified version of the 

standard single emulsion (oil/water) technique (Figure 4). Briefly, 20 mg of Pirfenidone is added 

to 50 mg (5:1) w/w of PLGA-PEG: PLGA-PEG-(N-Hydroxysuccinimide), and the mixture is 

dissolved in 2 ml of DCM (oil phase). After the polymers are completely dissolved, the solution 

is added dropwise to 5 ml of 2% Polyvinyl alcohol (PVA) solution (water phase) under constant 

stirring and sonicated for 1 minute at 20W for emulsification. The solution is then added dropwise 

to 15 ml of 2% Polyvinyl alcohol (PVA) solution under constant stirring at room temperature and 

then sonicated at 25W for 2 minutes. The solvent is evaporated by overnight stirring at room 

temperature. The particles are collected by centrifugation at 22,00 RPM for 25 minutes at 10°C. 

The supernatant was used to measure the drug loading efficiency via an indirect method. The pellet 

is washed twice and resuspended in 3 mL DI water with 5% mannitol mixture. The particles were 

freeze-dried for 24 hours. Blank NPs were prepared by the same process mentioned above without 

adding the Pirfenidone in the oil phase. 
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2.2.2 Formulation of TDNPs 

To synthesize FAP antibody conjugated nanoparticles (TDNPs), simple NHS based 

conjugation previously optimized from our group was used. Briefly, 10 mg of drug-loaded NPs is 

taken at 2 mg/ml concentration (MES buffer) and 10 µg of FAP antibody per mg of nanoparticles 

will be added to the suspension under stirring at 4°C for 2 hours. TDNPs will be then collected by 

centrifugation and freeze-drying. Depending on whether the application is towards human IPF or 

mouse IPF cells, respective antibodies would be used (human target - R & D Systems cat -AF3715, 

mouse target - R & D Systems cat -MAB9727). 

 

2.2.1 Physicochemical properties of TDNPs 

The physicochemical characteristics of TDNPs including size, charge and polydispersity 

index was measured using NanoBrook 90Plus PALS analyzer (Brookhaven Instruments, 

Holtsville, NY). For DLS measurements, 50 µL of 1 mg/mL NP suspension is added to a 

transparent cuvette containing 3 mL of DI water and the size measurement was performed using a 

Figure 4. Schematic of DNP synthesis 
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perpendicular laser. Zeta potential (charge) measurements were done using a probe attachment 

placed inside the cuvette.  

The surface morphology of the formulated nanoparticles was visualized by transmission 

electron microscopy (TEM). Briefly, freeze-dried nanoparticle samples in DI water were fixed 

onto ozone treated copper grids and stained with uranyl acetate (0.5%). A H-7500 TEM (Hitachi) 

transmission electron microscope was used to visualize the particle morphologies. 

Freeze-dried material including PLGA-PEG polymer, PLGA polymer, and PEG were analyzed 

using Fourier-Transform infrared spectroscopy (FTIR). Briefly, FTIR spectra of the varied materials 

were recorded in transmission mode using FT-IR Nicolet-6700 in the range of 400 to 4000cm-1. 

 

2.2.2 Drug loading of TDNPs 

Drug loading efficiency of the nanoparticles will be determined by direct loading using a UV-

Vis spectrophotometer. Briefly, 2 mg of TDNP were measured in a glass vial. 2 mL of chloroform 

was added to break the nanoparticles. The solvent was evaporated and 1 mL of ethanol was added 

to dissolve the Pirfenidone. The solution was centrifuged at 10,000 RPM for 10 minutes and the 

supernatant was analyzed at 313 nm using a UV-Vis spectrophotometer.  

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ((%) ) =  
 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖 𝑁𝑁𝑁𝑁
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢  𝑥𝑥 100%                      (1) 

 

2.2.3 Drug release kinetics of TDNPs 

To analyze the drug release kinetics of TDNPs, 8 mg of TDNPs were dispersed in 2 ml of 

PBS 7.4 pH. The solution was then split equally into 4 tubes and incubated at 37°C. At designated 

times (0 hours, 2 hours, 6 hours, 12 hours, 1 day, 2 days, 3 days, 5 days), each sample was 

centrifuged at 17,000 RPM for 20 minutes to collect the supernatant, the NPs were then re-
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suspended in fresh PBS solution and incubated at 37°C until the next time point. The supernatants 

were characterized for the drug amount using UV-Vis spectrophotometer at 313 nm. 

 

2.2.4 TDNP stability 

Stability of the TDNPs were determined by analyzing their change in size over a period of 72 

hours in human simulated lung fluid59. Briefly, TDNPs and blank NPs were dispersed and 

incubated in simulated lung fluid at 37°C, size characterization of these particles is performed 

using DLS (NanoBrook 90Plus PALS analyzer) at designated time-intervals. 

 

2.3 Effectiveness of PEGylation 

2.3.1 Mucus penetration properties of TDNPs 

A mucus permeation study was performed to study the effects of TDNPs in penetrating the 

mucus layer mimicking an in vivo condition (Figure 5). TDNPs loaded with Rhodamine B dye 

were used for the study. A 12-well transwell plate with a pore size of 0.8 μm was used for the 

study. Mucus was simulated based on previous literature60. Porcine mucin protein was mixed with 

salts and DPPC to form simulated mucus. 100μL of simulated mucus was placed on the transwell 

membrane and 500 μL of PBS was placed in the lower chamber. 25 μL of 10mg/mL of NPs were 

placed on top of the simulated mucus to allow permeation from the transwell to the lower chamber. 

PBS from the lower chamber was collected at various timepoints to measure the fluorescent NPs 

permeated through the mucus. Fresh PBS was replaced at different timepoints. 
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2.3.2 Collagen matrix penetration of TDNPs 

 A collagen matrix permeation study was performed to study the effects of TDNPs in 

penetrating the interstitial layer of the lung mimicking an in vivo condition. TDNPs loaded with 

Rhodamine B dye were used for the study. A 12-well transwell plate with a pore size of 0.8 μm 

was used for the study. Collagen matrix mimicking the interstitial layer was formed based on 

previous literature61. Collagen gel was prepared with 3 mg/mL Collagen Type 1. 100μL of collagen 

gel mixture was placed on the transwell membrane and incubated for 2 hours at 37°C. 500 μL of 

PBS was placed in the lower chamber. 25 μL of 10 mg/mL of NPs were placed on top of the 

collagen matrix for permeation from the transwell to the lower chamber. PBS from the lower 

chamber was collected at various timepoints to measure the fluorescent NPs permeated through 

the mucus. Fresh PBS was replaced at different timepoints. 

 

2.4 In vitro evaluation of TDNPs 

2.4.1 Cell culture 

Human primary lung fibroblasts (HLF) were purchased through American Type Culture 

Collection (ATCC, Manassas, VA). Alveolar Type 1 (AT1) cells were purchased through Applied 

Figure 5: Schematic of mucus penetration setup 
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Biological Materials Inc. (Richmond, BC, Canada). HLF cells were cultured in Fibroblast basal 

medium supplemented with 10% heat inactivated FBS. AT1 cells were cultured in IMDM medium 

supplemented with 10% heat inactivated FBS, 100 U/ml Penicillin. BT-20 cell lines were cultured 

in EMEM medium supplemented with 10% heat inactivated FBS, 100 U/ml Penicillin, and 100 

µg/ml Streptomycin. 

 

2.4.2 Myofibroblast induction of HLF cells 

To induce fibrosis conditions in vitro, normal human lung fibroblasts (NHLFs; Lonza, Cat#: 

CC-2512) cells were induced with TGF-β. Briefly, cells seeded in a 6-well plate at 70% confluency 

were treated with 10 - 25 ng/ml of TGF-β in low serum media. The cells were washed after 48 

hours, and α-SMA (fibrotic indicator) measured to confirm the induction of fibrotic cells. The 

expression of α-SMA was characterized by techniques including qPCR, Western Blot and 

Immunocytochemistry staining (ICC). 

 

2.4.3 Pirfenidone IC50 Analysis 

To test the effectiveness of the drug in vitro, IC50 analysis of the drug was performed on HLF 

cells that were induced with fibrosis via TGF-β. Briefly, HLF cells were seeded in a 24 well plate 

at 50% confluency. The cells were treated with 25 ng/mL of TGF-β in low serum media. After 24 

hours of incubation, the cells were treated with varying concentrations of Pirfenidone (0-500 

µg/mL). Cells were stained for αSMA protein expression at 48 hours after treatment and analyzed 

through fluorescent imaging. For quantitative assessment of the cells, we performed qPCR with 

the lysate and analyzed the αSMA gene expression. The effective concentration for the therapeutic 

studies would be chosen from this experiment. 
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2.4.4 Cytocompatibility of TDNPs 

HLF & AT1 cells were seeded (5×103 cells/well) in 96-well plates and incubated overnight at 

37℃. NPs were added at concentrations ranging from 0-500 µg/mL to the seeded cells. After 

incubation for 48 hours, cells were incubated with MTS reagent for one hour followed by 

measurement of the absorbance at 490 nm using an UV-Vis spectrophotometer (Tecan). Cell 

viabilities were calculated via normalizing to the control group (cells exposed to complete media 

only were considered having a 100% viability). 

 

2.4.5 Targeting efficiency evaluation of TDNPs 

To assess the targeting potential of TDNPs, fibrosis induced lung fibroblast cells (TGF-β 

treated) and healthy cells (non-treated) were incubated with dye (Rhodamine B)-loaded NPs (with 

and without the antibody conjugation) at similar concentrations for 2-4 hours, and the cells were 

washed carefully to remove the unbound NPs. The cells were washed twice and stained with 

NucBlue™ Live Cell Stain. After washing, cells were quantified via spectrophotometry, the TDNP 

amount in each sample was quantified via spectrophotometry and normalized with their respective 

NucBlue values. Furthermore, for visualizing the cellular uptake before the spectroscopic analysis, 

the cells were imaged using a fluorescent microscope (ECHO, San Francisco, CA) in the DAPI 

channel for nucleus and the Texas Red channel for NPs. 

 

2.4.6 In vitro therapeutic effects of TDNPs  

The therapeutic efficiency (anti-fibrotic efficiency) of the proposed TDNPs were assessed by 

determining their ability in inhibiting the upregulation of the α-SMA protein analyzed through 

qPCR. Briefly, HLF cells were seeded at 10,000 cells/well in a 96-well plate and treated with TGF-
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β (10 ng/ml). After 24 hours, the cells were treated with the optimal NP concentration (obtained 

from the IC-50 study). This was done with the following control groups (individual free drug and 

no treatment) for the comparison of efficiency. The cells were treated for 48 hours with the NPs 

and then lysed and analyzed by western blotting for the expression of α-SMA levels. The groups 

were normalized to healthy HLF cells. 

 

2.5 3D fibrosis model  

2.5.1 Creation of a collagen-based 3D model 

To create a 3D model of lung fibrosis, we modified and optimized based on an established 

dermal fibrosis model61. 3 mg/mL of acid soluble Type 1 collagen was used as the base material 

for the matrix. Briefly, 10,000 healthy HLF cells in 6.3 µL of 20% FBS complete media was added 

with 10 µL of 10X PBS and 0.4 µL of 1M NaOH. The solution was added and mixed to 33.3 µL 

of collagen (cold) and quickly added to a 96 well plate. The plate was incubated in 37℃ for 2-3 

hours and 100 µL of complete media was added to the well. After 24 hours of incubation, the cells 

were treated with 25 µg/mL of TGFβ. After 72 hours, the gel was stained with ICC staining for 

the expression of αSMA protein. 

 

2.5.2 Therapeutic efficiency of TDNPs in 3D models 

Once the 3D model was established, the therapeutic efficacy of the TDNPs were tested. 

Briefly, a cell matrix model was created in a 96 well plate and treated with TGFβ as discussed in 

Section 2.5.1. After 24 hours, the cells were treated with the optimal NP concentration (obtained 

from the IC-50 study). This was done with the following control groups (individual free drug and 

no treatment) for the comparison of efficiency. The cells were treated for 48 hours with the NPs 



18 
 

and then lysed and analyzed by western blotting for the expression of α-SMA levels. The groups 

were normalized to healthy HLF cells. 

 

2.6 The evaluation of in vivo therapeutic & targeting effects of TDNPs 

2.6.1 Creation of IPF mice 

For in vivo evaluations, commonly used Bleomycin induced fibrosis model was used. To 

create the model, C57BL/6 mice were used as previously described in literature62, 63. Briefly, mice 

were anesthetized, and Bleomycin (2 U/kg body weight) dissolved in 50 µl of saline and injected 

through intratracheal intubation technique keeping the animal upright where it was slowly rotated 

for homogeneous distribution throughout the lung. 50 µl of saline was administered to the negative 

control group. After 21 days of Bleomycin administration, mice were scarified and histological 

evaluation on the lung sections were made to evaluate the pulmonary fibrosis. The extent of 

fibrosis induction was analyzed by H&E staining of the lung tissue for tissue scarring and 

Masson’s trichrome staining for excess collagen formation in ECM.   

 

2.6.2 Targeting and retention study on IPF mice 

To analyze the nanoparticle formulations targeting capability to assess the tissue/organ, we 

performed a biodistribution study in mice. For this initial study, we used the mice strain of 7–10-

week old C57BL/6J mice (both sexes). The mice were induced with IPF as discussed in Section 

2.6.1. Florescent dye-labeled nanoparticle formulations with concentration of 5 mg/mL were 

nebulized using an aeroneb® lab module nebulizer. Saline solution nebulization was used as 

negative control. After 3 hours of nebulization, mice were euthanized by CO2 inhalation, followed 

by whole body and organ fluorescence imaging (Kodak in vivo imaging FX Pro- LS Rm554) to 
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assess biodistribution profiles. The lung tissues were extracted and sliced using cryostat sectioning 

techniques. The sections were stained using NucBlue™ Live Cell Stain. The tissues were analyzed 

using fluorescent microscopy to analyze the enhanced uptake and retention of TDNPs compared 

to PLGA NPs. 

 

2.6.3 Investigation of the in vivo effectiveness of TDNPs on IPF mice 

To evaluate the efficacy of nanoparticle formulation on treating fibrosis in, we carried out a 

proof-of-concept study to assess whether nanoparticle formulation could be used to treat fibrosis 

and cure scar tissue in the lung (Figure 6). For this study, 7–10-week old C57BL/6J mice (both 

sexes) were used. The mice were induced with Bleomycin to form IPF as discussed in Section 

2.6.1 

Three days (72 hours) after Bleomycin intubation, mice were administered with either saline, 

free drug or antifibrotic nanoparticle formulation via nebulization (same procedure as 

biodistribution studies) with an experiment timeline shown below. 

After 14 days, mice were euthanized, organs and blood were collected via sterile necropsy 

and heart puncture, respectively. Histological analysis of lungs, and tissue damage in lungs were 

assessed. These assessments were used to determine the therapeutic efficacy of nanoformulations.   

 

Day 3,7,12 – Nebulize nanoparticles 
Day 0 – bleomycin intubation 

Day 14– euthanize & collect organs 

Figure 6. Timeline of in vivo therapeutic efficiency study  
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2.7 Statistical analysis 

GraphPad Prism 8 (GraphPad Software Inc., San Diego, USA) was used to perform statistical 

analysis. One-way ANOVA with Dunnett multiple comparisons and Tukey’s multiple comparison 

tests were done for all the analyses. Triplicate samples were used for all the studies if not specified.  
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Chapter 3 

RESULTS AND DISCUSSION 

 

3.1 TDNP fabrication and characterization 

3.1.1 TDNPs fabrication and characterization 

In this study, we prepared biodegradable PLGA-PEG nanoparticles as a high efficiency mucus 

penetrating drug delivery system. The prepared NPs were ~380 nm, which is ideal for intratracheal 

delivery for the lower respiratory track as it avoids exhalation and accumulation in the upper 

respiratory track29. The particles were also tested for their Zeta potential charge (Figure 7B), we 

Figure 7. Physicochemical characteristics of TDNPs. A. TEM image of the TDNPs 
showing their spherical shape and the PEG molecules on the surface of the particles. B. 
DLS measurement of bare NP and TDNP. We can observe that the size after drug 
loading and conjugation has increased by almost double; we can also see that there is 
not a big difference in ZETA potential value, with TDNPs being highly stable. C.  FTIR 
spectra of DNPs show a significant peak at 1752 cm-1 which is a characteristic peak of 
PLGA’ C=O stretching. A small peak around 950 and 840 cm-1 is also observed 
confirming the presence of PEG. 

(B) (A) 

(C) 
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observed that TDNPs had a charge of ~ -20mV denoting that the particles were very stable with 

very less chance of aggregation.   

To confirm the presence of the PEG layer on the polymersome, FTIR was performed to detect 

the presence of functional groups (Figure 7C). We observed the characteristic peak at 1752 cm-1 

was attributed to the C=O stretching and is clearly observed in the PLGA and PLGA-PEG spectra. 

We can also see that the NPs show a small signal around 950 and 840 cm-1, that attributes to the 

C-C-O harmonica, denoting the presence of PEG on the surface64. 

 

3.1.2 Drug release profiles 

The drug release kinetics of the NPs were analyzed for their applications in therapeutic studies. 

NPs at a concentration of 2 mg/mL were used for drug release analysis. The study was performed 

at 37°C in 1X PBS (pH 7.4) at different time points. The release rate of the nanoparticles is shown 

in Figure 8. We observed that NPs had a burst release of ~17 % in the first 6 hours, followed by a 

sustained release phase up to 3 days.  

 

 

 

 

 

 

 

 

 Figure 8. Drug release profile of TDNPs 
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3.1.3 TDNPs stability 

The stability analysis of the bare NPs and drug loaded TDNPs were analyzed for an extended 

time of 72 hours in simulated lung fluid 

(Fisher Scientific) at 37°C. The simulated 

lung fluid represents the interstitial fluid 

deep within the lung acting as a mimic of 

in vivo conditions. Both the blank and drug 

loaded NPs had no significant change in 

their size for the whole length of the 

experiment (Figure 9). Though there was 

a slight increase in the size of the NPs after 24 hours, the change was not significant. There was 

no sign of aggregation of the NPs during the study, attesting to their stability.  

Figure 9. Stability study of TDNPs shows no 
significant change in size over 72 hours. 
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3.2 Mucus & matrix penetration studies of TDNPs 

The mucus layer is a key barrier in the delivery of drugs and drug carriers intratracheally65, 66 

because the complex barrier becomes more viscous and adherent during IPF67, 68. It is, thus, vital 

to study the mucus penetrating capability of nanoparticles. Recent reports suggest that 

nanoparticles <500 nm with a mucus inert coating can navigate through the mucus layer69. In this 

experiment, we assessed the effectiveness of the PEGylated NPs in penetrating the mucus layer 

compared to plain PLGA NPs. Nanoparticles labeled with Rhodamine B were layered on top of 

simulated mucus, and their permeation through mucus and a 0.8 μm pore size transwell into the 

lower chamber was recorded to assess permeation kinetics. We observed that PEGylated NPs (or 

TDNPs) had a significantly higher mucus penetration compared to that of plain PLGA NPs 

(Figure 10). We observed that even starting from a 3 hours timepoint, the rate of mucus penetration 

was significantly higher for TDNPs compared to that of PLGA NPs. This clearly shows that the 

PEGylation of NPs provide enhanced penetration through mucus, and the TDNPs would act as an 

ideal drug carrier for intratracheal drug delivery, especially for lung fibrosis.    

Figure 10. Mucus penetration study of TDNPs. TDNPs have higher rates of mucus penetration 
compared to the PLGA NPs throughout the experiment timepoint (*P<0.05). 
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Once the NPs cross the mucus layer, they still have to penetrate the thick collagen matrix to 

reach the myofibroblast. Since during tissue scarring, the collagen production rate greatly exceeds 

the collagen degradation rate, there is accumulation of fibrillar collagen in the extracellular 

matrix70. The NPs were thus tested in their efficiency to cross the in vivo mimicking collagen 

matrix. We observed that the PEGylated NPs showed higher matrix penetration compared to that 

of PLGA NPs. The rate of NP penetration was significantly higher for the TDNPs throughout the 

experimental timepoint (Figure 11). Both the mucus penetration and collagen matrix penetration 

show the potential of PEGylation in intratracheal delivery of drugs and its ability to reach and 

deliver drugs to the damaged myofibroblasts.  

 

 

 

 

Figure 11. Collagen matrix penetration study of TDNPs TDNPs have a higher rate of 
penetration compared to the PLGA NPs throughout the experiment timepoint. (*P<0.05) 
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3.3 In vitro studies of TDNPs 

3.3.1 Disease establishment in 2D model 

A fibrosis condition was induced in the healthy human lung fibroblast (HLF) cells by treating 

them with TGF β1 as briefly described in the experiment section. Immunocytochemistry (ICC) 

was performed on these treated cells with α-SMA protein as a marker of fibrosis. We used α-SMA 

antibody conjugated with Texas Red to determine the level of protein induction in terms of fibrosis 

induction. We observed that cells treated with both 10 and 25 ng/ml turned the cells fibrotic with 

Figure 12.   Fibrosis establishment in 2D model A. ICC staining of HLF with 
DAPI (Blue) nuclear staining and Texas Red α-SMA protein (Red) staining 
after treatment with TGF β1. B. Western Blot with α-SMA antibody. C. RT-
qPCR data, quantifying the induction of Fibrotic cells by TGF-β Treatment. 
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25 ng/ml being more prominent (Figure 12A). The induction of fibrosis is also quantified by the 

amount of α-SMA protein and collagen-1 protein expression using Western Blot and their 

respective RNA values using the RT-qPCR. We observed that there was more than a 20-fold 

increase in the α-SMA expression for even 10 ng/ml TGF-β treatment and 30-fold for 25 ng/ml of 

TGF-β (Figure 12B). We observed a similar trend in the collagen-1 expression, which signifies a 

successful transformation of healthy HLF into fibrotic cells via TGF-β treatment. We also 

observed a clear band at 42 KDa for both TGF β1 concentrations, with 25 ng/ml having a slightly 

higher concentration of proteins (Figure 12C). Though both concentrations produced fibrotic 

conditions, 25 ng/ml was used for further studies as it showed more prominent expression of α-

SMA protein in both the studies.  

 

3.3.2 IC50 analysis of Pirfenidone 

The effective concentration dose of Pirfenidone as a drug to treat TGFβ induced fibrosis was 

analyzed. The cells induced with TGFβ were treated with different concentrations of Pirfenidone 

(0-500 µg/mL) to determine the effective dose range for therapeutic studies. The cells after 

treatment were analyzed by ICC staining for the presence of α-SMA protein (similar procedure as 

Section 3.3.1). We observed that at concentration 10 µg/mL, though the expression of α-SMA 

protein was reduced, significant expression of α-SMA protein was observed (Figure 13A). We 

observed that for concentrations 50-100 µg/mL, there was negligible to no visible expression of 

α-SMA protein. However, at a concentration of 500 µg/mL, we again observed significant 

expression of α-SMA protein. The results were quantitatively confirmed through qPCR analysis 

of the cell lysate, where we observed that only for the concentration range of 50-100 µg/mL did 

we observe significant reduction in the α-SMA gene expression (Figure 13B). Though there was 
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a reduction in expression of the α-SMA gene in the concentration of 10 & 500 µg/mL, it was not 

significant. Thus, the concentration range of 50-100 µg/mL would be used for further therapeutic 

efficiency studies. 

3.3.3 Cytocompatibility analysis of TDNPs 

The cytocompatibility of the TDNPs and blank NPs were analyzed up to 500 mg/mL in 

healthy lung epithelial (AT1) cells and healthy lung fibroblast (HLF) cells. The viability of the 

cells was normalized to untreated healthy cells. We observed no significant reduction in viability 

throughout the concentration of cells compared to no treatment (Figure 14). We observed no 

significant change in viability observed between the blank NPs and the TDNPs group. The NPs 

are thus biocompatible for an extended concentration of 0 - 500 mg/mL with no observable 

toxicity.  

Figure 13. IC50 Analysis of Pirfenidone by A. qPCR quantitative analysis. B. ICC staining of HLF 
with DAPI (Blue) nuclear staining and Texas Red α-SMA protein (Red) staining on TGFβ induced 
HLF cells. 

(B) 

(A) 
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3.3.4 TDNPs uptake study 

The targeting and uptake efficiency of FAP antibody conjugated NPs (TDNPs) were analyzed 

and compared with untargeted NPs. Dye (Coumarin 6) loaded nanoparticles were used for the 

study. The fibrosis induced cells were treated with nanoparticles for 3 hours, washed and imaged 

under fluorescent microscope (Figure 15A). We observed that FAP targeted nanoparticles showed 

higher uptake (green color) compared to that of unconjugated NPs, attesting to the necessity and 

effectiveness of active targeting through FAP antibodies. The cells were lysed and analyzed 

quantitatively through spectroscopy (Figure 15B). We observed that the spectroscopic data 

aligned with the microscopy data where the TDNPs had significantly higher uptake compared to 

that of DNPs.   

 

 

 

 

 

 

Figure 14. Cytocompatibility of TDNPs on A. HLFs and B. AT1 healthy cells. Cell viability was 
analyzed by MTS assays, and it showed no inherent toxicity to the cells. 

(A) (B) 
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Figure 15. Targeting efficiency of TDNPs analyzed by A. Fluorescent microscopy shows 
significantly higher uptake of NPs (green) in TDNPs group compared to that of DNPs. B. 
Quantitative spectroscopy analysis of cell lysis also shows significantly higher uptake and retention 
of TDNPs compared to that of DNPs. (***p<0.001). 

(A) 

(B) 
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3.3.5 In vitro therapeutic effects of TDNPs 

The therapeutic efficiency of TDNPs was analyzed in vitro by analyzing its effectiveness in 

reducing the expression of α-SMA gene via qPCR. The TDNPs were compared with free 

Pirfenidone and no treatment control. The Pirfenidone amount was kept constant for both the 

groups. We observed that the TDNPs reduced the α-SMA expression significantly compared to 

that of both the control and free drug (Figure 16). We observed a 10-fold increase in α-SMA 

expression in the free drug compared to a 20-fold increase in the no treatment group. This was 

further reduced to less than a 5-fold increase in the TDNP group. This result clearly shows the 

necessity and effectiveness of a targeted drug delivery system to treat fibrosis.  

 

Figure 16. Therapeutic efficiency of TDNPs analyzed by quantitative qPCR data shows significant 
reduction in the αSMA gene expression in the TDNP group compared to that of free drug. (*P<0.05) 
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3.4 3D fibrosis model 

The collagen matrix after 72 hours of TGFβ was stained using ICC staining for analyzing the 

presence of αSMA protein (red) as an indicator for fibrosis. The samples were imaged using 

confocal microscopy with Z thickness of 16µm (Figure 17). We observed that even with the 

thickness of the gel, most of the cells inside the matrix have been induced with fibrosis as seen by 

the expression of αSMA protein (red). We observed that most of the cells were expressing αSMA 

filament, even better than that of the 2D model.  

 

3.4.1 Therapeutic effect of TDNPs in 3D fibrosis model 

The therapeutic efficiency of TDNPs was analyzed in the created 3D fibrosis model by 

analyzing its effectiveness in reducing the expression of the α-SMA gene via qPCR. The TDNPs 

were compared with free Pirfenidone and no treatment control. The Pirfenidone amount was kept 

constant for both the groups. We observed that the TDNPs reduced the α-SMA expression 

significantly compared to that of both the control and free drug (Figure 18). We observed a 13-

fold increase in α-SMA expression in the free drug compared to an 18-fold increase in the no 

treatment group. This was further reduced to less than a 6-fold increase in the TDNP group. This 

Figure 17. Confocal image of fibrotic region in TGFβ induced 3D collagen matrix. Observed 
αSMA protein (red) expression in almost all cells through the thickness of the matrix. 
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result clearly shows the necessity and effectiveness of a targeted drug delivery system to treat 

fibrosis. 

 

3.5 In vivo studies of TDNPs 

3.5.1 IPF models 

An idiopathic pulmonary fibrosis model was created in the mice following a well-established 

protocol. Briefly, the mice were injected with 2 U/kg of Bleomycin via intratracheal intubation. 

The mice were housed under monitoring for 14 days. After 14 days, the lung tissues were analyzed 

by both H&E staining and Mason’s trichrome staining to verify the extent of tissue damage and 

collagen accumulation, respectively. This would be the direct indicator of Fibrosis. The H&E 

staining done on the lung tissues of the Bleomycin injected mice clearly showed rigidity of lung 

tissue compared to that of the saline group (Figure 19A). We can clearly see the alveolar structure 

in the saline group which has disappeared almost completely in the Bleomycin group. The tissues 

were graded by standard Ashcroft’s scale, and we observed that the Bleomycin injected mice had 

Figure 18. Therapeutic efficiency of TDNPs in 3D fibrotic model analyzed by quantitative qPCR 
data shows significant reduction in the αSMA gene expression in the TDNPs group compared to that 
of free drug. (*P<0.05) 
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a score of 6-7 compared to 0-1 on the saline. The Bleomycin mice’s score was significantly higher 

than that of saline (Figure 19B).  

 

The tissues were further analyzed with Masson's trichrome staining to quantify the collagen 

expression and deposition. Masson’s trichrome stains the collagen in the tissue blue. We observed 

that the Bleomycin injected mice had a high deposition of collagen (Figure 20). Through color 

deconvolution software, we analyzed the area covered with collagen, eliminating the other tissues. 

We observed that the Bleomycin injected mice had significantly higher collagen deposited areas 

compared to that of saline. Through these experiments, we showed that the model was successfully 

established, and the same procedure would be used for therapeutic and NP retention studies.  

 

Figure 19. Lung tissue of Bleomycin induced IPF model A. Hemoxylin and Eosin staining of 
paraffin-embedded lung tissues. Bleomycin treated group had a high density of fibrotic tissues and 
scarring. No significant tissue damage was seen in the saline group. B. Ashcroft’s scoring of the lung 
tissue shows significant increase in the Bleomycin group compared to saline. 

(A) 

(B) 
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3.5.2 Targeting and retention study of TDNPs on IPF mice 

TDNPs’ ability to target fibrotic and ability to get uptaken was analyzed using Rhodamine B 

loaded TDNPs and was compared with plain PLGA NPs. The nanoparticles were nebulized, and 

after 3 hours, the mice were euthanized. The lung tissues were collected, washed, sliced and 

imaged under fluorescent microscopy (Figure 21). The tissue was stained with nuclear stain (blue) 

to show the cellular structure. We observed that the accumulation and uptake of TDNPs was 

significantly higher than that of PLGA NPs. The results indicate that TDNPs were able to reach 

the alveolar region, and that PEG helps in penetration of NPs in the lung tissues.  

 

Figure 20. Masson’s trichrome staining of lung tissue of Bleomycin induced IPF model. Bleomycin 
group had significantly higher deposition of collagen (Blue). 
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Figure 21. Targeting and retention efficiency of TDNPs was analyzed by fluorescent microscopy 
of tissue sections. We saw significantly higher accumulation and retention of NPs (red) in the TDNPs 
group compared to that of the PLGA group.  
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Chapter 5 

Conclusion 

To summarize, we developed a novel nanoparticle drug delivery system that could 

penetrate lung mucosa and target the damaged myofibroblast to deliver drugs in the fibrotic region. 

The NPs were characterized for their optimal size < 500nm to reach the deep alveolar regions and 

consisted of their stability in the stimulated lung fluid. They had a very high cytocompatibility to 

healthy cells and provided a sustained drug release. The NPs with the PEG surface showed 

enhanced simulated mucus and collagen matrix penetration, indicating its ability to deliver drugs 

to fibrotic lung cells. We were successfully able to create 2D and 3D models of fibrosis for in vitro 

studies to test our NPs for their therapeutic efficiency. We showed that our NPs had significantly 

higher therapeutic efficiency compared to that of free Pirfenidone. 

We created a lung model in mice that was comparable and pathologically similar to clinical 

disease. We also showed the efficiency of our NPs’ localization and retention capabilities to lung 

tissues in this mouse model. These results support our hypothesis that the targeted PLGA-PEG 

based polymersomes can act as a potential drug delivery system to target and treat pulmonary 

fibrosis. 
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Chapter 6 

Limitations and Future Work 

Although our findings show high efficiency in inhalation delivery of nanoparticles and 

therapeutic efficiency of our TDNPs in delivering a drug to diseased lung tissues and treating lung 

fibrosis, there are a few limitations that have to be addressed. Since fibrosis is a relatively new 

field, there is a lack of clinically approved drugs that can reverse late-stage fibrosis. This makes 

the proposed NPs optimal for early to mid-stage fibrosis. Though this is a current limitation, the 

proposed NP is a universal design which can carry any new drugs that are created in the future to 

increase its efficiency.  

Though the 3-D model created was able to bring us closer to the interstitial region of fibrotic 

tissues, more optimized design is essential that provides layered interaction between the epithelial 

and interstitial layer.  

A more integrated “organ-on-chip” is being designed in collaboration with Dr. Yang, with the 

data produced in this thesis, could provide a more robust design to create a 3D fibrosis model that 

completely mimics a clinical model in every aspect.  The proposed NP system can be used for 

many applications including lung infections and cystic fibrosis that has mucus accumulation as a 

barrier for drug delivery.  

Based on our encouraging results, future therapeutic studies in mice models with pulmonary 

fibrosis with various dosages should be performed to assess the optimal dose and clinical potential 

of a targeted drug delivery system. 
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