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ABSTRACT

Lung infections, especially lower respiratory tract infections and their associated pneumonias, are
one of the leading causes of death, accounting for more than 4 million fatalities every year
worldwide. Bacterial pathogens are involved in many lower respiratory tract infections including
emerging antibiotic resistant respiratory pathogens such as methicillin-resistant staphylococcus
aureus (MRSA). Current interventions for MRSA lung infections include systemic antibiotic
treatments for an extended period leading to various side effects such as acute kidney injury,
nephrotoxicity, and so on. To overcome these limitations, the goal of this dissertation research is
to develop a drug delivery system, which includes pathogen-specific drug-loaded nanocomposites
for targeting injured cells and ameliorating lung injury caused by these pathogens more effectively
than conventional treatments. Specifically, non-invasive techniques such as inhalable formulations
of our novel nanocomposites can increase patient compliance, reduce multiple doses, and improve
therapeutic efficiency of potent drugs. To reach our goal, two specific aims were followed: (1) To
synthesize and characterize nanocomposites comprised of PLGA-based nanoparticles with
nanofiber coating as an enhanced drug delivery platform, and (2) To develop and evaluate
antimicrobial-loaded nanocomposites for treatment of MRSA lung infections. The main
innovative aspects of our system are that it effectively reduces bacterial infections via a unique
design strategy of (1) FDA-approved PLGA material-based nanoparticles for loading of
antimicrobials drugs to inhibit bacteria growth, (2) Enhanced cellular uptake of our system
provided by nanofiber coating of nanoparticles, and (3) Higher bioavailability of drugs at the
infected area by employing an inhalable method to deliver the nanocomposites directly to the lung

infection tissues. Our results with novel nanocomposites in infected lung epithelial cells show



higher uptake compared to nanoparticles. In addition, antimicrobial-loaded nanocomposites
significantly reduce the pathogen burden in cells compared to free drug and microbial-loaded
nanoparticles. These results suggest the potential of our novel nanocomposites to treat lung
infections via a more targeted approach with enhancement in drug delivery. These results indicate
that our research might have a significant impact in human health in the future as it might bring an
improvement in the treatment of MRSA lung infections by saving many lives and providing

efficient therapeutic strategies for lung infections.
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Chapter 1
INTRODUCTION

1.1 Lung Physiology and Common Lung Infections

Lungs are one of the major organs in direct contact with the environment involving gas
exchange. It is critical to understand the physiology of lungs due to their exposure to various
particulates including disease causing agents like bacteria and viruses. Increases in lung infections
due to several factors, including the rise of antibiotic resistance in bacteria and pandemic-able
viruses, have led to much interest around pulmonary drug delivery and nanotherapeutics. Among
various drug delivery approaches, inhalational drug delivery offers an attractive mode of treatment
due to its direct localization to the lungs with the aid of the natural gas exchange process. The
following sections will briefly outline lung infection treatment strategies, which form the focus of
this thesis, improved nanotherapeutics, and will specify long term goals and specific aims of this

research.

1.1.1 Pulmonary Physiology

Understanding the pulmonary physiology is particularly important in targeting drugs or
drug carriers to treat lung infections. A detailed description of the physiology is beyond the scope
for this section; therefore, the focus is given to the physiology of major barriers protecting the
lungs from complications arising with pathologies like infections. Air flow begins at the upper
neck and passes into the thorax and branches into the bronchi of each lung [1]. Bronchi are then
branched out as bronchioles where they spread into a large cross-sectional area ending in gas
exchange units consisting of respiratory bronchioles, alveolar ducts and alveoli [1]. The

‘mucocilliary blanket’ or area covered by the ciliated epithelium is involved in cleaning the lungs



from inhaled particles and pathogens deposited on airway linings by forming a barrier across the

endothelium and generating mucus to trap particulates.

The alveolar surface area is covered with pulmonary capillaries, which consist of alveolar
Type | cells adhered to endothelial cells involved in vascular and airway responses [2]. Alveolar
epithelial cells consist of both Type I and Type Il epithelial cells. Type I epithelial cells cover more
than 95% of the alveolar surface, whereas Type Il cells present in the alveoli secrete surfactant and
serve as stem cells to be differentiated, and they replenish Type I cells [3, 4]. Any pathogenic
insults leading to damage of these surfaces can be detrimental due to the slow proliferative
response seen in alveolar epithelial cells [5]. Surfactant lining the AT1 cells consists of various
lipids and proteins, which help to modulate immune activities during any injury [6]. ATI cells have
been shown to be involved in innate immune responses, expressing Toll Like Receptors (TLRS) in
response to the Lipopolysaccharide (LPS) stimulation and other pro-inflammatory cytokines
including CXCL5 in pneumonia induced lungs of mice, establishing that AT1 cells did respond to
bacteria and participate in the innate immune system [7, 8]. Taken together, lung epithelium helps
to maintain lung homeostasis, especially serving as a barrier from leakage of blood components

and responding to bacterial insults by participating in innate immune responses.

1.1.2 Common Lung Infections

Infections are quite common in poor countries among all age groups but are prominently
seen in adults among wealthy countries. Regardless, lung infections make the top mode of
infection in both poor and wealthy countries, suggesting a correlation between globalization and
an increase in pathogens and their variants [9]. The recent COVID-19 pandemic and emerging
antibiotic resistant bacterial infections such as MRSA, carbapenem-resistant enterobacteria, and

other drug resistant bacteria show the threat from the rise of infectious agents. The US National
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Institutes of Health (NIH) has spent more than $287 million in 2004 for the treatment of infectious
diseases [9]. The Global Burden of Diseases, Injuries, and Risk Factors (GBD), a 2016 study,
which assessed cases, deaths, and aetiologies for a period of 26 years found that lower respiratory
infection episodes were around 336 million [10]. Although there is a decreasing trend in lower
respiratory cases among children, the global population average age is still increasing and has led
to concerns with patient compliance of potent drug treatments and adverse drug reactions (ADRS).
Lung infections are the largest cause of disease burden in the human population worldwide, with

a loss of 103,000 disability-adjusted life years [11]. Overall, these statistics suggest that there is

a need to develop better treatment strategies and drug delivery systems to reduce mortality and

morbidity associated with lung infections.

1.1.3 Bacterial Infections

An estimated 4 million people die every year due to respiratory diseases [12]. In children
under 5, pneumonia caused by various bacterial infections accounts for 1.3 million deaths
annually. Pneumonia remains the leading cause for deaths related to infectious diseases in the
United States. In 2005, an estimated cost of $34 billion was incurred to the health care system from
pneumonia and influenza lung infections [13]. According to the World Health Organization
(WHO), antibiotic resistance in bacterial infections is one of the looming threats for global health,
which can lead to higher medical costs with increased hospital stays and eventually increases
mortality. Additionally, secondary bacterial infections are seen as a complication of respiratory
viral diseases leading to increased co-morbidity [14, 15]. Lower respiratory bacterial infections
are caused by various bacterial strains including Streptococcus aureus (S. aureus), Streptococcus

pneumoniae, and mycobacterium tuberculosis, among others. Here we focus on common S. aureus



infections due to their increasing resistance to potent antibiotics and potential to become a global

threat as listed by the WHO.

Hospital-acquired and community-acquired S. aureus lung infections are on the rise due to
globalization and closed community living. S. aureus infections of the lower respiratory tract

(Figure 1.1) lead to severe morbidity and mortality in patients [16]. S. aureus is an opportunistic

I —» Tracheal Infection

» Bronchial Infection

— » Lower respiratory tract
Infection

Figure 1.1 Schematic of lung infections by regions

pathogen, which can invade host cells such as macrophages, neutrophils, and even epithelial cells
to result in apoptosis from S. aureus escape of endosomes [17-19]. S. aureus can persist for up to
4 days in the vacuoles of phagocytic cells before they escape into the cytoplasm, leading to cell
lysis [20]. S. aureus immuno-activation through immune signaling via superantigens, protein A,
S. aureus 1gG binding protein (Shi) and a-hemolysin may lead to a very high immune response
resulting in ARDS condition in lungs [21]. S. aureus is the most common pathogen related to lung
infections in Cystic Fibrosis (CF) patients in the early stages with an increase in prevalence from
0.1% in 1995 to 17.2% in 2005 [22]. S. aureus can also cause severe immune responses, with

4



airway epithelial cells having the primary immune signaling by recognition of surface components
of the bacteria through pattern recognition receptors (toll-like receptors) to recruit immune cells
[21]. Airway epithelial cells also respond to S. aureus infection via Interferon (IFN) signaling as
seen with the incubation of epithelial cells with bacteria for more than 2 hours [23]. S. aureus
infection causes an increase in immune cell transferring across the epithelial barrier increasing
inflammation and conditions such as cytokine storms. Addressing the infection at the epithelial
level can help restore the barrier and reduce further assault on the lungs. MRSA, an antibiotic
resistant bacteria, can promote necrotizing pneumonia, septic shock, and respiratory failure; and
MRSA infection treatments using the last resort drug Vancomycin are still insufficient with more
than 50% mortality after treatment of severe cases [16]. Targeting alveolar epithelial cells (AT1),
which cover ~95% of lung alveoli, to treat for MRSA can aid in restoring the epithelial barrier and

alleviate lung injury.

1.2 Current Treatments for S. aureus Lung Infections and Their Shortcomings

Current interventions for lung infections include intravenous (V) treatment of antibiotics
to inhibit bacterial growth. Although various drug delivery strategies towards treating bacterial
infections have been developed, their limitations include low compliance in older patients and side
effects of antibiotics including acute kidney injury, cytotoxicity, and nephrotoxicity due to off-
targeting. The sections below discuss the current treatment strategies to treat lung infections with

a focus on MRSA, along with their drawbacks that need to be addressed.

Major treatment strategies in S. aureus lung infections or associated pneumonia include 1V
administration of antibiotics. Currently, antimicrobial therapy is mostly employed for severe lung
infection/pneumonia caused by MRSA. Various antibiotics including Clindamycin, Nafcillin,

Vancomycin, and Daptomycin are given intravenously every 4-12 hours, while Cephalexin,
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Dicloxacillin and Linezolid are administered orally every 6-12 hours [24]. S. aureus infections
mostly seen in influenza patients are treated with the Vancomycin drug via IV administration [24].
Vancomycin treatments have seen failures in Vancomycin-susceptible MRSA strains with an
increase in the MICs from 2 pg/mL to 15-20 pg/mL evident in MRSA pneumonia treatment [25].
A 22% incidence of nephrotoxicity was observed in patients who received higher doses of
Vancomycin or Vancomycin with a combination of drugs such as gentamycin sulfate [26]. Also,
in patients aged >53 years, higher doses of Vancomycin increased the risk of ototoxicity
significantly [27]. While most of the treatments for MRSA lung infections are given via IV, some
antimicrobials given orally show insufficient outcomes to restore baseline lung functions, which
can be from inaccurate dosages and drug resistance gained by bacteria from the current treatment
regimen [28]. Hence, there is a need for healthcare professionals to narrow down an accurate
antibiotic for the infection, and then its appropriate dosage to minimize acquiring bacterial
resistance. Other drawbacks in managing MRSA related lung infections include low drug
penetration of antibiotics in lungs administered via 1V, which often end up in increased dose, poor
diagnosis methods in detecting the susceptibility of S. aureus strain and close community living
(Figure 1.2). With the development of resistance of MRSA towards Vancomycin and the
limitations which arise from increasing the dose of Vancomycin in patients susceptible to

toxicities, alternate treatment strategies are needed.
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Figure 1.2 Current Scenario for Management of Antimicrobial Resistance

1.3 Nanomedicine Interventions in the Treatment of Lung Infections

Recently, nanotechnology has gained prominence in the development of efficient drug delivery
systems with several advantages including increased bioavailability, improved patient compliance,
reduced side effects, and targeting ability [29, 30]. Drug pharmacokinetics and pharmacodynamics
depend on the formulation and delivery strategies of the drug carrier. Nanoparticles can provide
advantages of controlling drug release, protecting biotherapeutic agents from degradation via
enzymes, improving drug solubility, enhancing cell uptake of drug payload, and facilitating
targeting ability towards infected cells. Inhalation delivery of nanotherapeutics has improved both
local and systemic activity by exploiting the airway used by pathogens to cause lung diseases. The
inhalation route of administration can bypass the first-pass metabolism leading to increased
bioavailability of drugs in lungs. The nanotherapeutics (nanoparticles loaded with drugs) will be

deposited or exhaled from the lungs based on the diameter of the nanoparticles. Particles with a



size ranging from 1-1000 nm have shown to get deposited deeper into the lower airway regions

such as alveoli [31-33].

The major factors contributing to the popularity of nanotherapeutics are: 1) increased
bioavailability, 2) enhanced drug targeting, 3) improved drug solubility and stability, 4)
controlled drug release, and 5) facilitated patient adherence. These properties of
nanotechnology make it beneficial to effectively treat various lung diseases [34]. In a study done
by Jurek et al. [35], edema in acute lung injury was prevented after 3 days via inhalation delivery
of ruthenium red loaded PLGA nanoparticles over free ruthenium red in high-pressure mechanical
ventilation (HPMV)-mediated mice ex-vivo perfusion studies, showing the potential significance
of nanoparticle mediated drug delivery for treating patients with respiratory failures [35].
Similarly, free anti-inflammatory drug delivered to treat lung injury related inflammation in mice
was almost undetectable in the lungs after 4 hours compared to targeted nanoparticles, which were
seen for over 24 hours, in a study by Zhang et al. [36]. In another study, pretreatment with anti-
inflammatory molecule a-bisabolol loaded lipid-core nanocapsule (LNC) in LPS-induced lung
injury showed a higher concentration of the anti-inflammatory molecule in the lungs compared to
free a-bisabolol [37]. Also, this study showed significant reduction in lung injury via LNC loaded
a-bisabolol than free a-bisabolol. Various nanoparticles-mediated drug delivery approaches have

been successfully utilized previously to treat acute lung diseases [38]. The strategy of inhalable

nanotherapeutics has proven to reduce the drug dosage level and the adverse complex drug

interactions. Use of nanoparticles to deliver antimicrobial drugs (both intracellularly and in situ)
and other biologics to reduce lung injury via inhalation can improve drug bioavailability and
enable targeting of the lower respiratory tract and pathogen infected lung epithelial cells to inhibit

intracellular pathogens and reduce lung injury.



1.3.1 Type of NPs

Several types of biomaterials are available for the design of nanoparticles intended for

pulmonary drug delivery. Polymer-drug conjugates are widely employed for pulmonary delivery

where engineering of the biodegradable polymers provided protection of encapsulated drugs and

improved overall stability of the formulations. Lipid-based carriers such as liposomes and micelles

have also been employed for pulmonary delivery of drugs. Major types of nanoparticles used in

pulmonary delivery are detailed as follows (Table 1.1).

Table 1.1 Types of Nanoparticles for Pulmonary Drug Delivery

Micelles (left: Lipid; right:

Polymeric)

Liposomes

Polymer Nanoparticles

- Single-layered phospholipid with
hydrophobic core.
- Biocompatible and can cross air-

blood barrier when delivered via

inhalation [39].

-Polymeric micelles are highly

functionalized [40].

- Consists of phosphor lipid bi-layer
with higher biocompatibility.
- Hydrophilic core. Ability to
encapsulate payloads of variable

solubilities.

- Consists of synthetic/natural
polymer with ability to load both
hydrophilic and hydrophobic

payloads.

- Substantial number of biomaterials
available to synthesize polymeric

nanoparticles.

1.3.1.1 Micelles




Amphiphilic molecules under certain conditions form micelles. Micelles can be formed
from both lipids and polymers. Various poor water soluble drugs including paclitaxel,
beclomethasone dipropionate, and budesonide are shown to be encapsulated by micelles formed
from DSPE-PEGsooo [41]. Incorporation of PEG molecules can also improve the retention of
micelles as shown by Gill et al. [42]. In this study, paclitaxel-based DSPE-PEGzo0 sShowed higher
AUC when compared to Taxol®, showing the micelle benefits for pulmonary delivery. Although
micelle retention was high, their stability and delivery efficiency need to be assessed in lung
infections, where bacteria are hard to access due to formation of biofilms and intracellular
residence in phagocytes and epithelial cells. Polymeric micelles are more robust compared to lipids
due to the larger repertoire of polymers available for the design of nanocarriers. Overall, even
though micelles provide a pulmonary drug delivery platform, the exposure of drugs in micelles
open architecture is prone to enzyme degradation, commonly seen in microenvironments of lung

infections.
1.3.1.2 Liposomes

Liposomes consists of bi-layered phospho-lipid membranes with an aqueous core to entrap
hydrophilic agents and hydrophobic agents as payloads between the bi-layer. Lung surfactants are
majorly composed of lipids such as DPPC and SP-A-D among others. This makes liposomes
favorable for pulmonary delivery. Arikace®, an anti-pseudomonal liposome formulation has
successfully entered phase Il clinical trials where drugs encapsulated in liposomes are delivered
via inhalation to treat cystic fibrosis [43]. Similarly, liposomes are being employed to deliver
steroids such as beclomethasone successfully via inhalation to treat asthma [43]. Some major
factors, which pose a challenge to liposomes mediated delivery of antibiotics to lung infections,

are the formulation stability, nebulization mechanism, targetability of infected cells with
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pathogens, and intracellular residence and penetration of bacterial biofilms. There is a need for
alternate drug delivery systems to address these concerns present in the use of liposomes for

bacterial lung infections.
1.3.1.3 Polymer nanoparticles

Out of various nano formulations, polymeric nanoparticles have been extensively studied
in pulmonary drug delivery. A large set of biomaterials, including natural polymers such as
chitosan, alginate, gelatin, and cellulose, and synthetic polymers like poly(lactic-co-glycolic acid)
(PLGA), poly é-caprolactone (PCL), poly lactic acid (PLA), polystyrene, and poly ethylene glycol
(PEG) are used for designing drug carriers for pulmonary drug delivery [28, 44]. Polyaldehyde
dextran and dialdehyde carbomethylcellulose nanosuspensions made from spray drying resulting
in 0.5-5 um size appropriate for delivery via inhalation, were investigated and methodology
reported by Jablczynska et al. [45]. Both synthetic and natural polymer loaded with fluorescent
protein encoded plasmids were successfully delivered via inhalation in Sprague Dawley rats
showing the potential of polymeric nanoparticles to deliver payloads into lower tract lung regions
[44]. Additionally, Menon et al. [44] reported successful delivery of therapeutic EPO proteins with
sustained release more uniformly seen in synthetic polymeric PLGA nanoparticles compared to
natural polymers. As seen from the recent reports, PLGA has been extensively used for pulmonary
delivery of various encapsulated molecules including the Hepatitis B vaccine, rifampicin,

pirfenidone, voriconazole, and siRNA, among others [28].

PLGA nanoparticles among other polymer NPs are ideal, due to the wide characterization
studies available and their ability to load a broad range of antibiotics. For instance, PLGA
nanoparticles delivering antibiotics against tuberculosis maintained therapeutic drug

concentrations in the lungs for 9-11 days, reducing the total drug dose required systemically [46].

11



Surface modifications of the antibiotic loaded PLGA nanoparticles are highly sought after to
improve uptake in targeted cells such as macrophages and lung epithelial cells to eradicate
intracellular resident bacteria such as MRSA [47]. Unlike liposomes and micelles, the polymer
consists of a matrix with a cross linked polymer, which slowly degrades in the humid environment
and releases the drug encapsulated drug in a controlled fashion [28]. PLGA polymer with its
capability to deliver payloads to deep alveolar spaces is a promising candidate for delivering

antibacterial drugs via inhalation to the lower respiratory tract infections.
1.3.2 Peptide Coated Nanoparticles

With improvement of molecular technologies, synthesis of peptides and screening of
peptide libraries has become easy, enabling isolation of potent bioactive molecules against target
cells. Although several potent peptides are synthesized normally, they face many challenges for
drug delivery applications which include lower binding affinities, enzyme degradation and short
circulating half-lives [48]. Hence, there is a need to design or combine the peptides with other
forms of carriers to utilize the functionality of peptides in a combinatorial approach. Nanoparticle
peptide composites (NPCs) are an emerging array of nano-formulations, which can bring together
functionalities of peptides and nanoparticles to enhance drug delivery. NPCs bring the advantages
of coating targeted peptides on top of nanoparticles loaded with various drugs, improving cell
specific drug delivery. Nanoparticles provide surface functionalization that can be utilized to
conjugate different peptides for targeting. Similarly, cell penetrating peptides produced can be
conjugated with different nanoparticles to improve cellular uptake of nanoparticles, increasing the
drug or gene delivery to targeted cells, which are in a diseased state. Overall, NPCs are a new
model of drug delivery vehicles, which give a wider range of functionalization for improving

targeting and payload accumulation in tissues or cells. Especially in infected cells where bacteria
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are residing intracellularly, cell membrane penetrating peptides can improve nanoparticle delivery

loaded with antibiotics for cytoplasmic release and inhibition of intracellularly resident bacteria.
1.3.3 Cellular Uptake Mechanisms of NPs in Infected Cells

Antibiotics have been widely used against bacterial infections. Despite the success, there
is an increased antibiotic resistance due to reduced bioavailability of antibiotics at the site of
infection and a systemic overdose. Nanoparticles have shown promise in targeted delivery of
antibiotics/drugs to improve drug bioavailability to the infected cells or infected site [28]. A major
challenge in persistent lung infections is to eradicate the bacteria which survive intracellularly
creating areas which are undruggable [49]. The cell uptake mechanism plays a significant role in
the fate of nanoparticles delivered to the cells. Nanoparticle uptake is facilitated by various

mechanisms as mentioned in Table 1.2 [50].

Table 1.2 Different Endocytosis Mechanisms of Nanoparticle Cellular Uptake

Clathrin- Fast Caveolin Clathrin- Macropinocytosis Phagocytosis
dependent endophilin- dependent independent
mediated pathway
endocytosis
(FEME)
Dynamin dependent Dynamin independent
Clathrin FEME is Mediated by Independent of Alternatively Phagocytosis is
mediated mediated by caveolin and receptor-ligand named cell driven by actin
endocytosis is | endophilin A2 | cavin proteins. | interaction and is drinking. Cell polymerization
facilitated by protein uptake of large with
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adaptor

recruitment

a constitutive

volumes of fluid

macropinosome

complex AP2, and actin process. using this structures

which recruits | polymerization mechanism fissioned with
clathrin when ligand- controlled by the influence of

proteins and receptor actin dynamics. C-terminal

forms a interaction binding protein

clathrin-coated takes place. 1 (CTBPY).

pit.
~100 nm ~60-80 nm ~100 nm ~60 nm >200 nm >200 nm

Nanoparticle cellular uptake depends on various factors including polarity or charge of the
surface, size, passive or active transport as seen in receptor targeted nanoparticles, shape of
nanoparticles, hydrophobicity, elasticity and surface modifications [51]. Endosomal escape
strategies are widely employed in carrier design to improve the release of the drug into the
cytoplasm to inhibit resident intracellular bacteria. Phagocytosis of bacteria of 1 or 2 um is readily
uptaken, but the particles larger than 200 nm have shown to be uptaken less compared to smaller
particles showing a discrepancy in the ability of cells to uptake particles [51]. Similar uptake
behaviors are seen in non-phagocytic cells, where uptake increases with particle size until 50 nm
and then uptake reduces when the size of the nanoparticle increases. This shows the need to control
the surface properties of nanoparticles to facilitate higher uptake in infected cells. The effects of
bacterial infection on nanoparticle cellular uptake have not been studied in detail. Hence, more
studies are needed to understand the rate of nanoparticle uptake in healthy and bacterial infected
cells. Some viral infected cells show contrast patterns with few strains showing reduced uptake of
nanoparticles, which gives signals towards alteration in uptake mechanisms of cells under infection

in general [52].
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1.4 Design Considerations of Drug Delivery Systems Targeting Bacterial Lung Infections

Various nanoparticles including liposomes, micelles and polymeric nanoparticles are
widely employed to encapsulate antimicrobial drugs to enhance therapeutic effects. Pulmonary
drug delivery is well established in treating diseases such as asthma, cystic fibrosis (CF), and
COPD. Only one treatment involving tobramycin inhalation delivery to P. aeruginosa infection in
CF patients is available, showing the need for better design and development of new treatments
for lung infections. Inhaled nano-formulation success depends on various design aspects including
targeted drug delivery to the lower respiratory tract, shortened treatment course, reduced side
effects, nanoparticle size, and clearance [53]. Particles <1 um are deposited and uptaken in the
alveoli, whereas particles > 1-5 um are largely phagocytosed and particles >5 pum are exhaled [54].
Challenges for inhalation-based nanoparticle drug delivery includes (1) mechanical barriers such
as impaction of inhaled nanoparticles in the mouth and nose, loss in large airway tract, narrowing
of airway due to mucus hypersecretion and mucocilliary clearance; (2) chemical barriers such as
enzymatic degradation; (3) immunological barriers such as phagocytosis by alveolar macrophages
and (4) patient compliance with respect to inhalation technique [53]. Design of nanoparticles for
inhalation-based drug delivery should consider lung pathophysiology to address these design

considerations and challenges to the targeted/diseased site.

Bacterial lung infections pose additional challenges as the conditions of lung physiology
are changed with ongoing immune responses and bacterial activity. A lung infection is
accompanied by mucosal swelling, which narrows the airways and requires adjusting of the
inhalation technique to accommodate narrow airways. Excess mucous deposition can affect the
permeation of delivered nanoparticles to the injured epithelium, requiring a mucus permeating

nanocarrier design. Lungs are designed to remove foreign particles by coughing or creating a
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bronchospasm, which can reduce patient compliance and subsequently, therapeutic outcomes.
Hence, nanoparticles of a desired size of <1 um need to be considered to target lower respiratory
tract cells such as alveolar epithelial cells. Bacterial biofilms formed in infected lungs are another
challenge for delivering drug nanoparticles to the lower tract of infected lungs. Biofilms formed
from bacterial colonies underneath the mucus layers can trap the antimicrobials released from
nanoparticles. Also, various degradation enzymes in mucus can neutralize the antimicrobials
leading to poor therapeutic outcomes. Smaller size nanoparticles can penetrate the mucus to deliver
antimicrobials. Mucus penetration strategies such as inclusion of PEG, mucins, and nanofiber
peptides coated on top of nanoparticles can help overcome the challenges of mucus and treat

biofilms in lung infections [28].

1.5 Overview of Dissertation Project

Respiratory diseases occuring from lung infections account for more than 4 million
fatalities every year around the world [55]. This research proposes the development of novel
nanocomposites based on a combination of cell membrane penetrating nanofibers and
biodegradable nanoparticles loaded with antibiotics to treat MRSA lung infections. The specific

aims and innovation pertaining to the project are explained below.
1.5.1 Objectives

The long-term goal of this project is to develop biocompatible nanocomposites for the
treatment of lung infections. Inhalable delivery of nanoparticles has gained attention recently.
However, inhalable nanoparticle or nanocomposites targeting lung infections are limited,
especially as no studies have been done to treat MRSA using this technique. The polymeric
nanoparticles chosen to deliver antimicrobials can be modified to accommodate drugs targeting

various other lung diseases. In addition, the combination of cell membrane penetrating nanofibers
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and antimicrobial drug loaded polymeric nanoparticles can enhance nanoparticle uptake in infected
cells. Therefore, the final objective of this research is to evaluate novel nanocomposites for their

enhanced pulmonary drug delivery and treatment of MRSA lung infections.

1.5.2 Specific Aims

Aim 1: Synthesis and characterization of novel nanocomposites for enhanced pulmonary
drug delivery. Nanofiber coated PLGA nanoparticles (Nanocomposites) will be synthesized and
characterized for their physical properties including size, stability, uptake abilities and mucus
permeation. Nanocomposites will also be evaluated for their cytocompatibility in healthy lung
epithelial cells. Effects of freeze drying, and nebulization will be determined to assess translative
potential of the nanocomposites. Lastly, the cell uptake ability of nanocomposites with respect to

commercial cell penetrating peptides will be performed.

Aim 2: Antimicrobial nanocomposites for the treatment of antibiotic resistant MRSA lung
infections. Antimicrobial drug loading into nanocomposites (AMNCSs) will be performed and
characterized for drug loading kinetics, cytocompatibility, and antimicrobial properties will be
investigated in MRSA bacterial cultures with respect to their minimum inhibitory concentrations
and zone of inhibitions. AMNC uptake Kinetics in healthy and MRSA infected cells will be
determined. AMNC potential of intracellular MRSA Killing will be performed by delivery in media
and via nebulization. In vivo biodistribution of AMNCSs and plain nanoparticles will be performed

to determine their distributions in mice lungs via inhalation.

1.5.3 Innovative Aspects

Firstly, this work of combining nanofibers made of peptides and nanoparticles for treating
lung infections has not been reported in the literature. The results from this study would provide

information for other researchers involving preparation of nanocomposites of a similar nature. Cell
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uptake studies clearly show the potential of combining nanofibers with nanoparticles to enhance
drug delivery in infected cells. Comparison studies of nanoparticle uptake in healthy and bacteria
infected cells have not been done before, and results from our studies provide latest information
on the behavior of lung cell uptake of nanoparticles in infected conditions. This novel combination
of nanofibers and nanoparticles can open possibilities to deliver drugs or genes or other small

molecule therapeutics to several other lung diseases.

1.5.4 Successful Outcomes

The successful outcome of this research will be helpful in the design and development of
nanocomposite formulations combining nanofibers and nanoparticles. Bacterial infection has
shown to cause stress on cells leading to reduced nanoparticle uptake. This research has developed
a robust drug delivery platform which can improve nanoparticle uptake in infected cells leading to
efficient therapies. Different nanofibers including fluorescent-labeled, pH-sensitive, and enzyme-
sensitive nanofibers in combination with nanoparticles can enable imaging and stimuli-responsive
drug delivery. Given the enhanced uptake of nanocomposites, gene delivery can be improved by

employing nanofibers with site specific targeting abilities.
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Chapter 2

SYNTHESIS AND CHARACTERIZATION OF NOVEL NANOCOMPOSITES FOR
ENHANCED PULMONARY DRUG DELIVERY

2.1 Introduction

Nanotechnology has come of age and ultra-small sized (1-1000 nm) nanoparticles with
high-surface-area-to-volume ratio are being employed to deliver drugs and other therapeutics.
Drug encapsulating nanoparticles have been reported to increase drug bioavailability and drug
release in targeted tissues [56]. This, in particular, is highly beneficial to reduce the dosing
frequency, improving patient compliance [57]. Types of nanoparticles include polymer-based,
dendrimers, liposomes, metal-based, and inorganic particles like silica, among others. Although
nanoparticles are uptaken by different endocytosis mechanisms of cells, there is often an issue of
targeting and the number of nanoparticles needed to exert a therapeutic effect [50, 58]. Emerging
challenges for intracellular delivery include evading removal of NPs from circulation due to
mononuclear phagocyte system, avoiding off-site targeting and pre-mature drug release, and
efficiently delivering drugs/genes intracellularly need to be addressed to improve payload delivery
at target cells/tissues [59]. Engineering strategies improving uptake of nanoparticles can have a
profound effect in drug delivery towards diseased cells which are infected, undergoing senescence

and other abnormalities having reduced uptake ability.

Peptides have gained interest in the field of bioengineering to provide cell membrane
penetration and intracellular delivery, antimicrobial properties, and pH-sensitive linkage [48, 60].
A peptide library screening has enabled synthesis of effective binding peptides against various
targets favoring the design of targeted drug delivery systems. Peptide development has its own

challenges in the scenario of drug delivery varying from binding affinity to a targeted site to
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maintenance of appropriate functional folding, enzyme degradation in vivo and short circulating

half-life [48].

Nanoparticle peptide composites (NPCs) are promising candidates with potential to
overcome limitations of nanoparticles and peptides and enjoy the advantages of both components
in a drug carrier design. NPCs have been reported to show higher binding affinities and selectivity
in comparison to single peptides and proteins [48]. With a vast range of nanoparticles and peptides
synthesized, there is a high scope for engineering of nanocomposites to improve peptide
functionality and nanoparticle properties. A recent study by Shoshan et al. [61] have reported
peptide-stabilized platinum nanoparticles, which increased the solubility and showed selective
toxicity towards liver cancer cells. Similarly, Ma et al. [62] coated platinum nanoparticles with
mitochondria specific peptides, which improved the stability of platinum nanoparticles and helped
accumulate these particles intracellularly, enabling the photothermal therapy using NIR light.
These studies show the ability of peptide nanoparticle composites in targeted therapies. Other
advantages of peptide-nanoparticle nanocomposites include targeted drug delivery based on
specific peptide coating, enhanced drug delivery to improve cellular uptake, molecular imaging,
and liquid biopsy in capturing extracellular vesicles such as exosomes [48]. Herein, we develop a
novel nanocomposite combining cell penetrating nanofibers and biodegradable nanoparticles to

enhance pulmonary drug delivery.
2.2 Methods
2.2.1 Materials Used
All chemicals, if not specified, were purchased from Sigma-Aldrich (St. Louis, MO).

PLGA (copolymer ratio 50:50, Molecular weight 15kDa- 25kDa) was purchased from Akina Inc.
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(West Lafayette, IN); Rhodamine B dye was purchased from Sigma-Aldrich (St. Louis, MO) and
the nanofibers were synthesized in-house as previously described [63]. Primary human alveolar
type 1 cells were obtained from Applied Biological Materials (Richmond, BC, Canada). Iscove’s
Modified Dulbecco’s Medium (IMDM), Fetal bovine serum, penicillin-streptomycin, and trypsin-
ethylenediaminetetraacetic acid (EDTA) were procured from Fischer Scientific (Waltham, MA).
Amiloride, filipin 11, and methyl-B-cyclodextrin were purchased from Sigma-Aldrich (St. Louis,

MO).

2.2.2 Synthesis of Nanocomposites

A double emulsion method as described by Messerschmidt et al. [64] was employed for
the synthesis of PLGA NPs. First, 100 mg of PLGA polymer was dissolved in dichloromethane at
100 mg/mL. 1%(w/w) Rhodamine B (Rho B) was prepared as a water phase, which was later
added dropwise into the oil-phase of PLGA solution. This primary solution was sonicated to form
the primary emulsion. The primary emulsion was emulsified into 5%(w/v) poly(vinyl) alcohol
(PVA, 13KDa) solution via sonication at 35 watts for 4 minutes (30 seconds off every 1 minute).
Rho B loaded PLGA nanoparticles were collected by centrifugation at 15,000 RPM for 15 minutes,

then lyophilized until completely dry.

Nanofibers were synthesized as previously described by Su et al. [63]. Briefly, a standard
Fmoc-solid phase peptide synthesis method on a Prelude® peptide synthesizer was employed.
Crude peptide collected was dried under a vacuum overnight for HPLC purification [63]. Peptides
purified were rehydrated with TRIS buffer for a period of 12 hours to self-assemble and form into

nanofibers.
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After lyophilization of nanoparticles, 2 mg of Rho B-NPs were dissolved in
tris(hydroxymethyl)aminomethane) (TRIS) buffer and 0.5 mg of nanofiber in suspension was
added to the nanoparticle suspension. The mixture was left to react electrostatically by rotating the
solution for an hour at room temperature. Later, the sample was centrifuged at 15,000 RPM for 7
minutes to remove free nanofibers and collect the nanocomposites which contained nanofiber-

coated Rho B-loaded nanoparticles.

Plain PLGA NPs used for FT-IR studies were synthesized by a single emulsion method
where the PLGA polymer was dissolved in chloroform followed by drop wise addition into
5%(w/v) PVA. The mixture was emulsified via sonication at 35 watts for 4 minutes (30 seconds
off every 1 minute). Later the PLGA NPs were collected via centrifugation and lyophilized until

dry.

2.2.3 Characterization of Nanocomposites

2.2.3.1 DLS measurements

ZETAPALS90 dynamic light scattering (DLS) detector (Brookhaven Instrument,
Holtsville, NY) was used to determine size, charge, and polydispersity of the nanocomposites. For
DLS measurements, 50 uL of 1 mg/mL nanocomposite suspension was mixed with 3 mL of DI
water in a transparent cuvette and placed in the instrument to measure size while a DLS probe was

used to measure the zeta potential of the nanocomposites.

2.2.3.2 Fluorescent microscopy

Fluorescein terminated peptides were synthesized as previously described by Yang et al.
[63]. 5(6)-carboxyl fluorescein (FITC) tagged peptides were mixed with Rho B PLGA NPs. Green
color tagged nanofibers were incubated with nanoparticles loaded with Rhodamine B (red color).
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The nanocomposites formed were washed 3 times to remove any unbound nanofibers. Another set
of nanoparticles were similarly washed and imaged without any nanofiber. A fluorescent
microscope (ECHO, San Diego, CA) with FITC (for nanofiber) and Texas Red Channel (For Rho

B NPs) was used to image the nanofiber coating on the nanoparticles.
2.2.3.3 FTIR of nanocomposites

Freeze-dried material including PLGA polymer, plain PLGA nanoparticles, and
nanocomposites made from plain PLGA NPs, and nanofiber 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™.
2.2.3.4 Binding kinetics of nanofibers to nanoparticles

Thermophoresis technique was used to detect binding of nanofibers (ligand) to the
nanoparticles. Fnorm represents the change in thermophoresis, which is expressed as change in
thermophoresis when non-fluorescent ligand titration is introduced to fluorescent nanoparticles
[65]. Here, nanofiber titrations were made starting from 2mg/mL of nanofiber up to 10 dilutions
with nanoparticle concentration kept at 2mg/mL for all the titrations. Small capillary tube was
used to load ~4uL of the various nanofiber-nanoparticle combinations and placed in the loading
tray of Thermophoresis instrument Monolith NT.115. (NanoTemper Technologies, Inc., San
Francisco, CA). To determine the position of the capillaries, a fluorescence scan is performed.
Subsequently, thermophoresis measurements were performed to determine the binding kinetics of
nanofibers to nanoparticles. Fnorm Was calculated by the machine along with various other

parameters including binding constant.
2.2.4 Cytocompatibility of Nanocomposites
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Here we used primary lung epithelial cells to assess the toxicity from nanocomposites.
Nanocomposites were prepared as described in section 2.2.2, whereas 20,000 cells/well of primary
alveolar type | epithelial cells (AT1) were seeded in 48-well plates. After the overnight culture,
various groups of particles including plain/blank PLGA NPs, nanofibers only, and nanocomposites
(nanofiber coated PLGA nanoparticles) were given to the cells in triplicates at various
concentrations ranging from 0.0625-1 mg/mL. The nanofiber concentration was chosen equivalent
to the peptide amount conjugated to the nanoparticles. After 72 hours, cells were washed 3 times
with PBS, and MTS reagent was given to the cells to assess the cell viability following the

company’s instructions.
2.2.5 Cellular Uptake of Nanocomposites

The cellular uptake study was performed as described previously by lyer et al. [66].
Nanocomposites made from Rhodamine B PLGA NPs, and nanofibers were used as fluorescently
labeled nanocomposites for cell uptake studies. Cell uptake of nanocomposites was determined by
measuring internalized fluorescent nanocomposites. Various cell lines representative of the lower
respiratory tract including AT1, and RAW macrophages were used to assess the nanocomposite
cell internalization ability compared with plain/blank nanoparticles. This is a critical study for
many other experiments throughout the thesis as we compare our nanocomposites (NCs) with
nanoparticles (NPs) in respect to uptake and subsequently drug delivery ability associated with
improved uptake. AT1 cells (15,000 cells/well) and RAW cells (20,000/well) were seeded onto a
48-well plate and were grown overnight at 37°C. After overnight attachment, various nanoparticles
and nanocomposites with different concentrations (0, 50, 100, and 250 pg/mL) were given to the
cells in media for 90 minutes. After 90 minutes, AT1/RAW cells were washed 3 times with PBS

and lysed using 2% Triton X-100. Fluorescence intensity of internalized NPs or NCs were
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measured at a wavelength of Aex 546 nm and Aem 585 nm (for the Rhodamine B fluorescence loaded
into the NPs/NCs). Cell lysate was used to determine the protein content using bicinchonic acid
assays (BCA) per the manufacturer’s instructions (Pierce™ BCA Protein Assay, Thermo

Scientific).

For visualizing the cellular uptake before the cell lysis, the cells were stained for nucleus
with NucBlue (Thermoscientific) for 20 minutes. After staining, cells were imaged using a
fluorescent microscope (ECHO, San Francisco, CA) in the DAPI channel for nucleus and the

Texas Red channel for NPs or NCs.

Time-dependent uptake of nanocomposites in comparison with nanoparticles was
performed in lung epithelial cells. Briefly, AT1 cells were seeded at confluency and allowed
overnight to attach. The next day, cells were treated with 0.5 mg/mL of nanocomposites and
nanoparticles for uptake. At timepoints of 30 minutes, 90 minutes and 4 hours, cells were washed
3 times with PBS and lysed with 2% Triton X-100. Cell lysate was read for fluorescent particles

using a plate reader. Later, the total cell protein content was measured using a BCA assay.

ATL1 cells were seeded at confluency onto a glass slide to perform confocal studies for
nanocomposite uptake. After overnight attachment, nanocomposites or nanoparticles at a
concentration of 0.5 mg/mL were incubated with the cells for uptake. Cells were washed with 3
times PBS after 4 hours of uptake, and the cell nucleus was stained with NucBlue. Cells on the
glass slide were mounted with a cover slip to visualize the internalization of nanocomposites using

a confocal microscope (Nikon).

2.2.6 Mucus Permeation Study
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A mucus permeation study was performed to study the effects of the nanofiber coating on
permeation of the nanoparticles to mimic the in vivo environment. NCs/NPs loaded with
Rhodamine B dye were used for the study. A 12-well transwell plate with a pore size of 0.4 um
was used for the study. Mucus was simulated based on previous literature [67]. Porcine mucin
protein was mixed with salts, DNA and DPPC to form simulated mucus. 100uL of simulated
mucus was placed on the transwell membrane and 500 pL of PBS was placed in the lower chamber.
25 pL of 10mg/mL of NCs/NPs were placed on top of the simulated mucus to allow for permeation
from transwell to the lower chamber. PBS from the lower chamber was collected at various
timepoints to measure the fluorescent NCs/NPs permeated through the mucus. Fresh PBS was

replaced at different timepoints.
2.2.7 In vitro Nebulization

To assess the cell uptake ability of aerosolized NCs, we used a nebulizer to deliver the
nanocomposites and nanoparticles. AT1 lung epithelial cells were seeded at 0.4 million cells/well
in a 12-well plate and grown overnight. 1 mg/mL of both NCs and NPs in PBS were aerosolized
using a lab module nebulizer from aeroneb® (Kent scientific, Torrington, CT). Aeroneb generated
2.5-4 pm droplets of particulate suspension. After nebulization of droplets, cells were incubated
at 37° C for 90 minutes. After incubation, cells were washed with PBS and stained for the nucleus
with NucBlue (Thermofisher). Fluorescent images were taken of the cells for uptake of
nanocomposites and nanoparticles using a fluorescent microscope (ECHO, San Francisco, CA)
under DAPI (nucleus) and Texas Red (NCs/NPs). Later, the cells were lysed using 2% Triton X-
100, and cell lysate was read using a spectrophotometer at a wavelength of Aex 546 nm and Aem 585

nm. The cell protein amount measured by a protein assay was used to normalize the fluorescent
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readings from cells. Percentage and weight number of NCs/NPs delivered to the cells were

calculated based on the normalized fluoresce readings.
2.2.8 Nanocomposite Cellular Uptake Mechanism Study

To determine the NC/NP uptake mechanism used by cells, we performed an endocytosis-
inhibition examination. Alveolar Type I cells were seeded at confluency in 48-well plates and
attached overnight at 37°C in an incubator with 5% of CO,. Rhodamine B loaded nanocomposites
were prepared using a similar procedure done for other studies. After 24 hours of seeding, the AT1
cell culture medium was replaced by fresh 1% serum media containing 5 uM of Amiloride, 5 pM
of methyl-B-cyclodextran, 5 pg/mL of Filipin 111, 5 uM of Cytochalasin-D, 5uM of Imipramine,
80 uM Dynasore, or 5mM of Deoxy-glucose (Sigma Aldrich & Cayman Chemical). After 2 hours,
fresh complete media with Rho B-labeled nanocomposites were added removing the endocytosis
inhibitors at a concentration of 0.5 mg/mL. After 12 hours, cells were washed with PBS and nuclei
stained with NucBlue (Thermofischer). Images were acquired using a fluorescent microscope and
processed for NP uptake random areas from 10 images of each inhibitor group with ImagelJ

software.

In a similar fashion, to check if the nanocomposite undergoes an energy-dependent uptake,
temperature block was studied in AT1 cells by preincubating cells at 4°C for 30 minutes, followed
by treatment with fluorescent nanocomposites for 90 minutes at 4°C. Later, fluorescent images

were acquired, and cell lysate analyzed for quantitated nanocomposite uptake.
2.2.9 Effects of Nanocomposite Freeze-Drying

A cell uptake study was performed to assess the ability of nanocomposites to retain an

enhanced uptake ability after freeze drying. Nanoparticles along with nanocomposites loaded with
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Rhodamine B dye were freeze-dried until dry. Later, NPs and NCs from before and after the freeze
drying were prepared using TRIS buffer and later washed and mixed with complete media. AT1
cells in 48-well plates grown to confluency were given various groups of NCs and NPs from before
and after freeze drying samples at a concentration of 0.5 mg/mL. Cell uptake study was performed

similar to previous procedure (see section 2.2.5).

2.2.10 Nanofiber Coated NPs vs. HIV TAT Peptide Coated NPs

HIV TAT peptide is a common cell penetrating peptide. This study was aimed to compare
nanofiber coating and HIV TAT peptide coating for their enhanced cell uptake ability. HIV TAT
peptide coating of PLGA NPs was done similar to nanofiber coating (see section 2.2.2). Briefly,
0.5mg of either HIV TAT peptide/nanofiber was mixed with 2 mg of nanoparticles by rotation at
room temperature for an hour. Later, the nanocomposites with the HIVV TAT/nanofiber coating
were collected and mixed with complete cell culture media at 0.5 mg/mL. AT1 cells grown
overnight at confluency were given the nanocomposite groups and allowed to uptake for 90

minutes. A cell uptake study was performed similar to previous procedure (see section 2.2.5).

2.2.11 Time-Dependent Uptake of Nanocomposites

The capacity of nanocomposite uptake in comparison with nanoparticles was done by
studying the uptake at various time points. Briefly, NCs and NPs at a concentration of 0.5 mg/mL
were given to AT1 cells grown overnight at confluency in a 48-well plate. Different plates were
used for different timepoints (30, 90,240 minutes). A cell uptake study was performed similar to

previous procedure (see section 2.2.5).

2.2.12 Statistical Analysis
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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.

2.3 Results and Discussions
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Figure 2.1 Schematic of Nanocomposite Synthesis. Black box represents the self-
assembled peptides formed into a nanofiber.

2.3.1 Characterization of Nanocomposites

In this study, we prepared biodegradable PLGA nanoparticles, a commonly used
nanoparticle, to develop our novel pulmonary drug delivery system [68]. PLGA nanoparticles have
greater advantages as drug delivery vehicles due to high surface area, and polymer based
nanocarriers have shown to deliver high concentrations of drugs with a prolonged release in lungs,
avoiding systemic overdose from circulation of the intravenous delivery [69]. PLGA-nanoparticles
prepared have a size of ~150 nm, which is suitable for lower respiratory tract delivery avoiding
exhalation and upper respiratory tract accumulation [44]. Ohashi et al. [70] have formulated
rifampicin-loaded PLGA nanoparticles of size ~213 nm and successfully delivered to alveolar
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macrophages, while micron size particles were rapidly excreted from lungs [70]. For synthesis and
in vitro testing of our nanocomposites made from nanoparticles and novel cell membrane
penetrating nanofibers, we employed PLGA nanoparticles ranging from 150 — 200 nm. Novel self-
assembled nanofibers prepared were mixed with PLGA nanoparticles loaded with Rhodamine B
dye or plain PLGA nanoparticles to formulate nanocomposites at optimized concentrations. Both,
dye loaded and plain PLGA nanoparticles were negatively charged as shown by zeta potential

measurements (Figure 2.2 A).

Nanofibers presenting highly positively charge are coated on the surface of PLGA
nanoparticles in the presence of TRIS buffer, as confirmed by the increase in size and reduction in
surface charge of nanocomposites (Figure 2.2 A). Similar trends of reduction in the surface charge
is observed in a recent study by Galindo et al. [71],where targeted peptides were conjugated onto
PLGA nanoparticles for ocular delivery purposes. We also confirmed the presence of nanofibers
on the PLGA nanoparticle by tagging the nanofiber with FITC. Our results show the presence of
FITC labeled nanofibers co-localized with Rhodamine B labeled PLGA nanoparticles (Figure 2.2

B).

Furthermore, to confirm the nanofiber coated nanoparticles, nanoparticles were freeze-
dried, and FTIR was performed to detect the presence of functional groups. An FTIR spectra of
nanocomposites showed a distinct peak of amide I groups at 1640 cm™ along with oop (C-H)
bending from tryptophan rings seen at 750 cm™ which is absent in PLGA nanoparticles without a
coating (Figure 2.2C). PLGA was detected from the -CH aliphatic bond stretch at 2850-2950 cm-
L and -C=0 carbonyl stretching (Figure 2.2 C). Thermophoresis technique was used to detect the
binding ability of nanofibers onto PLGA nanoparticles. Here, Rhodamine B labeled NPs were used

to detect thermophoretic kinetics in the presence of different concentrations of nanofibers. As
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concentrations of nanofibers increased, the movement of dye labeled PLGA NPs reduced in the

presence of infrared laser due to the binding of nanofibers onto PLGA nanoparticles, whereas at
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Figure 2.2 Characterization of Nanocomposites. A. DLS measurements of PLGA nanoparticles (NP) and
nanocomposites comprising of nanofiber coated PLGA nanoparticles (NF+NP or nanocomposites) showing a
slight increase in size along with reduction in charge due to a positively charged NF coating. B. FITC labeled
nanofibers were coated with PLGA NPs loaded with Rhodamine dye. NPs alone do not have any fluorescence in
the FITC channel (Green,) whereas fluorescence from FITC labeled nanofibers coated onto PLGA NPs can be
seen in the bottom right channel. C. FTIR spectra of nanofiber coated PLGA NPs show amide | peaks at 1640 cm-
1 from peptides of nanofibers along with peaks of oop (C-H) bending from tryptophan rings seen at 750 cm-1. D.
Binding kinetics using thermophoresis shows increasing the concentration of nanofibers reduced movement of
Rhodamine B labeled NPs (fixed concentration) showing the effect of binding of nanofibers onto nanoparticles.

lower concentrations or only nanoparticles, faster movement of nanoparticles was shown (Figure
2.2 D). This shows the ability of nanofibers to bind to PLGA nanoparticles just by electrostatic

interactions.
2.3.2 In Vitro Evaluation of Nanocomposites

Cell membrane penetrating peptides at higher concentrations have shown toxicity due to

their membrane perturbations [72]. We investigated the cytocompatibility of nanocomposites
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compared with nanofibers and nanoparticles individually. Plain nanoparticles and
nanocomposites did not show any significant change of cytocompatibility up to 1 mg/mL in lung

AT1 cells compared to the untreated control.

Lung epithelial cells were chosen as a model due to the disruption of the epithelial barrier
by various virulence factors of MRSA such as Alpha-toxin (Hla), and Staphylococcal protein A
(Spa)[73]. But nanofibers in equivalent concentrations present in nanocomposites showed
significant reduction in cell viability in most of the concentrations (Figure 2.3). Nanofibers in
combination with nanoparticles reduced their toxicity, which is seen when delivered individually.
Cell membrane interaction of nanofibers coated onto nanoparticles needs further investigation,
which can unravel the toxicities of using cell penetrating peptides or nanofibers alone. Overall, the
cationic nature of nanofibers or peptides; for instance, can cause disruptive activity on cell

membranes due to their affinity towards a negatively charged cell membrane [74]. From this result,
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Figure 2.3 Cytocompatibility of Nanocomposites. Plain PLGA NPs with NF coating (Nanocomposites) and
without Nanofibers (NPs) and nanofibers by themselves equivalent to conjugated in nanocomposites (Nanofibers)
were given to Alveolar TYPE | cells seeded at 20,000 cells/well in a 48-well plate and grown overnight. After 72
hours of treatment with various groups, MTS assay was performed to assess cell viability. Nanofibers when
conjugated to nanoparticles showed significantly less toxicity compared to when they are given directly.
(****p<0.0001)
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it suggests that combining cell membrane penetrating peptides or nanofibers with nanoparticle

surfaces can reduce the disruptive activity and toxicity associated with them.
2.3.3 Enhanced Cell Uptake Ability of Nanocomposites

Novel nanofibers K10QsE3 have already been shown to possess cell penetrating abilities
[63]. Their ability to improve nanoparticle uptake was studied in primary lung epithelial cells and
RAW macrophages (Figure 2.4). These cells lines were used to assess the enhanced drug delivery

abilities of nanocomposites for pulmonary drug delivery. Both AT1 and RAW macrophages
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Figure 2.4 Cellular Uptake of Nanocomposites. A. PLGA nanoparticles with nanofiber coating
(Nanocomposites) and without nanofibers (Nanoparticles) were given at various concentrations (0.125 — 0.5 mg)
to overnight cultured primary lung AT1 epithelial cells in a 48-well plate (20,000 cells/well). (Scale 30pum) B.
Similarly, nanoparticles and nanocomposites at various concentrations (0.125-05 mg/mL) were given to RAW
macrophages (Scale 10um). After 90 minutes, both cells were washed 3 times with PBS and stained with DAPI to
take images with a fluorescent microscope. Later, cells were lysed with 2% Triton-X and a fluorescent reading for
Rhodamine B dye was measured using a plate reader and compared with the dye standard while normalizing the
fluorescent readings with cell protein content. Evidently, from both qualitative and quantitative data, nanofiber
conjugation provides enhanced uptake compared to just nanoparticles. (*P<0.05, ** P<0.01, ***p<0.001).

showed an increased uptake of nanocomposites (labeled with Rhodamine B dye) compared to

nanoparticles (also labeled in Rhodamine B dye). RAW macrophages due to their intrinsic
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phagocytic activity showed a higher uptake of nanocomposites compared to lung epithelial cells
(Figure 2.4). This data shows that cell membrane penetrating nanofibers, when coated onto
nanoparticles, can improve the nanoparticle delivery to cells and subsequently, the drugs carried

by the nanoparticles, enhancing drug delivery.
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Figure 2.5 Time-Dependent Uptake of Nanocomposites. PLGA NPs with NF coating (Nanocomposites) and
without Nanofibers (Nanoparticles) were given to Alveolar TYPE I cells seeded at 20,000 cells/well in a 48-well
plate and grown overnight to form a monolayer. At various timepoints of 30 minutes, 90 minutes, and 4 hours,
cells were washed and lysed to quantify fluorescent particles using a plate reader, and the cell protein from each
well was used for normalization. Nanocomposites showed higher uptake and maintained the increased uptake
compared to lower uptake of nanoparticles at each timepoint.

Uptake kinetics of nanocomposites were performed over 4 hours to understand the time-
dependent uptake in lung epithelial cells. This study can help understand dosage time required and
design therapeutic dosages needed to be delivered to the cells. Nanocomposites immediately
attached to the cells in a few minutes, and later were internalized by the cells over a 24-hour period.
Unlike nanocomposites, nanoparticles without nanofiber coating showed a linear increase in
uptake until 90 minutes, and later plateaued with reduction in nanoparticles internalized (Figure
2.5). This reduction may be due to various phenomena such as exocytosis of NPs as extra cellular

vehicles or other mechanisms [58].
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Due to the positive charge of nanofibers and their affinity to the cell membrane,
nanocomposite uptake was assessed to validate the internalization using a confocal microscope.
Stacks of confocal cross-sections of AT1 cells acquired (Figure 2.6) show internalization of
nanocomposites. Nanocomposites were localized in the x, z and y, z slices (marked with red boxes
in Figure 2.6 B) along with DAPI stained nucleus membrane, which can be seen in the

nanoparticle group, but at a lower quantity.

A

Nanoparticles

Nanocomposites

Figure 2.6 Confocal Imaging of Internalized Nanocomposites in AT1 Cells. A. 3D reconstruction of a confocal
analysis of Alveolar epithelial cells exposed to nanoparticles (Top) and nanocomposites (bottom). B. 3D
reconstruction of x, z and y, z-slices of the corresponding regions of image 2.5 A. showing the internalization of
nanoparticles (Top) and nanocomposites (Bottom) with a higher amount seen in nanocomposites. Scale bar x, y -
50um, x, z—20 pm, y, z— 20 pum.

2.3.4 Permeation of Nanocomposites

Penetration of the mucus layer is highly desired to reach the injured epithelium in lungs
due to the diseased state including infections and fibrotic conditions, among others. Especially in
the case of lung infections, mucus hypersecretion is observed due to an increase to inflammatory
signaling [75]. Hence, it is vital to understand the mucus permeation of nanocomposites. Adhesion
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of nanoparticles to the mucus fiber is a challenge, and control of the size of the nanoparticle can
improve the permeation. Recent reports suggest that nanoparticles <500 nm with a mucus inert
coating can navigate through the mucus layer [76]. Here, we assessed the mucus permeation of
nanoparticles with and without the nanofiber coating using a simulated mucus layer.
Nanocomposites labeled with Rhodamine B were layered on top of simulated mucus, and its
permeation through mucus and a 0.4 pum pore size transwell into the lower chamber was recorded
to assess permeation Kinetics. Nanocomposites traversed at a significantly higher rate compared to
nanoparticles until 8 hours, and later, the permeation rate was similar to nanoparticle permeation

kinetics (Figure 2.7). Overall, more nanocomposite particles permeated through the mucus than
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Figure 2.7 Mucus Permeation Study. A. Schematic of mucus penetration setup. B. 50 uL Nanoparticles and
Nanocomposites (nanoparticles with nanofiber coating) loaded with Rhodamine B dye at 10 mg/mL were laid on
top of simulated mucus in a transwell plate with 0.4 um pore size, with PBS in the lower layer. At various
timepoints (0-48 hours) lower PBS solution was collected and measured using a plate reader. Nanocomposites
have a greater penetration initially until 8 hours and later follow similar penetration kinetics as nanoparticles.
(*P<0.05, ** P<0.01, ****p<0.0001)
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through the nanoparticle alone, showing that nanofibers may interfere with nanoparticle binding

to mucin proteins.

2.3.5 Uptake Mechanisms of Nanocomposites

A study of the uptake mechanism in nanocomposites can help understand the delivery
efficiency and translation of results in other cell types [50]. Most nanoparticles are up taken by
cells using endocytic or phagocytic pathways, including clathrin, caveolin, micropinocytosis, and
other energy independent pathways. Previous studies have shown us that self-assembled
nanofibers consisting of K10QsE3 peptides are uptaken by micropinocytosis when given to HeLa

cells [63]. Nanofibers coated onto nanoparticles may not assume the same shape and orientation
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Figure 2.8 Cell Uptake Mechanism Study. A. Mean fluorescence intensity of uptaken nanocomposites after
treating cells with various endocytosis inhibitors for 2 hours and allowing to uptake the nanocomposites for 90
minutes. B. NucBlue stained nucleus and Rhodamine B labeled nanocomposites show a representative image of
nanocomposite uptake in AT1 cells (Scale 90 um). Multiple comparisons done using Benjamini, Krieger and
yekutieli two-step linear step-up method. * p<0.05, **p<0.01
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and may not be freely available to resemble the activity seen in our previous studies. We screened
the nanocomposite for their uptake mechanism using various endocytosis inhibitors. Lung
epithelial cells after treatment with various endocytosis inhibitors and low temperature were
treated with nanocomposites. Similar to the free nanofiber activity in HeLa cells, macropinocytosis
inhibitors of cytochalasin-D and Imipramine showed significant reduction compared to untreated
cells in uptake (Figure 2.8). This shows nanocomposites are up taken by macropinocytosis by the
lung epithelial cells. Although, among the various macropinocytosis inhibitors, some of them did
not show a significant difference to untreated cells, which shows the variation in inhibitor effects

in various cell lines [50].

Similarly, lung epithelial cells were incubated at 4°C prior to the giving of nanocomposites
to assess the energy dependency on uptake. Fascinatingly, NC cellular uptake was significantly
higher than nanoparticles when cells were incubated at 4°C, showing the ability of nanocomposites

to diffuse thorough the cell membrane independent of energy (Figure 2.9)
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Figure 2.9 Cell Uptake of Nanocomposites at Low Temperatures. A. Mean fluorescence intensity of up taken
nanocomposites after incubating AT1 cells for 60 minutes at 4°C and allowing to uptake the nanocomposites for
90 minutes at 4°C. B. NucBlue stained nucleus and Rhodamine B labeled nanocomposites show a representative
image of nanocomposite uptake in AT1 cells. Two-way ANOVA was performed with Tukey’s multiple comparisons
test. *** p<0.001, ****p<0.0001
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2.3.6 Translative Potential of Nanocomposites

Nanoparticle-based drug delivery systems are being developed at an explosive rate, but
very few have reached the clinical trial stage [77]. This is due to the challenges associated with
translation such as large-scale manufacturing, stability, delivery, and safety, among others. Here
we assessed the stability in storage and nebulization for their potential in pulmonary drug delivery.
Freeze drying of nanocomposites still showed significantly higher uptake in lung epithelial cells
compared to nanoparticles (Figure 2.10E) demonstrating the storage ability of nanocomposites in
powder form. Nanocomposites also showed higher uptake compared to a conventional cell
membrane penetrating HIV TAT peptide coated nanoparticles (Figure 2.10 F). This indicates the
superior ability of the nanofiber to improve nanoparticle affinity towards the cell membrane.
Nanocomposites in powder have shown to possess higher stability compared to nanoparticles,
suggesting the stability of the nanofiber binding of nanoparticles after undergoing freeze drying
and storage at -20°C. Inhalation has recently gained attention as an ideal mode of pulmonary drug
delivery [28, 53]. To assess the abilities of nanofibers to improve the nanoparticle uptake in cells
when nebulized, nanocomposites and nanoparticles were delivered to lung AT1 cells in vitro via a
lab module nebulizer generating droplets of size 2.5-4 um (Figure 2.10D). Nanocomposites
delivered via nebulization showed improved uptake with deposition efficiency over 23% delivered
compared to 3% of nanoparticles (Figure 2.10A-C). Similar studies of in vitro nebulization
showed fluorescein deposition efficiency of <10% [78]. Nebulization studies in vitro show that
nanocomposites delivered via inhalation have the potential to enhance pulmonary drug delivery

compared to PLGA-based nanoparticles.
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Figure 2.10 Translative Potential of Nanocomposites. AT1 Lung epithelial cells were seeded at confluency in a
12-well plate and grown overnight. 1 mg/mL of nanoparticles and nanocomposites (NF+NP) were nebulized using
aeroneb® lab module nebulizer to generate droplets of size 2.5- 5 um. After 90 minutes, cells were washed 3 times
with PBS and stained with DAPI to visualize the uptake. Later, cells were lysed to analyze NP uptake by a fluorescent
reading using a plate reader, and the measurements normalized against cell protein. A. Image showing nebulizer
and 3D printed extension attached to deliver nanoparticles and nanocomposites to cells in a 12-well plate. B. %
uptake after delivery of NPs and nanocomposites (NF+NP) via nebulization. Number of particles uptaken per
amount of cell protein. C. Number of particles uptaken per amount of cell protein D. Fluorescent images after
nebulization showing cell nuclei stained with DAPI and NPs loaded with Rhodamine B (Scale 90 um). E. Before
and after freeze drying effects on cellular uptake of both nanoparticles and nanocomposites. F. Comparison on
effects of nanofiber and TAT peptide coating. Nanofiber coating shows significantly higher uptake of nanoparticles
in AT1 cells compared to HIV TAT cell membrane penetrating peptide available commercially.

2.4 Conclusion

Our findings demonstrate that using nanofibers made from self-assembled peptide coating
of polymer nanoparticles such as PLGA NPs can improve their uptake in lung epithelial cells in

vitro. The nanofiber coatings effectively improve nanoparticle uptake in macrophages along with
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epithelial cells. Both cell lines respond to bacterial pathogens and have high activity in lung
diseases such as infections. In addition, the nanocomposites were delivered across in a faster
simulated mucus layer, showing the ability to permeate the mucus layer more efficiently. With the
evident potential for translation seen in freeze drying and nebulization studies, these
nanocomposites can be extended to develop the next generation of pulmonary drug therapeutics
involving advanced gene and drug delivery to treat a variety of lung diseases. Further modification
of nanofibers can include targeted approaches with nanofiber peptides and nanoparticle

conjugation strategies.
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Chapter 3

ANTIMICROBIAL NANOCOMPOSITES FOR THE TREATMENT OF ANTIBIOTIC

RESISTANT MRSA LUNG INFECTIONS

3.1 Introduction

Lung infections such as MRSA have been on the rise with increased antibiotic resistance
and closed community living, leading to a need for the development of an efficient drug delivery
system. For successful treatment, an efficient drug carrier is critical to deliver drugs, including
antibiotics, to the site of infection. Current treatments of healthcare-associated and community-
associated MRSA pneumonia intravenous administration of Vancomycin, Linezolid, or
Clindamycin for a susceptible strain [79]. In some cases of antibiotic resistant bacteria, various
antibiotic combinations are recommended. Use of IV antibiotic administration is a systemic
approach with off-site targeting of drugs leading to adverse effects including nephrotoxicity,
ototoxicity, and development of antibiotic resistance [27, 79]. Aging is a known risk factor for
infectious diseases, especially closed community living more common in urban areas. Patient
compliance to potent antibiotics is reduced in the aging population with weakened immune
systems and low tolerance to adverse side effects from combinatorial therapies for antibiotic
resistant bacteria. Hence, strategies to improve the efficacy and compliance of pulmonary drug

delivery needs to be explored.

Inhalable formulations are mostly desired when designing drug delivery technologies to
treat lung diseases due to the ability to deliver deep within the lungs overcoming the barriers of
first pass metabolism, avoiding off-site targeting seen in IV administration, and reducing drug

dosage based on targeted delivery [28]. Inhalable delivery can target lower tract lung infections
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such as MRSA infections with aerosolized nanoparticles with improved properties to overcome
barriers such as bacterial biofilms, a mucus layer and cell targeting to inhibit infectious pathogens.
Various devices including nebulizers, metered dose inhalers, and dry powder inhalers are

employed to deliver aerosolized drug carriers such as nanoparticles and/or microparticles.

Drug-loaded polymeric nanoparticles have been extensively studied for their benefits such
as drug delivery systems to treat lower respiratory tract lung infections; especially polymeric
nanoparticles with their properties including biodegradability, controlled drug release, and cellular
uptake in a targeted approach via protection of drugs from enzyme degradation enroute [28, 44,
80, 81]. Out of the various polymeric nanocarriers, PLGA nanoparticles in specific have shown to
deliver genes and drugs to the lower respiratory track via inhalation and even IV administration,
facilitated with their easy synthesis, GRAS material designation and cost effectiveness [51, 82].
PLGA nanoparticles have also been used to load various antibiotics, including Rifampicin,
Isoniazid, and Pyrazinamide as well as other drugs such as Pirfenidone for pulmonary delivery
[83-86]. Due to several advantages and promise shown by PLGA NPs for pulmonary delivery, we

selected PLGA NPs as our drug carrier to load antibiotics to treat MRSA infections.

Despite the advanced features of PLGA NPs to deliver to lower respiratory tracts, infection
may change cell uptake behaviors. MRSA infection in lung epithelial cells of A549 has shown to
reduce the nutrient uptake and enter a growth arrest [87]. Although there are not any studies which
have investigated nanoparticle uptake in bacteria infected cells, some studies show mixed results
of nanoparticle uptake in virally infected cells. For instance, Abo-Zeid et al. [52] studied negative
surface charged polymer nanoparticles, which showed both a decrease and increase of NPs based
on the variant of rhinovirus used to infect the HeLa cells [52]. Our preliminary results with various

MOI of MRSA infection in lung cells have shown a reduction in NP uptake, which may be due to

43



cell growth arrest or poor nutrition of the cell [87]. Overall, to aid the nanoparticles for higher
uptake in MRSA infected cells and delivery of antibiotics subsequently, nanocomposites
consisting of surface coated novel cell membrane penetrating nanofibers are employed in our
research. Herein, antimicrobial nanocomposites (AMNCs) loaded with Vancomycin were

evaluated for their therapeutic efficacy in vitro and biodistribution in an in vivo setting.

3.2 Methods

3.2.1 Materials

All chemicals, if not specified, were procured from Sigma-Aldrich (St. Louis, MO). PLGA
with 50:50 copolymer ratio and molecular weight of 15-25kDa was purchased from Akina Inc.
(West Lafayette, IN). Vancomycin hydrochloride was purchased from Cayman Chemicals (Ann
Arbor, MI). Methicillin-resistant Staphylococcus aureus (MRSA) USA300 strain was purchased
from ATCC (Manassas, VA). Brain Heart Infusion (BHI) bacteria culture powder, Resazurin, was
purchased from Sigma-Aldrich. Petri dishes, sterile discs for zone of inhibition study, and Agar

were purchased from Fischer Scientific (Waltham, MA).

3.2.2 Synthesis of Antimicrobial Nanoparticles

A double emulsion method was used to produce Vancomycin loaded PLGA NPs. In brief,
100 mg of PLGA was dissolved in 4 mL of DCM, and 50 mg of Vancomycin hydrochloride was
dissolved in 0.5 mL of Deionized (DI) water with 3 mg of dextran sulphate added to the solution.
Vancomycin solution was emulsified with PLGA solution by sonicating at 40% power of the
device with 2 cycles — 1 minute ON and 30 seconds OFF). Later, the primary emulsion was added
dropwise into 5% (w/v) PVA under stirring. A second emulsion was creating by sonicating the
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above solution using a Branson sonicator with 25 Amp with 4 cycles (1 minute ON and 30 seconds
OFF). The second emulsion was left for stirring at room temperature to remove the DCM solvent.

Nanoparticles formed were collected via washing and centrifugation and freeze dried until dry.

3.2.3 Synthesis of Antimicrobial Nanocomposites (AMNCSs)

Antimicrobial nanoparticles of 2 mg loaded with VVancomycin were resuspended in TRIS
buffer and mixed with 0.5 mg nanofiber for an hour at room temperature. Nanofiber was
synthesized as previously described by Yang et al. [63]. Later, the nanocomposites formed by the
coating of nanofiber onto nanoparticles were collected via centrifugation at 15,000 rpm for 7
minutes at 4°C. The nanocomposite pellet was then re-suspended in various buffers or media as

needed for the experiments.
3.2.4 Characterization of Antimicrobial Nanoparticles

AMNCs were characterized for their morphology using TEM. Briefly, AMNCs were
dropped onto copper grids and excess AMNC suspension was removed. Later, copper grids were
treated with 0.1% uranyl acetate for negative staining of the AMNCs. Samples of AMNCSs on the

copper grid were imaged with a high-resolution TEM (Hitachi H-9500).

Vancomycin drug release profile from the AMNCs with and without the nanofiber coating
was measured via dialysis and protein assays. Briefly, triplicates of 3 mg AMNCs and Van-PLGA
NPs were dispersed in 1 mL of PBS (7.4) and dialyzed against a 3kD tubing with a sink reservoir
volume of 10 ml. At every timepoint up to 48 hours, 1 mL of reservoir volume was collected and
replaced with fresh PBS. After collecting samples, protein quantification assay (BCA) was used

to assess Vancomycin release from collected samples by measuring using a Vancomycin standard.
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AMNC:s stability was evaluated by monitoring the size over a period. AMNCs suspended in saline

were measured for their size over 3 days via Dynamic light scattering technique (DLYS).

3.2.5 Cytocompatibility of AMNCs

To test the cytocompatibility of AMNCs, two different epithelial cell types residing in the
lower respiratory tract were chosen (i.e., primary alveolar Type | epithelial cells (AT1) and Type
Il cells mimicking A549 cell lines). Both AT1 and A549 cells were seeded at confluency and
allowed to attach overnight. The next day, various concentrations (0-1 mg/mL) of AMNCs were
given to the cells by replacing the culture media with fresh media containing the particles. After
72 hours, cells were washed 3 times with PBS and given MTS reagent to assess the cell viability.
Absorbance from cells after adding MTS was recorded using a plate reader (Tecan) and plotted in

GraphPad prism by normalizing against untreated groups.

3.2.6 Cell Uptake of NCs in Infected Cells

Nanocomposite uptake ability in infected cells was measured via flow cytometry and
quantifying internalized nanocomposites (vs. nanoparticles) using fluorescence techniques.
Briefly, Alveolar Type 1 epithelial cells (AT1) were seeded at confluency in a 24-well plate. After
overnight culture, the cells were treated with overnight grown MRSA bacteria in the various ratios
(cell: bacteria; 1:0.5, 1:1, 1:10, 1:100). The co-culture of cells and bacteria were spun down at
2000 rpm for 5 minutes to settle bacteria and improve interaction of the bacteria and AT1 cells for
infection purposes. After centrifugation, the cells were incubated with bacteria for 4 hours for
infection and later washed 3 times with PBS (3xPBS) and treated with 100 pg/mL of gentamycin
to remove extracellular bacteria. Nanoparticles and nanocomposites (hanoparticles with nanofiber
coating) were added to the infected cells at 0.5 pg/mL and incubated for 90 minutes. After 90

minutes, cells were washed with 3x PBS and stained with NucBlue (Thermofischer) for visualizing
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the nucleus. Images were taken for cell uptake using a fluorescent microscope (ECHO, CA). Later,
cells were lysed with 2% Triton X-100, and cell lysate was used to quantify Rhodamine labeled

nanoparticles and nanocomposites.
3.2.7 Antimicrobial Properties of Antibiotic Loaded Nanoparticles

Antimicrobial properties of nanoparticles loaded with Vancomycin were tested via

minimum inhibitory concentration (MIC) and zone of inhibition assay’s (Zol).
3.2.7.1 Minimum inhibitory concentration (MIC) assay

A MRSA colony was picked and grown in BHI media overnight. The next day, MRSA
was diluted to 1x10° CFU/mL for testing the MIC of Vancomycin loaded PLGA nanoparticles
(Van-PLGA NPs). Briefly, Van-NPs were serially diluted in BHI media with various
concentrations (1.5-1000 pug/mL) along with only BHI media and 1X MIC of free Vancomycin
(positive control) and BHI media with MRSA only (negative control). 1x10% CFU/mL was mixed
with various concentrations of Van-NPs in 1:1 ratio and incubated at 37°C for 24 hours. After 24
hours, 0.015% resazurin was given to the various test groups and incubated further for 1 hour.
Later, pictures were taken to assess the color change in the test groups. Resazurin changes to pink

indicating growth of bacteria, whereas it remains blue if no bacterial growth is observed.
3.2.7.2 Zone of Inhibition

Zone of Inhibition studies were performed to assess the antimicrobial potential of Van-
PLGA NPs in comparison with free Vancomycin. Briefly, 200 pL of 1x108 CFU/mL of MRSA
bacteria was plated onto BHI agar plates. 7 mm sterile discs were loaded (50 pL) with various
groups of 1X, 2X MIC of free vancomycin and equivalent Van-PLGA NPs along with negative
controls of plain PLGA NPs and BHI media. The loaded discs were placed on the MRSA plated
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agar plates in triplicated fashion and incubated for 24 hours. Later, pictures were taken of each

disk with scale to measure the diameter of the Zone of Inhibition of bacterial growth.
3.2.8 Intracellular Killing Efficiency of AMNCs

To assess the intracellular killing efficacy of AMNCs, an intracellular killing study was
performed as described previously [88, 89]. Briefly, AT1 cells were seeded at confluency in a 24-
well plate and allowed to attach overnight. The next day, 1:10 (cell: bacteria) ratio of MRSA was
given to the cells via re-suspension in AT1 cell growth media, followed by centrifugation to
facilitate bacterial infections in the exposed cells. After 3 hours, cells were washed with 1X PBS
and incubated 30 minutes with gentamycin at a concentration of 100 pg/mL to remove the added
bacteria. Cells were washed and various treatment groups of 0.5 mg/mL each of Van-PLGA,
AMNCs, and free Vancomycin drug (concentration of free drug is equivalent to the drug loaded
into nanoparticles) for 12 hours. After 12 hours, cells were washed three times with 1X PBS and
lysed with either Di water or 0.02% Triton X-100. Serial diluted cell lysate was plated onto BHI
agar plates to quantify the number of intracellular MRSA bacteria. Bacterial quantifications are

represented as log 10 CFU per well.
3.2.9 Nebulization of AMNCs

In vitro nebulization was performed to assess the nebulized AMNC in vitro therapeutic
efficacy [78, 90]. AT1 cells were seeded at confluency in a 12-well plate and allowed to attach
overnight. The next day, AT1 cells were infected with bacteria (1:10, cell: MRSA bacteria) as
mentioned in the previous section. Next, 1 mg each of Van-PLGA and AMNCs were loaded into
a lab module nebulizer (aeroneb®) along with equivalent amounts of free Vancomycin dissolved

in 1 ml of PBS. The above treatment groups were nebulized on top of the cells using a 24-well
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trans well insert with the membrane removed. This was to facilitate airflow exit for the nebulized
particles. After treatment with particles for 12 hours, cells were washed with PBS and lysed with
DI water. Serially diluted cell lysate was plated onto a BHI agar plate and log 10 CFU was

calculated from each well to determine the MRSA killing from different treatments.
3.2.10 In Vivo Biodistribution of Nanocomposites

To assess the lower respiratory tract targeting capability of nanocomposite formulations,
we performed a biodistribution study in mice. For this study, 7-10-week-old C57BL/6J mice (both
sexes) were used. Indo cyanine green (ICG) dye-labeled nanoparticle/nanocomposite formulations
were nebulized using an aeroneb® lab module nebulizer in a modified closed circuit as described
in the literature [91]. Saline solution nebulization was used as a negative control. The special
apparatus with closed circuit will allow for filtering nanoparticles and aerosols via a HEPA filter,
ensuring safety for operating personnel. ICG loaded PLGA NPs (ICG-PLGA NPs), and nanofiber
coated ICG-PLGA NPs (AMNCs) were re-suspended at 2.5 mg/mL in saline for nebulization.
Mice were restrained in the chamber and nebulized with various groups including saline control
for 20 minutes. After nebulization, mice were monitored for any behavioral changes for an hour
and euthanized for processing. Later, whole lungs were homogenized to quantify the uptake of
nanoparticles and study the biodistribution. Lung tissues were rinsed with PBS and fixed in 4%
paraformaldehyde at 4°C overnight and embedded with paraffin as previously described [92].
Paraffin-embedded lungs were sectioned at 5 um thickness and stained with hematoxylin-eosin

(H&E) for histological analysis.

Similarly, to visually assess nanocomposite delivery in lung tissue, coumarin-6 loaded
nanoparticles and AMNCs were also used to perform ex vivo imaging after animal studies using

Kodak in vivo imager (Carestream Health Inc., New Haven, CT). Briefly, after nebulization with
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nanoparticles or AMNCs, the mice lungs were inflated with optimal cutting temperature compound
(OCT) and dissected for further processing. Dissected lungs embedded in OCT were sectioned
using a cryostat (Leica Biosystems, Germany) with a thickness of 50 um at various regions in the
lungs and stained for cell nuclei with NucBlue (Thermofisher) as previously described [93].
Microscopic slides with processed tissues were imaged using a fluorescent microscope (ECHO,

San Diego) at 40x magnification.

3.3 Results & Discussion
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Figure 3.1 Schematic of AMNC Pulmonary Delivery and Inhibition of S. aureus

3.3.1 Synthesis and Characterization of AMNCs

AMNCs were prepared by combining PLGA nanoparticles and cell membrane penetrating
nanofibers for enhancing drug delivery. PLGA nanoparticles were loaded with Vancomycin using
a double emulsion protocol which is commonly employed to load hydrophilic antibiotics[94]. Due

to the high hydrophilicity of Vancomycin and low loading efficiency found with conventional
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double emulsion protocols, in our optimization process we modified the ion pairing method
recently reported by Kashi et al. [94] wherein an addition of ion pairing agents such as dextran
sulphate showed improvement in loading efficiency of Vancomycin from 8% to 14% by reduction
of hydrophilicity of Vancomycin [94]. TEM images showed a spherical morphology (Figure
3.2A) and DLS showed a size distribution of Vancomycin loaded PLGA NPs (Van-PLGA NPs)
around ~250-300nm. To synthesize AMNCs, Van-PLGA NPs were mixed with cell membrane
penetrating nanofibers at an optimized ratio of (2 mg NPs: 0.5 mg of nanofiber) with a conjugation

efficiency of 36% (Supplementary Figure).

Van-PLGA NPs with and without a nanofiber coating at physiological pH showed a bi-
phasic drug release with initial burst release and a sustained release in PBS at 37°C. A nanofiber

coating of Van-PLGA NPs or AMNCs showed a slightly higher rate of Vancomycin release after

pH 7.4 drug release
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Figure 3.2 Characterization of AMNCs. A. TEM image of Vancomycin loaded nanoparticles. B. Vancomycin
drug release profiles with (AMNCSs) and without nanofiber coating (Van-PLGA NPs) C. AMNCs stability in saline
showing no significance over 72 hours. D. FTIR showing the Vancomycin encapsulated into PLGA nanoparticles
with distinct peaks of 1760 cm-1 amide peaks and 3340 cm of ~OH groups from PLGA polymer.
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4 hours, but over 48 hours showed a similar amount of Vancomycin was released from both
AMNCs and Van-PLGA NPs (Figure 3.2B). This shows that the nanofiber coating does not
interfere with PLGA degradation and release of Vancomycin. More than 80% of VVancomycin is
released from the nanocomposites made with low molecular weight PLGA (15-25 kDa), which is
ideal for inhibition of MRSA compared to a sustained release over a long period of time leading
to antibiotic resistance [95]. Additionally, AMNC stability in saline was assessed by monitoring
their size and showed no significant changes over a period of 72 hours (Figure 3.2C). Saline
stability can be translated for nebulization and other temporary storage purposes before

administration.

To study the presence of functional groups of encapsulated Vancomycin in Van-PLGA
NPs, FTIR was performed in a spectral range of 500-3500 cm™. Distinct amide peaks in 1760 cm’
L evident from the Vancomycin and -OH group peak extension at 3340 cm™ was seen due to the

presence of Vancomycin -OH groups added to PLGA polymer (Figure 3.2D).

3.3.2 Cytocompatibility of AMNCs
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Figure 3.3 Cytocompatibility of AMNCs. MTS assay results showing the cytocompatibility of AMNCs up to 1
mg/mL in A. Alveolar Type 1 epithelial cells and B. A549 representing Alveolar Type 1l epithelial cells.

MTS assay results indicate that the drug loaded AMNCs showed cytocompatibility with
alveolar Type 1 and A549 (Type Il) epithelial cells up to 1 mg/mL following 72 hours of
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incubation. More than 90% of cells in all concentrations showed viability, indicating that the
AMNC:s are relatively non-toxic (Figure 3.3 A-B). As previously reported, the nanofiber coating
reduced their toxicity making AMNCSs cytocompatible even with the presence of a cell membrane

penetrating nanofiber coating in them (Chapter 1).

3.3.3 In vitro Evaluation of AMNCs Uptake in Infected Cells

Cells that undergo stress and other modifications from infections, especially MRSA
infections, have shown to reduce nutrient uptake and influence growth rates [87]. AT1 cells when
infected with various MOI (0.5, 1, 10, 100) of MRSA showed a reduction in nanoparticle uptake.
This reduction in uptake of nanoparticles may be due to alteration in various uptake endocytosis
mechanisms. PLGA is extensively studied for their drug delivery properties and improvement of
a common carrier using nanofibers can offer the advantages of higher drug bioavailability and
reduced dosage for treatment. Further studies investigating the effects of bacterial infections on
cell uptake of nanoparticle need to be done to understand the alterations in uptake mechanisms
[50]. Rhodamine B dye was replaced in AMNCs instead of Vancomycin to perform the uptake
study. Compared to Rho B PLGA nanoparticles, AMNCs loaded with Rhodamine B showed
significantly higher uptake at all MOI levels of MRSA infection in AT1 cells (Figure 3.4B). We
performed a similar study in RAW macrophages with MRSA infection (MOI 1:10) with no
significant change in nanoparticle uptake compared to AMNCs (data not shown here). In MRSA
infected RAW cells, the uptake of NPs was comparatively higher than AT1 cells, which can be
related to the phagocytic nature of macrophages. This uptake behavior may also influence uptake
of nanoparticles and other modifications such as a nanofiber coating to have similar uptake seen

in RAW macrophages.
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To further confirm the reduced NP uptake by cells during infection, we performed flow
cytometry studies. SYTO 9 (green) labeled MRSA infected AT1 cells (MOI 1:10) were given both
nanoparticles and AMNCs, both loaded with Rhodamine B dye. Nanofiber coating increased the
uptake of nanoparticles more than 15-fold compared to plain nanoparticles (Figure 3.4A).
Antimicrobial peptides are promising candidates to treat infections, and novel designs of
producing antimicrobial peptides/nanofiber can further improve the design of drug delivery
systems such as AMNCs by having combined loading of both antibiotics and antimicrobial

peptides [96].

A

v

Nanoparticles

|
+ *

| ,
1
204 x * % kkk  kkkk  kkk

A e T T =kt

Nanocomposites

uninfected 1-0.5 11 110  1-100

NP uptake (pg of NPs/ug cell protein)
:

“
]
i

Cells: Bacteria (MOI)

Figure 3.4 AMNC Cell Uptake in MRSA Infected AT1. A. Cell uptake of nanoparticles and nanocomposites
measured through Flow Cytometry after 90 minutes along representative fluorescent images of the nanoparticle and
nanocomposite uptake are given in the center. For this purpose, MRSA was stained with SYTO 9 (green) gated on the
Y-axis and AMNC with Rhodamine B (red) gated on the X-axis on the dot plots. B. To quantify the AMNC uptake, AT1
cells were seeded into 24-well plates at confluency and the next day, infected with MRSA of a Multiplicity of Infection
(MQI) ranging from 0.5-100. Polybrene — a transfection reagent was used as a control to enhance uptake of
nanoparticles. Cells along with bacteria were spun down for 5 minutes at 2000 rpm to increase bacteria uptake by the
cells. After 4 hours, cells were washed and treated with 100 ug/mL of Gentamycin for 30 minutes to remove any of the
extracellular bacteria. After treatment, cells were washed and given 0.5 mg/mL of dye loaded NPs for 90 minutes.
Later, cells were washed 3X with PBS and lysed using 1% Triton-X. The cell lysate was used to analyze fluoresce of
NPs and protein content from the cells.

3.3.4 Antimicrobial Properties of Vancomycin Loaded Nanoparticles
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Figure 3.5 Antimicrobial effects of Van-PLGA NPs. A. Minimum Inhibitory Concentration study. Van-NPs were
serially diluted from 500 ug/ml with positive control as free Vancomycin (1X MIC=2 ug/ml) and only media
without bacteria. Bacteria without any Van-NPs served as a negative control (GC). Data in the plot was
normalized against controls to determine the MIC value as indicated by the arrow in the plot. 1x 108 CFU/ml
bacteria was considered for seeding bacteria into each well. 0.015% Resazurin was added for colorimetric
assessment of bacterial inhibition. (purple=bacterial inhibition, pink = bacterial growth). B. Zone of Inhibition.
200ul of 1x 108 CFU/ml was plated on BHI agar plates. Sterile discs were loaded with 50 ul of samples: 1) only
BHI media, 2) Plain NPs, 3) 2X MIC of free Vancomycin, 4) 1X MIC of free Vancomycin, 5) 2X MIC of Van-NPs
and 6) 1X MIC of Van-NPs. Zone of Inhibition diameter was measured using ImageJ software (NIH).

To assess the antimicrobial properties of Vancomycin loaded PLGA-NPs, we performed
MIC and Zone of Inhibition study. Vancomycin loaded into PLGA-NPs showed inhibition of
MRSA in both the studies with free Vancomycin at MIC (2 pg/mL) as a control. In our MIC studies
performed over 24 hours, an MIC of 15.6 pg/mL was observed, which correlated to the drug
release kinetics of the nanoparticles (Figure 3.5A). The Zone of Inhibition study showed similar
diameter for Zones of Inhibition between 1X and 2X MIC concentrations of free Vancomycin and
equivalent concentrations of Van-PLGA NPs (Figure 3.5B). Plain PLGA NPs did not show any

inhibition of MRSA bacteria on the plates.

3.3.5 Intracellular MRSA Killing Using AMNCs
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Figure 3.6 Intracellular MRSA Killing using AMNCs. 24-well plate- AT1 cells seeded at confluency MRSA given
ata MOI of 10. Cells spun down to better facilitate MRSA uptake. After 3 hours, cells are treated with Gentamycin
and Lysostaphin for 30 minutes to remove extracellular bacteria. Various treatments were given for 90 minutes,
cells washed and incubated for 12 hours before lysis and plating on agar. After 14-18 hours, colonies were
counted, and the data plotted. A. AMNCs showed visibly and quantitatively lower levels of intracellular bacteria
implying AMNCs higher uptake and antimicrobial properties to inhibit intracellular bacteria. B. BHI agar plates
showing the intracellular MRSA colonies after plating the cell lysate.

A MRSA bacterial infection in the lung epithelium often leads to intracellular residence,
as commonly seen in alveolar macrophages causing persistent infections in lungs [21, 97]. We
coated the Van-PLGA NPs with novel cell membrane penetrating nanofibers to assess the
enhanced antibiotic delivery. Cell lysate from AT1 cells infected with MRSA showed reduction
in bacterial burden in Vancomycin groups. Out of all the Vancomycin groups, AMNCSs showed a
higher inhibition of intracellular MRSA compared to Van-PLGA NPs without a nanofiber coating
or the free Vancomycin groups. Gentamycin treatment of infected cells before giving any
treatments ensured removing extracellular bacteria and focusing the treatments on the intracellular
MRSA. After 12 hours of incubation with nanoparticles, AMNCs and free Vancomycin showed
that the higher uptake ability of AMNCs can improve the antibiotic payload delivery in infected

cells evident from the reduction in MRSA colonies from cell lysate (Figure 3.6A). Further testing
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of AMNC:s for their dose-dependent and time-dependent killing can improve the optimization for
a therapeutic dosage. We performed a similar study where we nebulized Van-PLGA NPs and
AMNC:s to see the effect of the nanofiber coating. AMNCSs reduced the intracellular bacteria with
over one log reduction compared to Van-PLGA NPs. These results show that nebulization of
AMNCs do not hinder the enhanced uptake abilities of AMNCs, evident by the increased killing

of MRSA (Figure 3.6B).

Van-PLGA NPs
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|
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Figure 3.7 AMNCs Nebulization to Inhibit Intracellular MRSA. 24-well plate- AT1 cells were seeded at
confluency. MRSA given at an MOI of 10. Cells were spun down to better facilitate MRSA uptake. After 3 hours,
cells are treated with Gentamycin and Lysostaphin for 30 minutes to remove extracellular bacteria. Various
treatments incubated with infected cells for 12 hours, cells washed before lysis and plated on agar. After 14-18
hours, colonies were counted, and the data plotted. A. AMNCs showed visibly and quantitatively lower levels of
intracellular bacteria showing AMNCs higher uptake and antimicrobial properties to inhibit intracellular
bacteria. B. BHI agar plates showing the intracellular MRSA colonies after plating the cell lysate.

3.3.6 In Vivo Biodistribution

The nanofibers coating of ICG-PLGA NPs was used to represent AMNCSs in the biodistribution
studies. The closed-circuit setup employed was adjusted for optimized uptake of nebulized
particles including nanoparticles, AMNCs, liposomes or other aerosolized nanocarriers (Figure

3.8). Here ICG-loaded nanoparticles and AMNCs were successfully delivered via inhalation as
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Figure 3.8 Setup of Inhalation Delivery of Nebulized ICG-PLGA NPs and AMNCs in Mice. A. Graphical view

of modified nebulizer setup for inhalable delivery with different components: a. pump system, b. lab module

nebulizer, c. clean replacement air, d. air pressure gauge, e. port to draw aerosol, f. vacuum flask, g. 0.2um HEPA

filter, h. air flow regulator, i. HEPA filter for clean air intake, j. mice restrainer for inhalation through nebulizer.

B. Actual setup with nebulizer and cartoon mice restrained for inhalation of aerosols generated by the nebulizer

seen by the fluorescence ex vivo images of lungs. Over 33% of AMNCSs were delivered to the lungs
via inhalation in comparison to ~7% of nanoparticles (without nanofiber coating) over an hour
after nebulization (Figures 3.9A-B). The higher accumulation of AMNCs can be explained by the
nanofiber ability to improve cell uptake and traverse the mucus layer comparatively faster as
shown previously in in vitro studies (Figures 2.4 & 2.6). PLGA NPs of similar size were already
shown to be deposited in the alveoli immediately after inhalation delivery. Overall negatively
charged PLGA NPs were reported to be delivered to alveolar ducts compared to positively charged
porous PLGA seen more in trachea, bronchia and bronchioles [98]. Pathological evaluation of
H&E-stained lung tissue of PLGA NPs and AMNCs revealed mild to negligible changes when
compared to the saline control (Figure 3.9C). No collapse of alveolar space or widened or
thickened alveolar septum is visible in AMNCs or PLGA NPs. H&E images also show that mild
inflammatory exudates seen in both groups is from the introduction of nanoparticles. AMNCs and
PLGA NPs show similar tissue histology indicating that a nanofiber coating does not introduce

any additional toxicities or changes, making it suitable for coating nanocarriers for pulmonary drug

delivery.
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AMNC biodistribution was also studied using Coumarin-6 dye-loaded nanoparticles.
Coumarin-6 dye was used because of its superior fluorescence compared to NIR ICG dye for
fluorescent microscopy purposes. To further assess the AMNC biodistribution, OCT embedded
mice lungs of AMNCS or nanoparticle treatment were imaged. Fluorescent images show that
Coumarin-6 AMNCs were localized along with DAPI stained nucleus (Figure 3.10A) and higher

AMNC accumulation compared to that of nanoparticle groups (Figure 3.10B). These
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Figure 3.9 Biodistribution and H&E Staining of Lung Tissues for PLGA NPs and Nanocomposites
Treatment via Nebulization in Mice. A. % of AMNCs delivered to mice lungs via nebulization of 7.5 mg
of particles at a concentration of 2.5 mg/mL. B. Amount of AMNCs and PLGA NPs accumulated in the
mice tissues in pg/mg. C. Hemoxylin and eosin staining of paraffin-embedded lung tissues. Mild to
negligible inflammation was seen in PLGA NPs and AMNCSs uptaken in lung tissues compared to the
control saline group (40x magnification).
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Figure 3.10 Biodistribution of Coumarin-6 Dye-Loaded AMNCs in Mice Lungs. A. AMNC or saline
nebulized lungs were inflated and sectioned at 50 pum thickness, and then stained with Nucblue for the
nucleus. Fluorescent images show Coumarin-6 AMNCs (highlighted with red arrows) localized with
DAPI stained nuclei of cells in lung tissue (40x magnification). B. After nebulizing saline, Coumarin-6
dye-loaded nanoparticles and AMNCs from lungs from mice were excised and imaged for distribution
of particles. AMNCs show higher distribution in lung tissues compared to those of nanoparticles.

results indicate that AMNCs nebulized and inhaled by the mice were able to reach the alveolar
region and are retained at a higher number compared to nanoparticles without any nanofiber
coating. Overall, biodistribution studies show that nanofiber coating onto nanoparticles is safe and

enhances delivery of nanoparticles.
3.4 Conclusion

In this study, the antimicrobial drug Vancomycin was successfully loaded into PLGA NPs
at a higher loading efficiency of >14% compared to the other literature via an ion-pairing method
and double emulsion protocol [99]. Novel AMNCs was synthesized with abilities of enhanced
drug delivery and applied as a drug carrier to inhibit MRSA infection in primary lung alveolar
epithelial cells. Nanofiber coated AMNCs showed higher uptake in infected cells compared to
PLGA NPs, demonstrating their potential to deliver potent antimicrobials to infected cells with

high cytocompatibility. AMNCs were able to inhibit intracellular MRSA either given directly in
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media or via nebulization with an increased potency compared with nanoparticles alone due to
their higher affinity for uptake. In vivo biodistribution of AMNCs showed a 3-fold higher
accumulation in the lungs compared to nanoparticles without a nanofiber coating. Together, these
characteristics indicate that the AMNCs have potential application for treating MRSA lung
infections through the route of administration by inhalation and can also be applied towards other

lung infections with their ability to load various payloads, including different antimicrobials.
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Chapter 4

CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

To summarize, a novel nanocomposite was developed with the capability to load antibiotics
for pulmonary drug delivery to treat lung infections effectively. The second chapter involves the
synthesis and characterization of nanocomposites made from a coating of cell membrane
penetrating nanofiber onto PLGA NPs for enhanced pulmonary delivery of drugs for inhalation
purposes. The nanocomposites showed promise in terms of optimal size ~200 nm and saline
stability suitable for lung inhalation [80], and in vitro cytocompatibility with reduction in the
toxicity of nanofibers, which are found toxic at higher concentrations when uncoated.
Additionally, the nanocomposites maintained the coating of the nanofiber which is evident from
the enhanced uptake ability in lung epithelial cells even after freeze-drying and nebulization. This
shows the translative potential of a nanofiber coating for enhancing drug delivery via improved

nanoparticle cellular uptake.

Pathological conditions such as lung infections can lead to altered cellular uptake
mechanisms in infected cells as seen in lung epithelial cells [87]. Based on the results of our novel
nanocomposites showing enhanced drug delivery, we modified the nanocomposites to load
Vancomycin and used them to treat MRSA infected lung epithelial cells. Our nanocomposites
formulated with VVancomycin drug payload showed improved intracellular MRSA killing in lung
epithelial cells both by incubation in media and nebulized delivery, owing to the abilities of
nanofiber coating to improve uptake of nanocomposites in healthy as well as diseased cells. These

results support our hypothesis that nanofiber coatings on drug carriers can improve their uptake in
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diseased cells, increasing drug accumulation and eventually enhancing therapeutic efficacy of

potent drugs for inhalation delivery in lungs.
4.2 Limitations

Although our findings show improvement in inhalation delivery of nanocarriers, some
limitations still exist which need to be addressed and are detailed below. Nanofibers used in our
project do not have a specific cell targeting ability, which limits the use of our nanocomposites for
inhalable drug delivery. One major limitation observed in chapter 2 is that the optimization of
nanofiber and nanoparticle ratio, which depends on the surface charge of the nanoparticles, needs
to be further investigated. A relationship between zetapotential of nanoparticle surface and amount
of nanofiber that can be coated needs to be established. This information can help understand the

amount of nanofiber coating needed for optimal enhancement of nanoparticle uptake.

Also, the loading of the drug can alter the surface charge of nanoparticles, especially
polymer nanoparticles, altering the coating ability of nanofibers which may reduce the uptake
efficiency. Studying the effects of drug loading on correlation with nanofiber coating can optimize
the final formulations. Another limitation associated with drug loading is the pre-mature release
of the drug while coating of the nanofiber, which is evident in highly hydrophilic drugs, reducing
the therapeutic efficiency of the nanocomposite system. Use of a high molecular weight polymer

or ion pairing methods to reduce hydrophilicity of drugs can lower the premature drug release.
4.3 Qutlook

Based on our encouraging results, future therapeutic studies in mice models with MRSA
lung infections with various dosages should be performed to assess the optimal dose and clinical

potential of antimicrobial nanocomposites. Future studies, including toxicity studies and/or
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survival studies with severe infections, can be helpful to understand the pharmacokinetics and
pharmacodynamics of nanocomposites in infected mice. Use of imaging agents such as fluorescent
dyes or metal-based nanoparticles encapsulated into nanocomposites may improve imaging to

understand the physiology of lower respiratory lung tissue in diseased conditions.

Targeted peptide coating of nanocarriers have shown promise in targeting specific cells or
tissue for delivery of therapeutics [48, 61]. Nanofibers with targeting moieties can be used to
improve the targeting while maintaining the enhanced cellular uptake of nanocomposites. These
strategies of multifunctional nanocarriers can open new avenues in the treatment of diseases like
cancer as well as inflammatory diseases like cardiovascular disease, peripheral artery disease,
among others which utilize IV administration of drug delivery. Along with antimicrobials, various
other payloads such as small molecule drugs, SiRNA, mRNA, plasmid DNA and proteins can be
loaded into nanocomposites for enhanced drug delivery for the treatment of lung infections. With
the recent success of nanotechnology-enabled drug carriers, the field of nanomedicine has grown
exponentially in treatment of various pathologies. The novel nanocomposites presented in this

work hold promise as an enhanced drug delivery platform for several clinical applications.
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