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ABSTRACT
With the rapidly growing popularity and sophistication of inhalable therapeutics,
there is an increased demand for tailor made inhalable drug-loaded particles capable of
efficient delivery to the lungs with optimal therapeutic outcomes. To cope with this
formulation demand, a wide variety of novel technologies have emerged. Preparation of
particle formulations suitable for inhalation and loaded with biomolecules is also of interest
for gene therapy and vaccination applications. Dry powder inhalers (DPI) capable of
delivering high dosages of therapeutics have rapidly evolved over the last decade, and
nanoparticles have proven to be highly beneficial for controlled and sustained release of
therapeutics both locally and systemically. Unlike conventional delivery systems, particlebased drug delivery systems offer increased surface area, colloidal stability, and tunability,
all of which can be used to target the disease state of interest and specific patient
population. In addition to the above drug delivery advantages, an advanced particle
technology can further improve the pharmaceutical manufacturing process by affording
better quality control over the particulate and solid-state properties as well as ensuring
better product consistency and process economics for inhalable products.
Pulmonary drug delivery has demonstrated advantages over other delivery routes
due to the ability to use lower the dosage requirement of therapeutics, reduction in systemic
toxicity, access to high blood flow, and offering better targeting to the disease site.
Effective application of dry powder therapeutics requires optimum particle deposition in
the lungs and avoidance of physiological defense mechanisms such as mucosal entrapment,
mucociliary clearance, and alveolar macrophage clearance. In addition to this, there is a
need for the development of nanoparticle-based therapeutics capable of delivering

therapeutics agents due to their poor water solubility and high concentration requirements
for efficacy.
This thesis was aimed to (1) develop and characterize cell membrane-coated
nanoparticles to overcome pulmonary epithelial barriers and evaluate the nanoparticle
internalization pathways into and across the cell, (2) develop and characterize inhalable
cell membrane-coated nanocomposite microparticles capable of enhanced transcytosis
across epithelial cells grown in air interface culture, and (3) optimize aerosol
nanocomposite microparticle spray drying properties to allow for deep lung delivery of
therapeutics following aerosolization.
Curcumin-encapsulated biodegradable nanoparticles were formulated using a pHsensitive, tunable, biocompatible polymer acetalated dextran. Curcumin was used as a
model drug due to its hydrophobic nature and fluorescent properties that aids in easy
detection of that nanoparticles. The nanoparticles were coated with cancer cell membranes,
lipids, or polymers to provide different surface properties such as composition and charge.
The interaction between different nanoparticle surface properties were evaluated in terms
of internalization into and transport across an in vitro pulmonary cell monolayer. Different
pharmacological inhibitors were used to block the internalization pathways to elucidate the
endocytosis mechanisms of the particle formulations. The resulting nanoparticles were
used to formulate nanocomposite microparticles using mannitol as excipient via spray
drying. Spray-dried nanocomposite microparticles demonstrated excellent aerosol
performance when evaluated with an in vitro Next Generation Impactor, with a tunable
targeted deposition depending on the formulation and spray drying conditions.
Additionally, the disassociated nanoparticles from the dry powder nanocomposite

microparticle retained the desirable properties of the nanoparticles and crossed the airblood barriers effectively for pulmonary drug delivery applications. Finally, the spray
drying parameters were manipulated to optimize the aerosol performance of the resulting
nanocomposite microparticles and to maintain the desirable properties of the parent
nanoparticles.
Acetalated dextran-based dry powder aerosol formulations demonstrated
significant promise as a versatile, cost-effective, and promising drug carrier for a wide
range of applications and disease states. The main goal of particle engineering is to
incorporate into the particles desirable attributes such as narrow particle size distribution,
improved dispersibility, enhanced drug stability, optimized bioavailability, sustained
release, and/or specific targeting, considering the specifics of inhaler design and drug
delivery requirements. A practical particle engineering process must be significantly
advantageous for the final drug product, consistent and economically feasible at the
industrial scale.
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PREFACE
This dissertation is presented in manuscript format in accordance with The
University of Rhode Island Graduate School Guidelines and is comprised of six chapters.
The first chapter is the introduction and overview of the dissertation which includes the
objectives and significance of the work. The second chapter is a literature review of the
current advancement in the field of pulmonary drug delivery. The third chapter, entitled
“Lung cell membrane-coated nanoparticles capable of enhanced internalization and
translocation in pulmonary epithelial cells” is a manuscript under review in the
International Journal of Pharmaceuticals. The fourth chapter, entitled “Lung cell
membrane-coated dry powder nanocomposite microparticles capable of enhanced
transcytosis across epithelial cells grown in air interface culture”, is a manuscript in
preparation for the submission to the International Journal of Pharmaceuticals. The fifth
chapter, entitled “Optimization of the nanocomposite microparticle for deep lung delivery
of therapeutics via spray drying” is a manuscript in preparation for the submission to the
International Journal of Pharmaceuticals. The sixth chapter is a summary of main
conclusions of this dissertation and future directions related to this research area.
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CHAPTER 1

1.1. INTRODUCTION

1.2. OVERVIEW AND MOTIVATION
Pulmonary drug delivery has huge potential in the effective treatment of lung
diseases as it allows for the delivery of a wide range of therapeutics including small
molecules [1], proteins, antibodies, siRNA [2], etc. directly and indirectly to lungs.
Pulmonary drug delivery allows for increased local drug concentration, reduced systemic
side effects, providing rapid action, and avoidance of the first pass metabolism [3-5]. As a
result, various therapeutic drugs have been employed in inhalation formulations for the
treatment of pulmonary diseases such as asthma, pulmonary hypertension, cystic fibrosisrelated infections, and lung cancer [6, 7]. In comparison to liquid aerosol formulation, dry
powder aerosol formulations offer additional advantages including enhanced formulation
stability, targeting to specific regions of the lungs by controlling particle aerodynamic
properties, and delivering hydrophobic drugs effectively [8, 9]. Unfortunately, dry powder
aerosol delivery in the lungs has some limitations, including that dry powder aerosol
particles smaller than 1 µm in aerodynamic diameter are likely to be exhaled, particles with
aerodynamic diameters larger than 5 µm tend to deposit in the mouth, throat, and upper
lungs, and particles of aerodynamic diameter of 1-5 µm can effectively deposit in lungs
while 1-5 µm particles rapidly clearly via alveolar macrophage clearance [9-11]. To
overcome these limitations, nanoparticles (NP) can be encapsulated into a microparticle
system called nanocomposite microparticles (nCmP) via spray drying that can act as a
1

‘Trojan horse’ to the NP. Microparticles (1-5 µm) facilitate effective pulmonary deposition
[11], while the embedded NP can provide multiple functions, such as protecting
therapeutics from degradation, improved drug solubility, providing controlled release, and
reducing system side effects [4, 5, 11]. Many such nCmP systems have been developed,
but few comprehensive studies have been done to illustrate the effective engineering of
optimal nCmP systems for pulmonary drug delivery applications.
In this work our goal was to develop various nanoparticle-based dry powder aerosol
formulations to overcome the pulmonary epithelial barrier. At first, nanoparticle
formulations with different surface coatings were developed using single emulsion and
nanoprecipitation nanoparticle synthesis methods (Figures 1.1 and 1.2). The resulting
nanoparticles were suspended in distilled water with the water-soluble excipient mannitol
and transformed into a microparticles via spray drying (Figure 1.3). Upon inhalation, dry
powder nCmP will deposit on the surface of lung tissue and water-soluble mannitol will
dissolve, thereby releasing the nanoparticles. Mannitol was used as an excipient to enhance
particle aerosol properties and storage. Acetalated dextran (Ac-Dex) was used as the
biodegradable polymer in the formulations and curcumin as a model drug due to its
hydrophobic nature and fluorescence properties, allowing for easy detection. Ac-Dex is an
acid sensitive, tunable, biodegradable, and biocompatible polymer. NP were coated with
cell membranes, polymers, or lipids to provide varying surface properties such as
composition and charge. In pulmonary drug delivery applications, NP need to cross the airblood barrier to reach systemic circulation for the potential treatment of systemic diseases.
Despite the many studies evaluating the impact of NP properties, a better understanding of
NP internalization and transport pathways can aid in developing more effective drug
2

delivery systems, especially for pulmonary applications. NP formulations were
characterized to elucidate how NP surface properties impact NP internalization and
transcytosis in an in vitro pulmonary epithelial model. The resulting NP formulations were
used to form nCmP using spray drying and were evaluated to see if they retained their
surface properties and crossed the air-blood barriers effectively for pulmonary drug
delivery applications. The spray drying parameters were also manipulated to optimize the
aerosol performance of the resulting nCmP and to maintain the desirable properties of the
parent nanoparticles.

Figure 1.1. Schematic of nanoparticle formation via single emulsion solvent evaporation.
CUR = curcumin, Ac-Dex = acetalated dextran, DCM = dichloromethane, PVA =
polyvinyl alcohol.
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Figure 1.2. Schematic of nanoparticle formulation via nanoprecipitation.

Figure 1.3. Schematic of nanocomposite microparticle formulation via spray drying.
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1.3. OBJECTIVES
The overall objective of this dissertation was to develop, characterize, and optimize
dry powder aerosol formulations using different nanoparticle systems formed via spray
drying and to evaluate the effectiveness of the nanoparticles in terms of cellular
internalization and transport across an in vitro pulmonary monolayer. This dissertation
involves three projects, and the specific objectives of each project are outlined as follows:

Project 1. Lung cell membrane-coated nanoparticles capable of enhanced
internalization and translocation in pulmonary epithelial cells.
1. Synthesis of curcumin encapsulated acetalated dextran nanoparticles with different
coatings including cancer cell membranes, lipids, or polymers.
2. Evaluate the physicochemical properties of the nanoparticles including size and surface
properties such as coating composition and surface charge.
3. Evaluate the nanoparticle cellular interactions in terms of cellular internalization and
transport into an in vitro pulmonary monolayer in the presence and absence of
pharmacological inhibitors capable of blocking endocytosis pathways.

Project 2. Lung cell membrane-coated dry powder nanocomposite microparticles
capable of enhanced transcytosis across epithelial cells grown in air interface culture.
1. Formulate nanocomposite microparticles from various surface modified nanoparticles
via spray drying.
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2. Evaluate the physicochemical characterization and aerodynamic properties of the
formulations and confirm that the desirable properties of the parent nanoparticles
remained unchanged.
3. Evaluate cellular responses in terms of transport of the disassociated nanoparticles
across an air interface cultured cell monolayer.

Project 3. Optimization of the nanocomposite microparticle for deep lung delivery of
therapeutics via spray drying.
1. Synthesize and characterize curcumin-loaded nanoparticles.
2. Synthesize dry power aerosol nanocomposite microparticles (nCmP) via spray
drying with varying pump rate, nanoparticle-to-mannitol ratio, and solids
concentration parameters.
3. Characterize spray-dried nCmP for their size, curcumin loading, water content, and
aerosol dispersion properties.
4. Determine impact of spray drying parameters on nCmP characteristics via design
of experiment analysis.

1.4. DISSERTATION ORGANIZATION
The dissertation is organized as follows:
Chapter 2 provides the background information on various nanoparticle systems
and nanocomposite microparticle systems utilized for pulmonary drug delivery
applications, including an overview of the pulmonary delivery of dry-powder aerosolbased therapeutics, a review of nanocomposite microparticles used for pulmonary drug
6

delivery applications, and a discussion on nanoparticle preparation, nCmP preparation and
optimization, particle interactions with cells, transport pathways for nanomaterials, and
related applications.
Chapter 3 presents the project “Lung cell membrane-coated nanoparticles capable
of enhanced internalization and translocation in pulmonary epithelial cells,” which
involves the development of various surface-modified nanoparticle formations, their
characterization, and the evaluation of nanoparticle-related cellular response in terms of
internalization into and transport across the model epithelial cell monolayer.
Chapter 4 presents the project “Lung cell membrane-coated dry powder
nanocomposite microparticles capable of enhanced transcytosis across epithelial cells
grown in air interface culture,” which involves the development of dry powder aerosol
nanocomposite microparticle formulations using various surface-modified nanoparticles
via spray drying, the characterization of the formulations to confirm that the desirable
properties of the parent nanoparticles remained unaltered, and the evaluation of cellular
response in terms of transport of the disassociated nanoparticles across air interface
cultured cell monolayer.
Chapter 5 presents the project “Optimization of the nanocomposite microparticle
for deep lung delivery of therapeutics via spray drying”. It involves a design of experimentbased optimization strategy to allow for the preparation of dry powder nanocomposite
microparticles with favorable properties including deep lung deposition, desirable
nanoparticle redispersion, and low water content.
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CHAPTER 2

1.
2.1.

INTRODUCTION

2.2.

APPLICATIONS

OF

NANOMEDICINE

IN

PULMONARY

DRUG

DELIVERY
Drug-loaded nanoparticle (NP) formulations have been extensively investigated as
carriers for the delivery of various drugs via several routes of administration, including
intravenous, oral, injection, and aerosol routes. For instance, solid lipid NP, polymeric NP,
and liposomes have utilized for the treatment of various lung diseases via the aerosol route
[1]. In recent years, pulmonary drug delivery has attracted increasing interest in the
research community for being advantageous over other delivery systems for the treatment
of local pulmonary diseases such as chronic obstruction pulmonary diseases (COPD) and
asthma [2]. Formulations delivered via the pulmonary route are non-invasive and the
resulting local treatment can result in high concentrations of drugs directly at the site of
delivery (e.g., the lungs). This results in the overall reduction in the amount of drug needed,
while conventional drug delivery formulations administered via IV or orally require a high
overall dose. The direct delivery of a therapeutic to the lungs also helps in reducing
systemic side effects. The physiology of the lungs themselves offer advantages such as
high surface area allowing for rapid absorption, facile access to high blood flow, low
enzymatic activity, and avoidance of the first pass metabolism [3, 4].
Despite these advantages, delivering drug delivery formulations via the pulmonary
route results in disadvantages such as mucosal clearance of the formulation, a compact cell
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barrier in the alveoli that can be difficult to overcome, clearance by alveolar macrophages,
and diffusion barriers such as mucus preventing the formulation from reaching the target
site, whether that be the lungs or the bloodstream. Recent advances in nanotechnology,
particularly in the development of NP-based formulations, have generated significant
impact in medicine and healthcare [5, 6]. NP formulations can be modified to overcome
the limitations mentioned above in that they can enhance drug solubility and stability, offer
stealth properties to avoid an immune response, provide controlled drug release, create
synergistic effect using multiple therapeutics, and offer targeted delivery to the disease site.
Due to these advantages, particle-based formulations can improve the pharmacokinetic
profile and therapeutic index of drug payloads in comparison to free drugs [7].
The most challenging part in developing NP-based formulations for pulmonary
drug delivery applications is the need to maintain certain physicochemical parameters for
successful inhalation of the formulations. Dry powder NP themselves are too light to
effectively deposit in the lungs after inhalation and the ideal particle size for alveolar
deposition is 1-5 µm [8]. Interestingly, the ideal particle size for alveolar macrophage
clearance is also 1-5 µm [9]. To date, several types of particle-based aerosol therapeutics
have been developed, including aqueous suspensions of NP in addition to microparticle
(MP)-based liquid and dry powder formulations. The aforementioned liquid formulations
can be delivered via metered dose inhalers or nebulizers, whereas the dry powder
formulations can be delivered using a dry powder inhaler. Both NP and MP formulations
have their own limitations that can be overcome through the creation of advanced
formations for the delivery of NP to the lungs. One such drug delivery formulation is dry
powder aerosol nanocomposite microparticles (nCmP), which are comprised of drug11

loaded NP encapsulated within a water-soluble excipient to form a final microparticle-sized
formulation [8-10]. After deposition onto lung tissue, the nCmP disassociate into the parent
NP. Once these NP are at the target site (the lungs) they can then be utilized to internalize
into and/or cross physiological barriers in the lungs to deliver therapeutics more effectively.
It is difficult to draw conclusions about how NP loaded into nCmP should be
engineered to allow for physiological barrier penetration due to the complexity of the
systems and lungs themselves. For instance, pulmonary tissue internalization of NP and
the rate and mechanisms of NP internalization are dependent on cell type [11, 12] in
addition to NP size, shape, surface coating charge, and formulation materials. It has been
shown that particles 20-50 nm in diameter can internalize more effectively into endothelial
cells [11, 13]. It is expected that positively charged NP will internalize into cells more
rapidly than negatively charged NP because of the electrostatic interaction between the
cells and NP; however, previous studies have demonstrated that negatively charged NP can
internalize more effectively than positively charged NP in some instances [14]. Cell
specific variations is also an important aspect to consider when engineering NP for cellular
internalization. For instance, most in vitro studies on NP internalization are done on nonpolarized cells, whereas polarized cells may have different internalization mechanisms at
their apical and basolateral poles [15]. Moreover, the internalization rate of NP can depend
on cell density [16]. Overall, there is a lot to learn about the interactions between NP and
cells to that will help in interpreting in vitro studies and improve in vivo use of
nanoparticles.
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2.3.

PULMONARY DRUG DELIVERY APPLICATIONS USING POWDERBASED THERAPEUTICS
Currently, pulmonary drug delivery is the focus of accelerated research and

development because it can produce maximum therapeutic benefits to the specific disease
site of the lungs. Aerosol formulations are the mainstay of modern treatment for pulmonary
diseases such as asthma and chronic obstructive pulmonary disease (COPD). In
comparison to conventional drug delivery methods including oral and IV administration,
in pulmonary drug delivery the therapeutics are delivered directly to the lungs where active
drugs can exert their beneficial effects, which minimizes systemic side effects while
maximizing the specificity and effectiveness of the drugs. Dry powder aerosol formulations
enhance the stability, solubility, and bioavailability of drug molecules, offering advantages
over liquid-based formulations. For example, studies have indicated that the stability and
solubility of drug molecules were enhanced when dry powder formulations were formed
via spray drying with polymeric excipient in comparison to free drug [17-23].
Choosing the best excipient to maximize the intermolecular forces between the
excipient and drug is important in dry powder aerosol formulations. For instance, hydrogen
bonding can play an essential role for enhanced drug-polymer stability [22]. Tuning the
polymer and active pharmaceutical ingredient functional groups could be another approach
to consider. Similarly, chemically driven interactions can play a role in enhancing drug
bioavailability [24]. In one study, it was shown that varying the level of hydroxypropyl,
methoxy, acetyl, succinoyl, and glucose groups influences the amphiphilic balance,
ionization point, hydrogen bonding, and glass transition temperature of the polymer and
that increasing the carboxyl moiety and replacing glucose acetate with a hydroxyl group
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helped developing ionic character and polar connections [22, 24]. It has also been shown
that drug bioavailability is enhanced in drug-polymer based dry powder formulations [23,
25-33]. Overall, it has been shown that dry powder formulation can be effectively used for
improved drug delivery in pulmonary applications.

2.4.

EXAMPLES OF PULMONARY DISEASES TREATED WITH AEROSOLBASED THERAPEUTICS

2.4.1. Chronic Obstructive Pulmonary Disease (COPD) and Asthma
As seen in Table 1, diseases that are commonly treated with therapeutics delivered
via dry powder inhalers include asthma, pulmonary hypertension, and COPD. COPD is
one of the leading causes of death in the world, affecting 16 million Americans and 65
million people worldwide [34]. In 2016, COPD was the fourth leading cause of death in
USA, following heart disease, cancer, and unintentional injuries and the third leading cause
of death worldwide. COPD causes persistent and progressive respiratory symptoms
including difficulty breathing, persistent cough, and/or phlegm production. Currently, there
is no cure for COPD and early diagnosis and treatment are important to slow the
progression of the disease. Inhaled therapeutics have been used to improve COPD
symptoms and to reduce flare-ups. For example, the management of asthma and COPD has
involved the use of short-acting bronchodilators for short-term relief, long-acting
bronchodilators, and anti-inflammatory medications. Inhaled corticosteroids alone are not
recommended for the treatment of COPD as they can increase the risk of pneumonia in
patients.
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Table 2.1. Current dry powder inhaler formulations approved/in progress by the U.S. Food
and Drug Administration, including their year of approval, brand name, active
pharmaceutical ingredient (API), target disease, company, and current status.
Yea
r
2021

Brand
Name
Tyvaso DPI

API

Disease

Company

Status

Treprostinil

LIQ861

Treprostinil

United
Therapeutics
Liquidia
Corporation

Applied

2021

2020
2019

Bronchitol
AirDuo®
DigihalerTM

Mannitol
Fluticasone
propionate &
salmeterol
Fluticasone
propionate
Tobramycin

Pulmonary
hypertension
Pulmonary
arterial
hypertension
Cystic Fibrosis
Asthma

Armonair®
Digihaler®
2013
Tobi
Podhaler
2021 RT234-PAH
2019

2020

ProAir
Digihaler

Vardenafil

Albuterol

Asthma
Cystic fibrosis
Pulmonary
arterial
hypertension
Asthma and
COPD

Applied/re
submitted

Chiesi
Teva
Pharmaceuticals

Approved
Approved

Teva
Pharmaceuticals
Novartis

Approved

Respira

Phase 2

Teva
Pharmaceuticals

Approved

Approved

Similarly, inhaled corticosteroids are the cornerstone of therapy for asthma in that
they help prevent asthma attacks and improve lung function. Recent guidelines do not
recommend treating asthma in adults with short-acting bronchodilators alone [35];
however, long-acting bronchodilators should not be used without inhaled corticosteroids.
Also, the use of long-acting beta 2-agonists (LABA) alone may increase the risk of asthma
and asthma-COPD related deaths [36, 37]. LABAs are added to inhaled corticosteroids in
patients with asthma if symptoms remain uncontrolled. Tiotropium, a long-acting
muscarinic antagonist (LAMA), can also be added to corticosteroids/LABA maintenance
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therapy in patients with moderate to severe asthma [35]. Several LABA/LAMA
combination inhalers are available (indacaterol/glycopyrronium, olodaterol/tiotropium,
vilanterol/ umeclidium, and formoterol/ aclidinium) that can be useful for patients with
COPD whose symptoms are not controlled with single long-acting bronchodilators [37].
Combination therapy of fluticasone propionate and salmeterol delivered via the AirDuo®
Digihaler® for the treatment of asthma was approved by U.S. Food and Drug
Administration (FDA) as one inhalation twice daily. The AirDuo® Digihaler® and
ArmonAir® Digihaler® contain built-in Bluetooth Wireless technology, which connect to a
mobile phone app and provide data on inhaler user. Overall, these examples show the
importance of dry powder aerosol formulation for the treatment of two lung-related
diseases that impact millions of people worldwide.

2.4.2. Cystic Fibrosis
Cystic fibrosis (CF) is a genetic, progressive disease that causes persistent lung
infections which limits the ability of CF patients to breathe effectively over time owing to
chronic lung damage from these infections. Patients with CF have a mutated cystic fibrosis
transmembrane conductance regulator (CFTR) gene that causes the CFTR protein to be
dysfunctional [38] in their epithelial cells. This dysfunctional protein is unable to help
chloride ions effectively move to the cell surface, and without chloride ions on the cell
surface to attract water mucus within the lungs becomes thick and sticky. Mucus trapped
in the airways of CF patients is comprised of uncleared germs such as viruses, bacteria,
and fungi that lead to chronic infection and inflammation and ultimately respiratory failure
and other complications.
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Several antibiotics administered via several different routes (e.g. oral, inhaled) are
available and have been found to be effective in treating CF-related pulmonary infections,
however, inhaled antibiotics have been considered a more suitable option for delivering
relatively high doses of these drugs directly to the disease site while also minimizing
systemic exposure [39, 40]. U.S. treatment guidelines strongly recommend the chronic use
of inhaled tobramycin in patients with CF who have moderate to severe lung infections
with persistent Pseudomonas aeruginosa-positive airway cultures [41]. The efficacy and
safety profile of tobramycin inhalation solution in patients with CF aged ≥ 6 years are wellestablished [40, 42], and nebulized antibiotics have been shown to be effective in the
treatment of lung infections and are recommended for chronic use to improve both lung
function and quality of life [41]. Antibiotic DPI formulations comprised of vancomycin
and clarithromycin have been developed for the treatment of pulmonary infections [43].
Arikayce® inhalation suspension has been approved by the U.S. FDA for use as a part of
combination antibacterial drug regimen for the treatment of mycobacterium avium
complex lung disease [44, 45].
Despite these recommendations, there are challenges associated with this treatment
method. Adult subjects with CF have reported spending an average of 2 hours (108 ± 58
min) on daily treatments using nebulized anti-microbials [46]. One possible solution could
be the use of inhaled powders delivered via a simple delivery modality such as a dry powder
inhaler (DPI). For example, a tobramycin inhaled powder (TIP) formulation delivered via
the DPI TOBI® Podhaler® was approved by the U.S. FDA as an alternative to inhaled
solution. Clinical studies showed that tobramycin lung deposition with 112 mg TIP is
comparable to 300 mg of tobramycin inhaled solution (TIS) [47], indicating an overall
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lower dose requirement with similar lung bioavailability. Furthermore, TIP offers
significantly faster treatment times and resulted in higher patient satisfaction compared to
TIS, indicating simplicity in use and the potential for improved patient compliance.
Several other inhalable formulations have been investigated for the treatment of
CF-related infections. For example, aztreonam inhalation solution (Cayston®) was
approved by the U.S. FDA and European Medicines Agency (EMA) to suppress chronic
pulmonary infections and to improve respiratory symptoms due to P. aeruginosa in patients
with CF aged ≥ 6 years with a treatment schedule of 28 days on drug alternating with 28
days off drug [40]. A colistimethate sodium inhalation powder (Colobreathe®) was
approved by the EMA for the treatment of chronic infection due to P. aeruginosa in patients
with CF aged ≥ 6 years [40]. A levofloxacin nebulizer solution (QUINSAIR®) was
approved by EMA and U.S. FDA for the management of chronic pulmonary infections due
to P. aeruginosa in patients with CF, with a treatment schedule is similar to (Cayston ®)
[40]. Overall, these examples show the feasibility and need for aerosol-based formulations
for the treatment of pulmonary infections related to CF.

2.4.3. Pulmonary Hypertension
Pulmonary hypertension (PH) is a heterogeneous and often progressive disorder
characterized by increased pulmonary vascular resistance that can lead to right ventricular
failure and death. In one form of pulmonary hypertension known as pulmonary arterial
hypertension (PAH), blood vessels in the lungs are narrowed, blocked, or destroyed. The
damage significantly slows blood flow through the lungs and as a result local blood
pressure rises. Patients usually show non-specific symptoms such as shortness of breath,
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fatigue, fainting, dizziness, non-productive cough, angina, and syncope [48, 49]. Normal
pulmonary arterial pressure has been observed to be 8-20 mmHg at rest while in diseased
conditioned lungs pulmonary artery pressure exceeds 25 mmHg at rest.
It has been observed that high doses of a calcium channel blocker are useful in only
5% of patients idiopathic PAH while only half of the patients respond to this treatment in
the long-term [50, 51]. Epoprostenol (Flolan) is the first drug approved specifically for the
treatment of PH. Studies have shown that is also effective in treating PAH and PAH-related
scleroderma, lupus, and congenital heart disease. Veletri® is a new formulation approved
by the U.S. FDA for the treatment of PAH. Both Flolan and Veletri® treatments require a
high level of commitment from the patients and common side effects include headache,
jaw discomfort, flushing, rashes, and stomach issues.
Iloprost (Ventavis®) is an inhaled medication administered via nebulization that
has been approved for patients with idiopathic PAH, familial PAH, and associated PAH.
Treprostinil (Tyvaso®) is an inhaled medication similar to Ventavis® that is administered
via a specialized, individualized nebulizer. Recommended use of Ventavis® is 6-9 times
daily while Tyvaso® is required 4 times per day. A new inhaled dry powder formulation
Tyvas DPITM (treprostinil) has been developed for the treatment of PH associated with
interstitial lung disease and is under review for approval. One study showed comparative
treprostinil bioavailability using dry powder formulation and nebulized Tyvaso® inhaled
solution, indicating similar safety and pharmacokinetics (PK) profiles [52].

19

2.5.

LIMITATIONS OF CURRENT POWDER-BASED THERAPEUTICS
The lung is divided into two main regions: conducting airways and respiratory

region. The conducting region is the upper part of the airways consisting of the nose,
mouth, trachea, bronchi, bronchioles, and terminal bronchioles. The respiratory region is
comprised of the respiratory bronchioles, alveolar ducts, and alveolar sacs [45, 53]. The
human lung has the natural ability to clear aerosol particles, which can decrease the overall
drug dosage available in the lungs. A potential clearance mechanism for particles in the
conducting airways and respiratory region are mucociliary clearance and alveolar
macrophage clearance, respectively. In addition, phagocytosis and enzymatic degradation
also plays an important role in particle clearance.
It is well known that the respiratory tract immune system plays a crucial role in the
maintenance of host defense and immunological homeostasis [54]. Alveolar macrophages
and dendritic cells are the most important immune cells related to the fate of deposited
particles. Alveolar macrophages account for > 90% of the airway immune cells while
dendritic cells act as a professional antigen presenting cells, located in almost every
pulmonary compartment including the conducting airways, alveolar space, lung
parenchyma, lung vascular bed, and visceral pleura [45, 55, 56].
The phagocytic behavior of alveolar macrophages in the lungs is dependent on
particle size and surface charge [45]. The ideal particle size for the pulmonary deposition
is approximately 1-5 µm, whereas the ideal particle size for alveolar macrophage clearance
is also 1-5 µm. Studies have shown that particle uptake by alveolar macrophages increases
as the particle size increases [57]. The surface charge of particles is also an important factor
in determining the interaction between particles and phagocytic cells. Negatively charged
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sialic acid is present on the cell surface of macrophages. It has been hypothesized that
positively-charged particles attach to this residue more effectively, resulting in quicker
phagocytosis. One study demonstrated the function of sialic acid in binding positivelycharged particles to macrophages with germ agglutinin (WGA), as WGA is known to bind
specifically to sialic acid. The macrophages were pretreated with positively- and
negatively-charged particles and subsequent treatment with WGA replaced only positively
charged particles from the surface of the macrophages, indicating the function of sialic acid
in binding positively-charged particles to macrophages [58]. In another study it was shown
that gold nanoparticles coated with polyvinyl alcohol containing positively (-NH2) charged
functional groups were preferentially phagocytosed by alveolar macrophages than particles
with negatively (-COOH) charged functional groups [59].
Mucociliary clearance is a critical host defense mechanism of the airways use to
clear locally produced debris, excessive secretion, or inhaled particles. Particles deposited
on the conducting airways may be trapped by mucus via steric or adhesive forces and then
be rapidly eliminated from the lung by mucociliary clearance [60]. The mucin fibers in
mucus can form an entangled and crosslinked network, which is responsible for the sizefiltering properties of mucus. Theoretically, particles or pathogens smaller than the mesh
pore size of mucin fibers can diffuse through the mucus [61]. 5 kDa poly(ethylene glycol)
(PEG)-coated nanoparticles 100 and 200 nm in diameter have been found to rapidly
penetrate respiratory mucus while particles >500 nm in diameter were immobilized within
the mucus [62]. Particle size and surface charge also play key roles in mucociliary
clearance. Mucus is rich in negatively-charged groups, and positively-charged particles
will inevitably be immobilized in the mucus network by electrostatic interactions, while
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negatively charged particles are expected to penetrate more readily [63, 64]. In comparison,
it has been reported that particles with a high density of negative charge on their surface
could also affect mucus diffusion due to unexpected repelling interactions between the
particles and mucin [65, 66]. In addition to size and electrostatic interaction, factors such
as surface chemistry, particle hydrophobicity, and shape play an important role in
mucociliary clearance.

2.6.

DESIGN OF PARTICLE SYSTEMS FOR DEEP LUNG DEPOSITION
Deposition of inhaled particles in the lungs is a function of particle aerodynamics.

The size of inhaled aerosol particles is expressed in terms of aerodynamic diameter (Da),
where Da is best described as the diameter of a spherical particle of unit density that reaches
the same airflow velocity and deposition as the particle under investigation [9, 67]. Da plays
a significant role in the deposition of particles in lungs, as it defines the mechanism and
degree of penetration into the granulomas of lungs. Particles deposit in the lungs by various
mechanism such as inertial impaction, gravitational sedimentation, and Brownian diffusion
[68]. Inertial impaction is dominant in the upper airways, where velocities are at a
maximum, resulting in particles sticking to the pulmonary surface. Sedimentation is
dominant in the central and distal tracts, where particles settle on the lung surface due to
gravitational force and air resistance. Brownian diffusion is where particles are in random
motion and is the most important mechanism for the deposition of sub-micron sized
particles [69]. Studies have shown that depending on their size inhaled particles show the
following distribution: particles smaller than 1 µm tend to diffuse, remain suspended, and
are likely to exhaled out; particles 1 – μm are likely to deposit in the alveolar region;
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particles 8-10 µm in diameter will deposit in the tracheobronchial region; and particles
larger than 10 µm will likely deposit in the mouth [70].
The relationship between aerodynamic diameter and other particle properties is as
follows:

Da ≅ Dg √

ρp
ρ0 α

where Da is the particle aerodynamic diameter, Dg is the particle geometric
diameter, ρp is the particle density, ρ0 is the unit density, and α is the shape factor. The
impact of particle density can be seen from the equation above. Particles with lower density
and larger geometric diameter tend to be at lower risk of premature deposition in the upper
lung [67]. The shape of the particle is also an important factor for dry powder inhaler
performance as the shape determines the behavior of the particle in the air stream as well
as the contact area and adhesions force between particles [67, 68].

2.7.

OVERVIEW OF POLYMERIC NANOPARTICLE MANUFACTURING
Nanoparticles (NP) have drawn significant attention in biomedical applications due

to their unique optical, thermal, magnetic, and electrical properties that are highly related
to their size and morphology. Biodegradable polymeric NP have been widely used in drug
delivery applications due to their enhanced therapeutic potential and decreased side effects
[71, 72]. This section provides and overview of NP applications in drug delivery in addition
to the techniques used for NP preparation.
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2.7.1. Applications of Nanoparticles in Drug Delivery
The word ‘nano’ is derived from the Greek word ‘nanos,’ which means extremely
small [73]. There are many different types of NP categorized by morphology and
physicochemical properties, such as carbon-based nanoparticles, polymeric nanoparticles,
metal nanoparticles, lipid-based nanoparticles, etc. Among these, polymeric nanoparticles
have been widely utilized because of their advantages over other NP systems. Furthermore,
there have been major advancements in polymer science and nanotechnology, leading to
immense developments in polymeric nanoparticle systems used in drug delivery
applications.
Advantages in using polymeric nanoparticles include easy preparation techniques,
easy control over size distribution, bioavailability, biodegradability, protection of
therapeutic agents, and controlled drug release. Initially non-biodegradable polymers were
used for nanoparticle preparation, however chronic use of these systems resulting in high
immunological responses and chronic toxicity [74]. As a result, biodegradable
nanoparticles gained more importance in drug delivery applications, as polymeric
nanoparticles not only deliver drugs to a particular site in the body but also deliver drugs
at a particular rate, which is advantageous in treating many diseases. Polymeric
nanoparticles can carry drugs, proteins, or DNA material for targeting a specific organ or
cell [75]. Based on the preparation method, the drug or other therapeutically active
compound can be attached to, dissolved in, or encapsulated into the matrix of the
nanoparticles. Therapeutic compounds encapsulated within a capsule shell are known as
nanocapsule polymeric nanoparticles and therapeutic compounds trapped in a spherical
polymer matrix are known as nanosphere polymeric nanoparticles.
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One of the advantages of using polymeric nanoparticles for drug delivery is that the
encapsulation of therapeutic agents protects them against enzymatic and hydrolytic
degradation. For example, an in vivo study in diabetic rats showed that insulin-loaded NP
retain their insulin activity and reduce blood glucose level up to 14 days after oral
administration [76, 77]. Polymeric NP can be cloaked with naturally derived cell
membranes to evade immune detection. One study showed that a tumor vaccine based on
cancer cell membrane-coated polymeric NP is capable of presenting all the oncoantigens
with correct orientation and enrichment while avoiding the components of the cells [78].
In another study, NP with a polymeric core of PLGA labeled with a lipid-conjugated
gadolinium-based molecular contrast agent (GBCA) was coated with a red blood cell
(RBC) membrane for MRI imaging. RBC-Gd-PLGA NP allowed for in vivo particle
tracking with a significant reduction in Gd concentration, providing a safe and more
effective way for biomedical imaging [79]. Lycopene has been reported as a
chemotherapeutic agent that is effective against various cancers. One study showed that a
lycopene encapsulated co-polymeric nanoparticle formulation increased aqueous drug
solubility, improved bioavailability, and reduced the overall required dosage while
maintaining comparable efficacy to free lycopene [80]. Overall, the use of polymeric NP
is a promising strategy for the treatment of various diseases as they offer a versatile
approach.
Inhalable nanoparticle-based drug delivery has gained popularity recently as it
allows for drug to reach the target site directly while reducing systemic side effects.
Furthermore, these formulations can provide sustained or controlled release of drugs in the
lung. The combination of drug and gene delivery often result in synergistic effect and low
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toxicity. In one study, doxorubicin (DOX) was conjugated onto polyethylenimine (PEI) to
formed complexes with Bcl2 siRNA via electrostatic interactions. Co-delivery of Bcl2
siRNA and DOX in B16F10 cells enhanced apoptotic cell death 64%, whereas 36% and
18% apoptosis were obtained individually for Bcl2 siRNA and DOX, respectively [81, 82].
The luteinizing hormone releasing hormone (LHRH) receptor is overexpressed on cancer
cell membranes, which can be used for targeted drug delivery. One study showed that
LHRH targeted paclitaxel- and multiple siRNA (MRP1 and BCL2)-loaded lipid-based
nanoparticles displayed 120- and 60-fold enhanced anticancer effects in comparison to free
drug and LHRH-PTX NPs, respectively, when administered via inhalation. Live imaging
showed higher accumulation of LHRH-targeted NP in the diseased location while nontargeted NP were located all over the lungs. This group also designed multi drugs (CIS and
DOX) and genes (BCL2 and MRP1 siRNA) loaded mesoporous silica NP (MSN). The
inhaled delivery of these NP resulted in improved and targeted anticancer activity in the
lungs of mice [82-84]. Furthermore, an aerosol formulation of folate receptor-targeted
polyplex resulted in increased cytotoxicity in a urethane-induced lung cancer mouse model
[82].

2.7.2. Advantages and Challenges in Using Nanoparticles in Pulmonary Drug
Delivery Applications
There are many advantages of using nanoparticles in biomedical applications. Their
reduced size and large surface area to volume is the foremost attention-grabbing specificity
of NP. The increased surface area means a larger number of molecules and atoms are on
the surface of the particles in comparison to the inside of the particles. The higher the
26

proportion of molecules on the surface of a particle, the higher the interaction will be with
the surrounding materials. In terms of drug delivery applications, this interaction may occur
with pharmaceutically active agents and the drug surface area can lead to increased drug
loading efficiency [85, 86]. The effect of particle size on efficient pulmonary drug delivery
is complicated. It is well known that to avoid particle exhalation particles must be large
enough and on the other hand inhaled particles must be fine enough to avoid deposition in
the upper respiratory tract before reaching the alveolus. The optimum particle size for
inhalation therapy is 1-5 µm [85] and the optimum size for alveolar clearance is also 1-5
µm. The outstanding properties of nanoparticles make them optimal for pulmonary
adsorption. To obtain an optimized drug delivery formulation with maximum inhalable
properties and maximum epithelial adsorption, micron-sized composite of NP or
aggregated nanoparticle systems are preferred. These systems can be achieved via the
composite formation of NP with excipients or self-aggregation of NP during preparation
of a powder formulation. They may also be prepared by the adsorption of NP on the surface
of a micron-sized carrier.
Designing polymer-based formulations for drug delivery can be challenging. For
instance, nucleic acids are negatively charged and thus a cationic polymer is necessary for
gene delivery. Moreover, the density of the positive charge of the particles is also important
criteria as more positive charge helps to bind nucleic acid tightly. However, cationic
polymers are more toxic than anionic polymers and they can alter gene expression. This
type of toxicity is called “off-target effects” [87].
Several polymeric systems administered via various delivery routes have been
reported in literature [88-91], but very few of them have found translation to the clinic.
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One major challenge is to establish a correlation between in vitro and in vivo studies. When
polymeric nanoparticles or microparticles enter in the body they are not only required to
be biocompatible, biodegradable, and nontoxic but also need to possess the ability to
overcome pulmonary or systemic barriers. Polymer carriers should be easy to manufacture,
inexpensive, physically and chemically stable under inhalation conditions (high humidity,
temperature, and attrition), able to deliver cargo to a target cell when they are part of a
heterogenous population, and able withstand and overcome physiological barriers [91].

2.7.3. Examples of Polymeric Nanoparticles
Polymeric NP have been extensively studied for drug delivery applications and
offer several advantages over other technologies. For instance, these NP are stable in the
gastrointestinal (GI) environment and can protect encapsulated therapeutics from the low
pH environment, enzymatic degradation, and avoid drug efflux pumps [92, 93]. One study
showed that when exposed to protease insulin and calcitonin stability was improved
through their encapsulation into polymeric NP [94, 95]. Polymeric NP also provide flexible
physicochemical properties and controlled or triggered drug release properties [96].
There have been a variety of approaches to use polymeric NP for drug delivery
applications. For instance, developing mucoadhesive NP, mucus-penetrating NP, or
targeting M cells or enterocytes are attractive strategies for oral drug delivery applications
[93]. A dense PEG coating on the NP surface minimizes the interaction between PEG NP
and mucus, thereby enabling mucus penetration [97] whereas mucoadhesion can be
achieved through several mechanisms including hydrogen bonding, electrostatic
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interactions, polymer entanglements, or the combination of all these mechanism [60, 93,
98, 99].
Furthermore, polymeric NP have resulted in significant improvements in treating
cancer. In one study a series of coumarin-dihydropyrimidinone conjugates were
encapsulated into PLGA-PEG4000 mixed copolymer NP to explore their effectiveness
against triple negative breast cancer (TNBC). The study showed that this formulation can
control metastasis and stemness properties of TNSC in addition to allowing for improved
therapeutic efficacy at a much lower dose with almost negligible cytotoxicity [100].
Polymeric NP-based dry powder inhaled formulations are a popular choice in pulmonary
drug delivery for many reasons. The lung is a sensitive organ and polymeric NP are the
most biocompatible materials available to date. In a previous study from our group
paclitaxel (PTX)-loaded NP were used to develop a dry powder aerosol nanocomposite
microparticle (nCmP) formulation for effective lung deposition. This study showed that
the PTX nCmP formulation had a comparable cytotoxicity impact on 3D multicellular
spheroids (MCS) compared to free PTX [101].

2.7.4. Nanoparticle Synthesis Methods
The properties of NP including their size, morphology, and drug loading are highly
dependent on the mode of preparation used. These properties need to optimized depending
on the application, and it is highly recommended to consider the advantages of different
preparation techniques. There are two main categories for polymeric NP preparation,
including: (1) dispersion of preformed polymers and drugs via methods including solvent
evaporation, nanoprecipitation, emulsion/solvent diffusion, salting out etc. and (2)
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polymerization of monomers to encapsulate drugs using methods such as emulsion, micro
emulsion, mini emulsion, interfacial polymerization etc.

2.7.5. Nanoparticle Preparation via Emulsion/Solvent Evaporation
Solvent evaporation was the first method developed to prepare polymeric NP. In
this method, polymer solutions are prepared in a volatile solvent and emulsions are formed.
Two main strategies are used in the formation of NP via emulsion, including single
emulsion (oil-in-water, o/w) and double emulsion (water-in-oil-in water, w/o/w). These
methods require high-speed homogenization or ultrasonication, followed by solvent
evaporation using magnetic stirring or reduced pressure. Afterwards, the nanoparticles can
be collected by centrifugation or ultracentrifugation and by washing to remove free
polymer or surfactants. When utilizing these methods, the particle properties will depend
on the polymer used, sonication methods, surfactants used, and polymer and surfactant
concentrations [102].

2.7.6. Nanoparticle Preparation via Nanoprecipitation
Nanoprecipitation is also known as the solvent displacement method. This method
involves the spontaneous precipitation of polymer in a non-solvent phase. The polymer is
dissolved in a water-miscible solvent leading to the precipitation of nanospheres into the
solution. The water-miscible organic phase containing the polymer is injected dropwise
into a stirred aqueous solution containing a stabilizer. The polymer depositing on the
interface between the water and the organic solvent leads to instantaneous formation of a
colloidal suspension [103]. The usefulness of this simple technique is limited to the
30

polymer being able to dissolve into a water-miscible solvent. This method is only
applicable to lipophilic or hydrophobic drugs because of the miscibility of the solvent with
the aqueous phase, and thus it is not an efficient means to encapsulate water-soluble drugs
[102].

2.7.7. Nanoparticle Preparation via Salting Out
Salting out is the separation of a water-miscible solvent from aqueous solution via
a salting out effect. The salting out procedure can be considered a modification of the
emulsification/solvent diffusion method. The polymer and drug are initially dissolved in a
water-miscible solvent and are subsequently emulsified into an aqueous gel containing a
salting-out agent (e.g., magnesium chloride, calcium chloride, magnesium acetate, sucrose,
etc.) and a colloidal stabilizer (e.g., polyvinylpyrrolidone, hydroxyethylcellulose, etc.). The
resulting oil/water emulsion is diluted with an enough aqueous solution to enhance the
diffusion of the water-miscible organic solvent into the aqueous phase, thus inducing the
formation of nanospheres. One of the major advantages of the salting out method is the
minimal stress on proteins during encapsulation [104]. Overall, the salting out agent is
important as it can play an important role in the encapsulation efficiency of drug [102].

2.7.8. Nanoparticle Preparation via Emulsion Polymerization
Emulsion polymerization is one of the fastest methods used to make nanoparticles
and is readily scalable. Based on the use of an organic or aqueous continuous phase, this
method is classified into two categories. The continuous organic phase method requires the
dispersion of a monomer into an emulsion or a material in which the monomer is not
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suitable. This procedure has become less important as it often requires a toxic organic
solvent. In the aqueous continuous phase, the monomer is dissolved in aqueous solvent and
surfactants, or emulsifiers are not required. The polymerization process is started by an ion
or free radical initiator and the monomer molecule itself can be transformed into an
initiating radical by high-energy radiation.

2.7.9. Nanoparticle Preparation via Micro-Emulsion Polymerization
Micro-emulsion polymerization is a new and effective approach for preparing
nanosized polymeric NP. Emulsion and micro-emulsion polymerization appear similar
methodically, but they are completely different kinetically. In micro-emulsion
polymerization, a water-soluble initiator is typically added to the aqueous phase of a
thermodynamically

stable

micro-emulsion

containing

swollen

micelles.

The

polymerization starts from this thermodynamically stable, spontaneously formed state and
relies on high quantities of surfactant systems, which possess an interfacial tension at
oil/water interface close to zero. Initially polymer chains are formed only in some droplets,
as the initiation cannot be attained simultaneously in all particles. Later osmotic and elastic
influences of the chain destabilize the fragile micro-emulsions and typically lead to an
increase particle size, formation of empty micelles, and secondary nucleation [102].

2.8.

NANOPARTICLE

INTERACTIONS

WITH

BIOLOGICAL

ENVIRONMENTS
The plasma membrane is a selective membrane that defines the boundary and
maintain essential intracellular environment of the cell. While small and non-polar
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molecules (e.g., O2 and CO2) can diffuse through the bilayer polar molecules such as ions
and larger nanomaterials are incapable of crossing the plasma membrane on their own. In
nature, important ions and other nanosized proteins cross the lipid bilayer using membranetransport protein channels and mechanisms [105]. Most macromolecules or nanomaterials
enter cells via endocytosis. The mechanisms of endocytosis and the impact of different NP
surface properties on their fate inside the cells are discussed later. In most cases after
endocytosis nanomaterials are contained within the endosome and/or lysosome and are
unlikely to breach the endosomal/lysosomal barrier. The mechanisms of internalization,
kinetics, quantity, and transport flux will depend upon multiple factors including cell
treatment, nanomaterial-cell incubation conditions, type of cells, type of nanomaterials, NP
surface chemistry, and NP morphology [12].
Typically, NP interactions with cells are dictated by the chemical functionality of
the surface in addition to their shape and size. It is not only the chemical group but also
their arrangement that plays a key role in their interactions with cell membranes. For
instance, cell-penetrating peptides (CPP), while ineffective in crossing the cell-membrane
in their random coil-conformation, display an ability to penetrate or fuse with the cell
membrane after adopting an amphiphilic α-helical structure [12, 106]. NP shape and size
has a great influence in determining cellular uptake. One study using Hela cells showed
that among 14-, 50-, and 74-nm gold NP, the 50-nm NP were uptaken most efficiently into
the cells. It was also shown that spherical particles of same size were uptaken 500% more
than rod-shaped particles [107, 108]. In another study, nanoparticles were shown to
strongly affect the binding and activation of membrane receptors and subsequent protein
receptors [109]. Understanding the effect of NP shape and size in the interaction with cells
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is crucial as it may have implications in toxicity [110]. Also, batch-to-batch variations need
to be controlled to predict NP interaction with cell membrane.
Another important factor is the translation of NP from in vitro to in vivo studies.
Interactions with cell media or biological fluids can cause NP aggregation leading to the
formation of different NP shapes and sizes that may dictate the outcome and interpretation
of results [12]. NP shape and size contribute highly to NP-cell interactions, however, the
functional groups and surface chemistry present on NP surface are the primary dictators of
many important nanomaterial properties, including solubility and macromolecule and cell
surface interactions. Typically, incubation of NP with cells in media causes the adsorption
of serum proteins on their surface that might affect NP internalization [111]. However, in
many drug delivery applications, formulating NP that do not interact with biological
macromolecules are desirable. For example, nonspecific protein binding onto NP surfaces
during in vivo study can lead to particle aggregation and clearance from the reticularendothelial system, which hinders the ability of NP to deliver therapeutic materials to the
target site. Nonspecific binding can also lead to inefficient tagging and detection.
The coating of NP PEG is a well-known procedure used to allow NP to resist
protein adsorption onto their surface. One study showed that coating iron oxide NP with
PEG resulted in negligible aggregation of the particles in cell culture conditions and in
reduced nonspecific uptake by macrophages [112]. A neutral surface charge on NP can
obtained through surface modification of NP with zwitterionic ligands [113], which also
ensures relatively low cell-interaction and uptake [114, 115]. While a neutral surface
property is excellent in preventing unwanted NP-biological interactions, most charged
groups are responsible for active NP interactions with cells.
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It has been assumed that negatively-charged NP may have unfavorable interactions
with cells due to electrostatic repulsion, however, there is conflicting information regarding
this. For instance, one study showed that neutral and negatively-charged NP adsorbed onto
and internalized into cells much less than positively-charged NP [116]. Another study
showed more efficient uptake of negatively-charged NP in adenocarcinoma lung cells in
comparison to positively-charged NP [117]. Positively-charged NP tend to be more toxic
than positively-charged NP. Overall, NP hold numerous opportunities in drug delivery,
diagnosis, and imaging but a systemic understanding of predictive NP-cell interaction has
become increasingly important. NP shape, size, and surface chemistry properties have been
well studied to understand their effect in NP-cell interactions or cellular internalization
while the impact of ligand arrangement on the NP surface is seldom studied.

2.9.

DRUG ENCAPSULATION AND DRUG RELEASE BEHAVIOR OF
NANOPARTICLES
Drug release from polymeric nanoparticles is affected by several factors including

material composition (drug, polymer, and excipient), ratio of composition, physical or
chemical interactions among the components, and manufacturing method. The drug release
mechanism can be divided into categories such as diffusion, solvent-controlled,
degradation, chemical interaction, and stimulated release [118]. One of the primary goals
of controlling drug release is to keep the concentration of drug in the blood or tissue within
therapeutic range [119]. It is ideal to develop drug carriers that have low dosing frequency
that provide controlled release. Nanocarriers have a large surface area to volume and short
diffusion distance. The control of drug release from NP faces different challenges in
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comparison to classical drug carriers, indicating the importance of understanding drug
release from carriers at the nanoscale.

2.9.1. Diffusion-Controlled Drug Release
Diffusion-controlled release occurs when a drug is dissolved or dispersed in a
polymeric core [120]. The diffusion of drug from the core to the outside environment is
caused by a difference in the concentration across the particle membrane surface. Matrixtype nanospheres also exhibit diffusion-controlled release, where the drug molecules are
evenly dispersed in a polymer matrix. Matrix-type particle systems do not have membranes
that can act as a barrier to diffusion. These systems generally show a high initial release
but over time the drug release rate decreases as the drug molecule diffusion distance inside
the carrier increases [118].

2.9.2. Solvent-Controlled Drug Release
Solvent-controlled release includes osmotic- and swelling-controlled release.
Osmotic-controlled release occurs when the carrier is packed with a semipermeable
polymeric membrane and water flows from the carrier with a low concentration of drug to
the center of the carrier with high drug concentration [121]. A swelling-controlled system
is mainly composed of a polymeric material having a three dimensional cross-linked
network structure where its mesh size controls the drug-release behavior [122]. Swellingcontrolled systems can achieve zero order drug release, depending on the initial drug
distribution of the system or the polymer composition [118].

36

2.9.3. Degradation-Controlled Drug Release
Drug carriers composed of biodegradable polymers can release drugs through
enzymatic decomposition, which degrades ester or amide bonds or causes hydrolysis [118].
Currently, hydrophobic biodegradable polymeric NP systems are commonly used for the
continuous supply of encapsulated therapeutic agents at the target site of tumor [123, 124].
The degradation of the polymer is affected by multiple factors such as polymer molecular
weight (MW), monomer composition, particle porosity, particle end functional groups, etc.
[125, 126]. For example, for PLGA NP a lower MW weight is associated to faster
degradation which is mostly driven by water diffusion into the particle, while in NP PLGA
systems using high MW the degradation and drug release process is a combination of
diffusion and erosion that needs more time for matrix degradation [127]. For acetalated
dextran (Ac-Dex) NP, particle degradation is mostly controlled by the cyclic-to-acyclic
acetal ratio and release medium pH. Acyclic acetals hydrolyze rapidly to produce methanol
and acetone, while cyclic acetals hydrolyze into acetone more slowly. By adjusting the
ratio of cyclic and acyclic acetals it is possible to control the degradation of Ac-Dex [128].
In acidic conditions the degradation of cyclic and acyclic acetals is faster in comparison to
in neutral pH.

2.9.4. Stimuli-Controlled Drug Release
Drug release from nanocarriers that respond to external stimuli can be controlled
by a stimuli such as temperature, pH, ionic strength, ultrasound, and electric or magnetic
fields [129]. These carriers have been studied for in targeted drug delivery applications as
it is possible to provide localized stimulation, allowing for drug release in a specific
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location. For example, nanocarriers connected with pH-sensitive linkers using the weakly
acidic pH of many solid tumors have been developed for site-specific drug delivery [130].
One study used an amphiphilic polymer with a hydrophilic outer shell and hydrophobic
core, which permitted the encapsulation of hydrophobic therapeutic agents. The polymer
self-assembled into nanostructures with cylindrical conformations at neutral pH in the body
and collapsed to release the cargo in an acidic pH such as tumor microenvironment,
endosomes, and lysosomes [131]. In heat sensitive drug delivery system, drugs are released
using the phase transition temperature of the heat-induced polymers [132].

2.10.

MANUFACTURING OF NANOCOMPOSITE MICROPARTICLES VIA

SPRAY DRYING
There are many methods available for the synthesis of dry powder nanocomposite
microparticles (nCmP), but spray drying is straightforward and has been the primary
method to date. In spray drying, several parameters and sample conditions can be optimized
to achieve desirable properties for nCmP formulations. The relevant parameters for the
spray drying process often correlate with and depend on each other. For instance, the water
content of a formulation depends on multiple parameters including inlet and outlet
temperature, feed solution velocity, solid concentration, and type of solvent. If the feed
speed is reduced, it significantly reduces the impact of inlet and outlet temperature and
solid concentration on water content. This indicates that changing one parameter may have
positive/negative/zero influence on multiple properties of the formulations. In summary,
there is no best spray drying condition for any given system, but only an optimal condition
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can be achieved that is best suited for the product intended for a certain therapeutic
application.

2.10.1. Preparation of Nanocomposite Microparticles
NP formation usually takes place in a liquid colloid system such as a
nanosuspension, however, liquid suspensions are often associated with physical and
chemical in instability including sedimentation, aggregation, crystal growth, and solid state
formation [133], which make it difficult to ensure the stability of nanosuspensions over
time. On the other hand, solid formulations exhibit enhanced physical and chemical
stability.
As mentioned before, the ideal size for aerosol particle deposition in lung is 1-5 µm
while ideal size for macrophage clearance is also 1-5 µm. To overcome these limitations a
controlled agglomeration of NP into micron sized clusters can be used. These so-called
nanocomposite microparticles (nCmP) will harmonize the advantages of nanoparticles
with the aerodynamic properties of microparticles to achieve improved bioavailability and
aerosolization of drugs [134]. Thus, the solidification of nanosuspensions to inhaled nCmP
can be an improved strategy for effective administration of NP to the lungs using a DPI.
There are challenges associated with the formulation of nCmP including
maintaining the optimum particle size in the dry state, prevention of the agglomeration of
particles in the inhaler, achievement of effective redispersion of NP in the fluid of the lungs,
and the preservation of the biological activity of therapeutic agents during the spray drying
process [135, 136]. The use of an excipient or binder material could be a potential solution
to this problem, as it can be useful in allowing for nanoparticle redispersion and resisting
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agglomeration. The nCmP formulation matrix can act as an intermediate delivery system
for nanoparticles during storage and administration until they reach the pulmonary tissue,
where they will dissolve and release the NP.
Spray drying has been widely used to produce pharmaceutical powders with
particle sizes ranging from the nanometer to micrometer scale. This method has been used
for the preparation of inhaled particles as it allows the user to manipulate and control
properties such as particle distribution, morphology, density, flowability, moisture content,
solubility, crystallinity, and dispersity of the powders [135]. Spray drying is a single step
manufacturing process that converts liquid feed to dried particulate form. The principle
behind the process is the atomization of liquid feed into small droplets and the evaporation
of the solvent using hot drying gas (e.g., air, N2). Standard steps for spray drying include
liquid feed preparation, atomization of the liquid feed into a spray and contact with hot
drying gas, evaporation of solvent to form particles, and collection and separation of
product from drying gas [137].

2.10.2. Theoretical Framework for Nanocomposite Microparticle Formation
During the spray drying process nanoparticles and excipient with their own unique
properties add complexities into the formation of droplets in the drying process. The
formation of droplets is affected by parameters such as the spray dryer feed speed, aspirator
speed, and drying gas flow rate. The engineering of nCmP formulations requires an overall
understanding of chemistry, formulation science, colloidal and interface science, heat and
mass transfer, solid-state physics, aerosol and powder science, and nanotechnology [138].
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In traditional spray-dried formulations, the particles form due to the micronization
and drying process of feed solution, while novel nCmP systems exhibit sophisticated inner
attributes and substructures. During nCmP formation, the feed solution is atomized through
the nozzle, forming droplets of a nanoparticle suspension in the carrier solution. In ideal
conditions, the nanoparticle dispersion remains stable, where the carrier molecules and
nanoparticles are dispersed uniformly in the solvent. In the contact between the sprayed
droplets and hot air, heat transfer is carried out by convection from air to the droplets and
moisture is transferred out in the reverse direction due to the vapor pressure difference
[139, 140]. Once the droplets come into contact with hot air, evaporation of solvent from
the droplet surface will occur, and the droplet will shrink. This process generates two
driving forces that are responsible for the separation of the components in the droplets.
The first driving force is the local temperature gradient generated at the droplet
surface which is caused by the flux of heat caused by water evaporation from the surface
of droplet into the gas stream. As a result, thermophoresis of the NP occurs, leading to their
movement towards the surface of the droplets. The other driving force is caused by the
concentration gradients of the NP and/or excipients in the droplet. The evaporation of
solvent at the droplet surface increases the concentration of components at the surface,
which causes the diffusion of the excipient and NP towards the droplet center [138, 141,
142]. If the solute and NP diffuse fast enough compared to the shrinkage of droplet caused
by evaporation, then the impact on concentration gradient along the radius will be
insignificant. However, if the diffusion of the excipient and NP is slower than the surface
shrinkage then there will be a higher concentration of NP and excipient at the surface
compared to the droplet core, resulting in a shell of particles and possibly a hollow core.
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The ratio of evaporation rate to diffusion rate can be described by the dimensionless Péclet
number, which is influenced by the size, surface morphology, shape, and component
distribution of the resultant particles. During solvent evaporation, particles may undergo
morphological changes and crystallization, or re-crystallization may occur, resulting in
crystals with different sizes located inside or at the surface of the particles. The
Morphology of nCmP is also determined in this step [138, 143, 144].

2.10.3. Effects of Spray Drying Parameters in Particle Properties
As previously mentioned, the parameters of the spray drying process correlate with
and depend on each other with respect to their impact on particle properties. Several factors
including feed temperature, inlet temperature, feed rate, drying gas type, drying gas
concentration, atomizer type and speed, and drying air flow rate affect the spray-dried
product properties such as particle morphology, particle size, moisture content, bulk
density (ratio of powder weight to its volume), and drying yield (ratio of weight of powder
obtained to initial solid content of the liquid feed) [140]. The feed temperature is an
important factor as it can affect sample viscosity contributing to nonuniform atomization
of particles and the temperature should not be too high to avoid degradation of thermolabile
compounds.
The feed rate is related to the moisture content of a spray-dried dry powder. If the
atomizer is fed too quickly, the sprayed droplets will have a shorter contact time with hot
gas leading to lower evaporation of water droplets as well as low yield [145]. One study
showed that increasing the flow rate resulted in high moisture content, lower drying yield,
and lower hygroscopicity of the resulting spray-dried particles [146]. Different types of
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atomizers can be used to form spray droplets that affect particle size. One study found that
using a centrifugal wheel atomizer led to the formation of larger particles in comparison
with the use of a spray nozzle atomizer [147]. Another study using same nozzle atomizer
showed that an increase in the atomization pressure resulted in smaller droplet sizes [148].
The inlet air temperature is the temperature of the drying gas that causes the
evaporation of sprayed droplets, where at a higher temperature excessive evaporation
occurs resulting in lower moisture content. An increase in inlet temperature can cause a
quick formation of an impermeable dried layer on the droplet surface which leads to the
formation of porous particles, resulting in low bulk densities [140, 149]. At high
temperatures, the melting of surfactants or other materials can happen leading to the fusion
of particles when they diffuse towards the droplet center and form a nanocomposite shell.
Poor dispersion can cause nanoparticles to lose their favorable properties as drug delivery
systems and impair the efficacy of nCmP.

2.11.

THERAPEUTIC

APPLICATIONS

OF

NANOCOMPOSITE

MICROPARTICLES FOR PULMONARY DRUG DELIVERY
Spray drying has attracted great attention in the recent years and currently the only
approved systemic protein drug administered through lungs is manufactured via spray
drying [150-152]. Promaxx® (Baxter International Inc, IL) technology involves a protein
dissolved into an aqueous PEG solution at an elevated temperatures followed by cooling,
which generates a supersaturated protein solution [153]. A Promaxx® formulation of
alpha-1-antitrypsin was showed to retain protein activity and aerosolize efficiently with
73% of the emitted dose appropriate for lung deposition [154]. However, the process
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requires multiple steps to purify the microspheres from solution and is limited to producing
spherical particles [155]. Particle Replication in Non-wetting Templates (PRINT®)
technology has been used to manufacture respirable dry powder aerosol particles. Aerosol
performance of PRINT® particles using hexanediol diacrylate was found to be appropriate
for pulmonary delivery with relatively precise deposition profiles [156]. Similarly, a
PRINT® dry powder formulation of 1 μm cylinders containing butyrylcholinesterase
showed ideal aerosol properties for precise and efficient lung deposition when actively
aerosolized from a device intended for administration of dry powders to mice [157].

2.12.

NANOPARTICLE UPTAKE AND TRANSPORT
In nanomedicine engineered nanoparticles can be used as delivery vehicles for

therapeutic or imaging agents to improve clinical outcomes. To achieve this goal,
nanoparticles need to be delivered to diseased sites within the body with cellular specificity
and subcellular precision. Such efficient and effective nanomedicine delivery requires
complete control over nanoparticle movement, which is one of the greatest challenge in
nanomedicine research [158]. To address this challenge it is important to understand the
fundamental concept of how nanoparticles interact with biological systems [159]. Nanobio interactions are complex, dynamic, and multiparametric, posing huge obstacles in
engineering effective and efficient nanomedicines [110]. Factors that contributes to this
complexities are: (1) nanoparticle physicochemical properties including size, shape,
surface chemistry, morphology, composition, density, and flexibility; (2) the biological
environment including organ, biomolecular composition, local pH, tissue density,
enzymatic activity, and other biochemical factors; (3) the interplay and interactions
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between individual nanoparticle properties and individual biological factors [160]. The fact
that nanoparticle physicochemical properties may change significantly upon biological
exposure creates a major challenge in engineering nanoparticles [158]. To advance our
current understanding it is required to decipher essential mechanisms of nanoparticle
interaction with biological systems including cellular uptake and transport.

2.13.

CELLULAR UPTAKE/INTERNALIZATION MECHANISMS
Cellular internalization of nanoparticles involves highly regulated mechanisms

paired with complex biomolecular interactions to overcome the cell plasma membrane
[158]. The plasma membrane acts as a barrier from outside environment and nanoparticles
need to overcome this barrier to achieve cellular entry. It was previously reported that 100200 nm polymeric nanoparticle might be the optimal size for the highest internalization
into cells and to avoid macrophage clearance [161]. It is important to know how
nanoparticles enter cells as the underlying uptake pathways determine nanoparticle
function, intracellular fate, and biological response [158, 162]. Multiple cellular entry
routes are reported that allow for nanoparticles to cross plasma membrane, and it is
hypothesized that many routes are still unexplored.
To understand the different internalization pathways many pharmacological
inhibitors are available. Nanoparticle interactions with the plasma membrane in presence
of these pharmacological inhibitors can aid in the elucidation of nanoparticle
internalization mechanisms. For instance, chlorpromazine hydrochloride (CPZ), genistein
(GS), and dynasore (DS) can be used to block clathrin-, caveolae-, and dynamin-dependent
internalization pathways, respectively [14]. CPZ causes a redistribution of AP2 from
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plasma membrane to endosomes and GS, a tyrosine kinase inhibitor, blocks clathrinmediated endocytosis [163, 164] and caveolae-mediated endocytosis [165] into the cells,
respectively.
Dynamin-1 is essential for membrane fission during receptor-mediated endocytosis
and dynasore (DS) inhibits the function of dynamin-1 by blocking the GTPase activity of
dynamin-1 [166]. It is assumed that many pathways are inter-related and dependent on each
other. For example, previous studies using HeLa cells and yeast cells showed that inhibiting
clathrin-dependent endocytosis up regulated an alternate pathway, independent of clathrin
[11, 167]. Another study showed that fluid phase uptake is partially blocked inhibiting the
function of dynamin-1 initially but fully recovers after 30 minutes of endocytosis. This
suggests a dynamin-independent pathway can be upregulated for fluid phase endocytosis
[167, 168].
To our understanding, nanoparticle internalization depends on multiple factors such
as cell type, nanoparticle size and shape, the nature of the surfactant or lipid that is the
source of the charge etc. For example, a study with HeLa cells, positively- and negativelycharged nanoparticles of equal size (80 nm) showed a 2-fold higher uptake for the
positively-charged particles [11, 169]. In contrast, a higher uptake of negatively-charged
nanoparticles has been reported in HEK cells [11, 170]. These studies indicate that
considering only one characteristics of nanomaterials is not enough to understand certain
internalization pathways and that all possible nanomaterials properties along with the
biological environment need to consider when studying cellular internalization pathways.
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2.14.

THE RELATIONSHIP BETWEEN NANOPARTICLE UPTAKE AND

TRANSPORT INTO CELLS
Previous studies have shown that increasing the PEG density on a nanoparticle
surface can improve the transport of nanoparticles through lymphatic endothelial cells in
an in vitro lymphatic transport model, and this transport is maximized when the PEG is in
a dense brush conformation on nanoparticle surface. These results indicate that PEG
conformation plays a crucial role in determining the translocation of nanoparticles across
a cellular barrier [171]. This same study showed that nanoparticle surface PEG
conformation does not significantly affect nanoparticle uptake by lymphatic endothelial
cells [171]. Another study showed that approximately 0.4-0.5% of PEG NP conjugated
with a targeting ligand crossed the brain blood barrier after 4 hours of intravenous
administration [172].
Another study showed that NP coated with higher molecular weight PEG (5 and 10
kDa) displayed improved transport across a cell monolayer when keeping the PEG density
constant, with 60% translocation efficiency of nanoparticles coated with 5 and 10 kDa MW
PEG and only 20% translocation efficiency when coated with 1 kDa PEG [173]. The
authors also found that inhibiting micropinocytosis reduced transcytosis by 60% for 5 kDa
PEG-coated nanoparticles, suggesting that their transcytosis was mediated at least in part
by micropinocytosis. In contrast, transcytosis of 2 kDa PEG coated nanoparticles was
reduced by 25% after inhibiting micropinocytosis, indicating that the uptake and transport
pathways may differ with different MW PEG [173]. These studies show that uptake and
transport of PEG NP are dependent on multiple pathways. As mentioned before, the
inhibition of fluid phase endocytosis was recovered within 30 minutes, indicating the
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upregulation of another endocytic mechanism [167, 168]. Similarly, inhibiting clathrinmediated endocytosis upregulated an alternate pathway [11, 167].

2.15.

IMPORTANCE OF NANOPARTICLE UPTAKE AND TRANSPORT IN

DRUG DELIVERY APPLICATIONS
There are numerous nanomedicines on the market or in clinical trials that use
endocytic pathways for successful therapeutic delivery. There are also non-endocytic
mechanisms that have been used for a long time such as enhanced permeation and retention
(EPR) effect and antibody-radioisotope conjugates that rely on radiation outside the cell
for their activity [174]. Therapeutics dependent on endocytotic mechanisms can utilize
multiple approaches such as using phagocytosis for cellular specificity, receptor-mediated
endocytosis for cellular specificity, endocytotic uptake and trafficking to specific
subcellular compartments, etc.
Phagocytosis can be used to target cells of reticuloendothelial (RES) system and
other professional phagocytic cells. Intravenous (IV) iron supplements and MRI contrast
enhancement imaging agents are example of such systems [174]. Iron is a critical
component of heme, which is part of red blood cell production. Our body has a
sophisticated mechanism for absorbing, storing, and mobilizing iron for heme production,
which can be dysregulated under certain physiological condition leading to anemia. The
goal of IV iron supplementation is to make the in vivo store of iron replete, which happens
to primarily reside in the macrophages of the liver and spleen. Therefore, use of
phagocytosis is ideally suited to deliver iron to these cells.
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In one example, an iron oxide nanoparticle core was stabilized using a carbohydrate
coating. Upon VI injection this product is readily internalized by the cells of RES. The
elemental iron is stored in ferritin while the carbohydrate coating is either metabolized or
excreted. Phagocytic uptake properties of iron can be used in applications of MRI imaging.
A typical application of super magnetic iron oxides (SPIOs) has been for the detection of
lesions within liver. Usually, SPIOs are readily taken up by the phagocytic Kupffer cells
of the liver, however, any disruption of the liver will be devoid of Kupffer cells and
consequently SPIOs, indicating lesions [174]. Ideally, receptor-mediated endocytosis is
best suited for achieving effective targeted drug delivery with reduced toxicity.
Conceptually this is straightforward, but it is associated with multiple limitations such as
finding suitable receptor-ligand pairs that are internalized, having high level of target tissue
specificity, high uptake capacity, controlled delivery in in vitro settings, complexation with
the in vivo environment, opsonization, and RES clearance.

2.16.
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3.1.

ABSTRACT

Cell membrane-coated nanoparticles (CMCNP), which involve coating a core
nanoparticle (NP) with cell membranes, have been gaining attention due to their ability to
mimic the properties of the cells, allowing for enhanced delivery and efficacy of
therapeutics. Two CMCNP systems comprised of an acetalated dextran-based NP core
loaded with curcumin (CUR) coated with cell membranes derived from pulmonary
epithelial cells were developed. The NP were approximately 200 nm and their surface
charges varied based on their coating, where CMCNP systems exhibited negative surface
charge like natural cell membranes. The NP were smooth, spherical, and homogeneous
with distinct coatings on their cores. Minimal in vitro toxicity was observed for the NP and
controlled release of CUR was observed. The CMCNP internalized into and translocated
across an in vitro pulmonary epithelial monolayer significantly more than the control NP.
Blocking endocytosis pathways reduced the transcytosis of NP, indicating a relationship
between endocytosis and transcytosis. NP were administered intranasally to mice and
CMCNP were retained in lung tissue longer than control NP. These newly developed
CMCNP have the potential to be used in pulmonary drug delivery applications to
potentially enhance NP internalization and transport into and across the pulmonary
epithelium.

KEYWORDS: Cell membrane-coated nanoparticle, pulmonary epithelium, lung cells,
nanoparticle transcytosis, air-blood barrier
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ABBREVIATIONS
CMCNP, Cell membrane-coated nanoparticles; NP, Nanoparticle; CUR, curcumin;
PEG, poly(ethylene glycol); RBC, red blood cell; Ac-Dex, Acetalated dextran; PPTS,
pyridinium p-toluenesulfonate; mPEG, poly(ethylene glycol) methyl ether; DCC, N,N’dicyclohexyl-carbodiimide;

DMAP,

4-(dimethylamino)

pyridine;

2-MOP,

2-

methoxypropene; DCM, dichloromethane; TEA, triethylamine; DMSO, dimethyl
sulfoxide; DMEM, Dulbecco’s Modified Eagle Medium; Pen-Strep, PenicillinStreptomycin; PBS, phosphate buffered saline; FBS, Fetal bovine serum; VP5k, PEG
derivative

DPPC,

dipalmitoylphosphatidylcholine;

DOTAP,

1,2-dioleoyl-3-

trimethylammonium-propane; PVA, polyvinyl alcohol; PDI, polydispersity index; EE,
encapsulation efficiency; SEM, Scanning electron microscopy; TEM, transmission
electron microscopy; CPZ, chloropromazine hydrochloride; GS, genistein; DS, dynasore;
TEER, transepithelial electrical resistance.

3.2.

INTRODUCTION
Advances in nanotechnology have allowed for many advantages in drug delivery

applications including targeted delivery, enhanced stability and bioavailability, and
controlled release of therapeutics. Aerosol administration of NP to the lungs has attracted
increasing attention owing to the large alveolar surface area available for drug adsorption,
presence of a thin surfactant layer in the alveolar region, and plentiful capillary blood
vessels present that provide passive drug and NP transport to the blood stream [1-3]. Direct
delivery of therapeutics to the lungs in comparison to systemic delivery typically reduces
the overall dose requirement and systemic side effects. Consequently, the pulmonary route
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presents physiological barriers such as mucus, surfactant, and the air-blood barrier, and
nanotechnology can be utilized to overcome these barriers to allow for more effective and
targeted delivery of therapeutics.
NP properties such as size, morphology, surface charge, and surface chemistry have
been shown to impact the interaction of NP with cells and tissues [4-9]. For example, the
Hanes group pioneered poly(ethylene glycol) (PEG)-coated NP that can penetrate mucus
from patients with cystic fibrosis more efficiently than other NP systems [10-12]. Other
studies have shown that PEG molecular weight, density, and conformation affect NP
internalization and transcytosis into lymphatic endothelial cells [13-15]. In pulmonary drug
delivery applications, NP need to cross the air-blood barrier to reach systemic circulation
for the potential treatment of systemic diseases. Despite the many studies evaluating the
impact of NP properties, a better understanding of NP internalization and transport
pathways can aid in developing more effective drug delivery systems, especially for
pulmonary applications.
Cell membrane-coated NP (CMCNP) are a newer class of biomimetic NP that
combine the unique properties of cell membranes with the functionality of synthetically
engineered NP systems [16-19]. CMCNP have been developed for applications in drug
delivery, diagnosis, imaging, and detoxification, however, few studies with these systems
looked at their specific interactions with cells. To date, immune cells such as red blood
cells (RBC), platelets, macrophages etc., cancer cells, and bacterial cells have been the
main types of cells used to develop CMCNP to enable applications to NP beyond those
traditionally associated with nanomedicine. For example, RBC-coated NP exhibit longer
circulation times, reduced reticuloendothelial system clearance, and evasion of immune
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cells [20], while platelet-coated NP have been used for targeting atherosclerosis plaque and
collagen in arthritis, and reduction in the uptake of NP by macrophages [21-23].
While CMCNP have been used in many therapeutic applications, little work has
been done in the realm of pulmonary drug delivery or utilizing epithelial cells. Here we
developed lung epithelial-based CMCNP for the first time. Six NP systems with different
surface properties were developed and characterized to elucidate how NP surface
properties impact NP internalization and transcytosis in an in vitro pulmonary epithelial
model. We hypothesized that CMCNP would internalize into and transport through an
epithelial monolayer more effectively than other NP systems. Curcumin (CUR)-loaded
acetalated dextran NP were coated with cell membranes, polymers, or lipids to provide
varying surface properties such as composition and charge. Pharmacological inhibitors
were used to block endocytosis pathways to determine the impact of NP surface properties
on their internalization and transport into cells. We confirmed that lung epithelial CMCNP
both internalized into and transported across a pulmonary epithelial monolayer more
efficiently than the polymer- and lipid-coated NP systems. The studies demonstrate the
potential use of lung epithelial CMCNP in pulmonary drug delivery by bridging the
properties of natural membrane components and synthetic nanomaterials.

3.3.

MATERIALS AND METHODS

3.3.1. Materials
Dextran from Leuconoctoc mesenteroides (9000-11000 MW), pyridinium ptoluenesulfonate (PPTS, 98%), poly(ethylene glycol) methyl ether (mPEG, Mn 5000), Dα-tocopherol succinate (vitamin E succinate, 1210 IU/g), N,N’-dicyclohexyl-carbodiimide
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(DCC, 99%), 4-(dimethylamino) pyridine (DMAP, 99%), 2-methoxypropene (2-MOP,
97%), dichloromethane (DCM, >99.8%), triethylamine (TEA, ≥ 99%), Chlorpromazine
hydrochloride and anhydrous dimethyl sulfoxide (DMSO, ≥ 99.9%) were obtained from
Sigma-Aldrich (St. Louis, MO). Genistein and dynasore were obtained from Tocris
Bioscience (Bristol, UK). Polyvinyl alcohol (PVA, 88% hydrolyzed, average MW 22,000),
and curcumin (CUR) were obtained from Acros Organics (Geel, Belgium). Iodine,
potassium iodide, boric acid, ferric chloride hexahydrate and ammonium thiocyanate were
obtained from Sigma-Aldrich (St. Louis, MO). Ethanol (anhydrous, ASC/USP grade) was
obtained from Pharmco-AAPER (Brookfield, CT). 1, 2-dipalmitoyl-sn-glycero-3phosphocholine (DPPC) and 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt,
DOTAP) were obtained from Avanti Polar Lipids (Alabaster, AL). Lecithin from soybean
was obtained from Bioworld (Dublin, OH).
Dulbecco’s Modified Eagle Medium (DMEM), Penicillin-Streptomycin (PenStrep), and Fungizone® were obtained from Life Technologies (Norwalk, CT). CorningTM
RPMI 1640 medium with L-glutamine, trypsin-EDTA, sodium pyruvate, Dulbecco’s
phosphate buffered saline (PBS), and InvitrogenTM NanoOrangeTM Protein Quantification
kit were obtained from Fisher Scientific (Waltham, MA). Biotium CellBrite Fix 640 was
obtained from Biotium (Fremont, CA). Fetal bovine serum (FBS) was obtained from
Atlanta Biologics (Flowery Branch, GA). Paraformaldehyde (32%, formaldehyde, aqueous
solution) was purchased form Electron Microscopy Sciences (Hatfield, PA, USA). RIPA
lysis buffer system was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
A549 and H441 cell lines were obtained from ATCC (Manassas, VA). CD47 and anti-α
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tubulin antibodies (catalog # ab218810 and ab7291, respectively) were purchased from
Abcam (Cambridge, UK).

3.3.2. Synthesis of Acetalated Dextran (Ac-Dex)
Ac-Dex was synthesized as previously described with minor modifications [24]. 1
g of lyophilized dextran (9-11 kDa) and 30 mg of pyridinium p-toluenesulfonate were
dissolved in 10 ml anhydrous DMSO. The resulting solution was reacted with 7.5 ml of 2methoxypropene (2-MOP) under nitrogen gas for 3 hours and quenched with 1 ml of
triethylamine (TEA). The mixture was precipitated in basic water (water and TEA, pH 10),
vacuum filtered, frozen overnight and lyophilized (-50°C, 0.05 mbar) for 24 hours.

3.3.3. Synthesis of Vitamin E Poly(ethylene glycol) (VP5k)
VP5k was synthesized as previously described with some minor modifications [25].
1.95 g of vitamin E succinate and 22 g of mPEG were dissolved in 60 ml of DCM. 0.84 g
of DCC and 45 mg of DMAP were added to the solution. The reaction mixture was stirred
at room temperature overnight, vacuum filtered (0.45 µm), and concentrated under reduced
pressure via a rotor evaporator (IKA-RV, Wilmington, NC) to obtain a crude product. The
resulting product was dissolved in DI water at 5% (w/v) and centrifuged twice at 19,802×g
for 30 minutes. The filtrate was vacuum filtered (0.22 µm) each time, frozen overnight and
lyophilized (-50°C, 0.05 mbar) for 72 hours to yield the final product.
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3.3.4. Nuclear Magnetic Resonance (NMR) Analysis of Ac-Dex
The cyclic-to-acyclic (CAC) ratio of acetal and amount of total acetal coverage was
confirmed by 1H NMR spectroscopy (Bruker 300 MHz NMR, MA). The hydrolysis of one
cyclic acetal group produces one acetone whereas one acyclic group produces one acetone
and one methanol. From the normalized integration peaks related to acetone, methanol and
the carbon ring of dextran, the CAC ratio of acetal coverage and degrees of total acetal
coverage per 100 glucose molecules were determined.

3.3.5. Preparation of Curcumin-Loaded Nanoparticles
Curcumin (CUR)-loaded polyvinyl alcohol-coated nanoparticles (PVA NP) were
prepared via single emulsion and solvent evaporation. 40 mg Ac-Dex and 1 mg CUR were
dissolved in 1 ml DCM forming the organic phase. 6 ml of 3% PVA in PBS (aqueous
phase) was added to the organic phase and sonicated (Q500 sonicator, Qsonica, Newton,
CT, USA) for 60 seconds with 1 second on/off pulse at 70% amplitude (100% amplitude
= 120 µm). The resulting emulsion was transferred to a 40 ml spinning solution of 0.3%
PVA in PBS and stirred for 3 hours to evaporate the organic solvent and allow for
hardening of the nanoparticles. The final solution was centrifuged twice at 19,802×g for
20 minutes at 4°C. The nanoparticles were re-dispersed in 0.1% PVA in PBS, frozen
overnight and lyophilized (-50°C, 0.05 mbar) for 24 hours.
CUR-loaded VP5k-coated nanoparticles (PEG NP) were prepared via
nanoprecipitation. 40 mg Ac-Dex and 1 mg CUR were dissolved in 2 ml of ethanol and
added dropwise to 40 ml of 1.5% (w/v) VP5k solution. The resulting suspension was stirred
for 3 hours for removal of ethanol and hardening of the particles, and the final solution was
78

centrifuged twice at 19,802×g for 20 minutes at 4°C. The nanoparticles were re-dispersed
in 0.1% (w/v) VP5k, frozen overnight and lyophilized (-50°C, 0.05 mbar) for 24 hours.
CUR-loaded lipid-coated nanoparticles (DPPC NP and DOTAP NP) were prepared
as previously described, with minor modifications [26]. 30 mg Ac-Dex and 0.5 mg CUR
was dissolved in 6 mL of acetone (5 mg/mL). Lecithin (5 mg) and DPPC (1 mg) or DOTAP
(3 mg) were dissolved in a 4% ethanol aqueous solution. The solution was heated to 65°C
to ensure that all lipids were in liquid phase. The resulting Ac-Dex/acetone solution was
added to the aqueous preheated lipid solution dropwise under gentle stirring. The mixed
solution was vortexed vigorously for 3 minutes followed by gentle stirring for 4 hours at
room temperature to allow for the removal of acetone and hardening of nanoparticles. The
final solution was centrifuged twice at 19,802×g for 20 minutes at 4°C. The nanoparticles
were re-dispersed in DI water, frozen overnight, and lyophilized for 24 hours.

3.3.6. Cell Culture Preparation
Lung adenocarcinoma cells (A549 and H441) cultured in DMEM and RPMI,
respectively, were supplemented with 10% (v/v) FBS, Pen-Strep (100 U/ml penicillin, 100
µg/ml streptomycin), and Fungizone (0.5 µg/ml amphotericin B, 0.41 µg/ml sodium
deoxycholate) at standard conditions (37°C and 5% CO2 at saturated humidity).

3.3.7. Preparation of Cell Membrane-Coated Curcumin-Loaded Nanoparticles
Two cell membrane-coated, CUR-loaded nanoparticle systems (A549 NP and
H441 NP) were prepared as previously described, with minor modifications [27]. To
harvest the cell membranes, cells were grown to confluency, detached with trypsin-EDTA,
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and washed 3 times with 1X PBS after centrifugation at 500×g. The cells were suspended
in a hypotonic lysis buffer containing 20 mM Tris-HCl and 1X PBS and were disrupted
using a Dounce homogenizer. The entire cell solution was subjected to 30 passes through
the homogenizer before spinning down at 3,200×g for 5 minutes. The supernatant was
saved, and the pellet was resuspended in hypotonic lysis buffer and subjected to another
30 passes and spun down again. The supernatants were pooled and centrifuged at 20,000×g
for 20 minutes, after which the pellet was discarded, and the supernatant was centrifuged
again at 200,000×g for 2 hours. The final pellet was collected and used as the purified cell
membrane.
Uncoated, CUR-loaded nanoparticles (NP) were prepared via nanoprecipitation as
described previously. To prepare the cell membrane vesicles, the purified membrane
materials were physically extruded through 400 nm polycarbonate membrane for 11
passes. The resulting vesicles were then coated onto the CUR-loaded NP by co-extruding
the vesicles and NP through a 200 nm polycarbonate membrane. The resulting solution
was centrifuged at 20,000×g for 20 minutes at 4°C. The nanoparticles were re-dispersed in
DI water, frozen overnight, and lyophilized for 24 hours.

3.3.8. Scanning Electron Microscopy (SEM) Analysis of Nanoparticles
The shape and surface morphology of the NP were evaluated using scanning
electron microscopy (SEM) with a Zeiss SIGMA VP Field Emission-Scanning Electron
Microscope (Germany). NP were dispersed in distilled water (10 mg/ml), and the
suspension was dropped onto aluminum SEM stubs and dried at room temperature. The
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samples were sputter coated with a thin film (15 nm) of gold/palladium alloy in a BIORAD system at 20 µA for 30 seconds under argon gas. Images were captured at 5 kV.

3.3.9. Transmission Electron Microscopy (TEM) Analysis of Nanoparticles
The core and shell structures of the NP were evaluated using transmission electron
microscopy (TEM) with a JEOL JEM-2100F (Peabody, MA). NP were dispersed in
distilled water (1 mg/ml), and the suspension was dropped onto 300 square mesh Cu grid
and dried overnight at room temperature.

3.3.10. Particle Size, Size Distribution, and Zeta Potential Analysis
The size, size distribution (polydispersity index, PDI), and zeta potential of the NP
were measured by dynamic light scattering (DLS) using a Malvern Nano Zetasizer
(Malvern Instruments, Worcestershire, UK). The NP were suspended in distilled water (0.3
mg/ml), vortexed, and sonicated for 30 seconds. All measurements were performed in
triplicate and at 25°C.

3.3.11. Curcumin and Nanoparticle Stability Analysis
Curcumin and nanoparticle stability were evaluated using a Cytation 3 plate reader
(BioTek, Winooski, VT, USA). NP were suspended in 1X PBS and RPMI media
supplemented with 10% fetal bovine serum. 200 µl of 1 mg/ml NP solution was added to
a 96 well plate. Fluorescence intensity (excitation/emission: 420/520) of the curcumin was
recorded in every 30 minutes for 24 hours. Initial fluorescence intensity was considered as
control, and the relative stability index was measured using the following equation:
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Relative stability index =

Initial fluorescence intensity
Fluorescence intensity at each time point

3.3.12. PVA Quantification
The amount of PVA on the surface of NP was determined using a previously
described method with some minor modifications [28]. NPs were suspended in distilled
water (1 mg/ml). 400 µL of the NP solution, 300 µL of an aqueous iodine solution (1.25%
iodine and 2.5% potassium iodide), and 1.5 ml of 4% boric acid solution were mixed for
30 minutes at room temperature. The absorbance of the samples was measured at a
wavelength of 630 nm.

3.3.13. Lipid Quantification
The amount of lipid present on the surface of the NPs was determined using
Stewart’s method [29]. 2.7 g of ferric chloride hexahydrate and 3 g of ammonium
thiocyanate were dissolved in 100 ml of distilled water. NP were dissolved in chloroform
(1 mg/ml) and were mixed with the ammonium ferrothiocyanate solution via vortexing for
10 minutes at a 2:1 (v/v) ratio. After mixing, the solution was allowed to separate, and the
phospholipid content was measured using the absorbance of the samples at a wavelength
of 460 nm.

3.3.14. Protein Quantification and Western Blot Analysis
The amount of protein present in the purified cell membrane material and cell
membrane-coated NP was extracted using RIPA lysis buffer (phenylmethylsulfonyl
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fluoride, sodium orthovanadate, protease inhibitor cocktail, and 1x lysis buffer) and
determined using a NanoOrange® Protein Quantification Kit. To extract the protein, cells
were trypsinized and washed with ice cold PBS. RIPA lysis buffer was added to cells and
CMCNP at a concentration of 1 ml/ 1×107 cells and 1 ml/mg CMCNP, respectively.
Samples were agitated for 30 minutes at 4°C followed by a centrifugation at 19,802 ×g at
4°C. The supernatant was collected and stored at -80°C for further analysis. For
quantification, samples were suspended in a 1x NanoOrange® working solution at 0.5
mg/ml. The samples were incubated at 90-93°C for 10 minutes and cooled to room
temperature for 20 minutes under light protected conditions. 200 µl of the samples were
added to a 96 well plate. Fluorescence intensity of the samples was measured using
Cytation 3 plate reader (BioTek, Winooski, VT, USA) at excitation and emission
wavelength of 485 nm and 590 nm, respectively. Western blot analysis was performed on
the purified cell membrane material and cell membrane-coated NP with primary antibodies
against CD47 and anti-α tubulin as the loading control.

3.3.15. In Vitro Drug Release from Nanoparticles
The in vitro release profiles of curcumin from the nanoparticle systems were
determined via a release study of NP suspended (1 mg/ml) in 1X PBS with 0.5% (w/v) of
Tween® 20. The suspension was incubated at 37°C and 200 rpm. At various time points (0
to 24 hours), NP samples were centrifuged at 14000 rpm for 5 minutes at 4°C to isolate
NP. 200 µl of the supernatant was removed and replaced with same amount of fresh
modified PBS at each time point. The fluorescence intensity of the withdrawn samples was
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analyzed using Cytation 3 plate reader (BioTek, Winooski, VT, USA) at excitation and
emission wavelengths of 420 nm and 520 nm, respectively.

3.3.16. In Vitro Cytotoxicity of Curcumin and Nanoparticles
The in vitro cytotoxicity of CUR and CUR-loaded NP was evaluated via a resazurin
assay and H441 cells. Cells were trypsinized and plated at 10,000 cells/well in flatbottomed 96 well plates and incubated overnight. The following day, the cells were
exposed to differing NP concentrations for 24 hours and free curcumin for 24 and 48 hours.
20 µl of resazurin solution (60 µM) was then added to each well and was incubated for 3
hours to allow viable cells to convert resazurin to resorufin. The fluorescence intensity of
the viable cells (via resorufin) was detected at excitation and emission wavelengths of 520
nm and 590 nm, respectively. Wells containing cells and resazurin without particles were
considered the control.

Relative cell viability =

Sample fluorescence intensity
× 100
Control flourescence intensity

3.3.17. Nanoparticle In Vitro Cellular Internalization and Transport
In vitro cellular internalization of the NP systems into H441 cells was determined
using confocal/fluorescence microscopy and quantified using a Cytation 3 plate reader. For
confocal microscopy cells were seeded on 35 mm glass bottom petri dish at a concentration
of 500,000 cells/dish and incubated overnight. Cells were exposed to 2 ml of different NP
systems (1 mg/ml) and incubated for 4 hours. NPs were removed and washed twice with
1X PBS, stained with CellMaskTM deep red plasma membrane (0.5 ul/ml in 1X PBS), and
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fixed with 4% paraformaldehyde in 1X PBS. Images were taken at 100X magnification.
For cell uptake studies, cells were trypsinized and plated at 20,000 cells/well in flatbottomed 96 well plates and incubated overnight. The following day, 100 µl of the
endocytosis inhibitors chlorpromazine hydrochloride (20 µg/mL), genistein (50 µg/mL) or
dynasore (20 µg/mL) was added to the cells and incubated for 30 minutes. The cells were
then washed twice with 1X PBS, exposed to 100 µl of differing NP systems (1 mg/mL),
and incubated for 4 hours. NP were then removed, and the cells were washed twice with
1X PBS. Cells were fixed with 4% paraformaldehyde for 10 minutes and rinsed with 1X
PBS. The fresh 1X PBS was replaced, and cells were immediately analyzed using Cytation
3 plate reader by measuring the fluorescence signal of each sample and calculating the
amount of CUR and subsequently amount of NP loaded into the cells.
For the transport studies, H441 cells were trypsinized and seeded at 1.25 × 10^5
cells/well on the apical side of a Transwell. To confirm the confluency, transepithelial
electrical resistance (TEER) was measured prior to exposure to NP. Once the TEER values
were steady transport studies were conducted. Initially, the culture medium was replaced
with of the inhibitors used in the uptake studies and allowed to incubate on the cells for 30
minutes. Cells were then washed with 1X PBS, and 0.5 ml of 50 µM curcumin or 1 mg/mL
of nanoparticle with similar CUR loading were suspended in culture medium and added to
the apical side of the Transwell. Nanoparticle transport across the cell monolayers was
determined by sampling the basolateral solution at different time points (up to 24 hours),
and fresh culture medium was added as replacement at each time point. After 24 hours
TEER values were measured to understand the effect of exposure to NP and inhibitors. 100
µl of DMSO was added to each sample to allow for the degradation of nanoparticle and
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release of curcumin and CUR solubilization. The amount of CUR or NP in the basolateral
solution was quantified by fluorescence detection as described previously. The amount of
free CUR transported across the Transwell both with and without cells was also evaluated.

3.3.18. In Vivo Nanoparticle Biodistribution
To demonstrate the ability of the CMCNP to be delivered to lung tissue a proof-ofconcept study was completed where mice were exposed to A549 and PVA NP. WT
C57BL/6 mice were purchased from Jackson Laboratory and were housed at Brown
University animal facilities. 0.5 mg of CMCNP stock (2.5 mg/ml) was diluted in 500µl
saline, and 50 µl of the NP was delivered to 8–12-week-old mice by intranasal instillation.
The mice were sacrificed 4 hours and 24 hours after NP exposure and major organs were
harvested. The lungs were then inflated by tracheal instillation of 4% paraformaldehyde at
25 cm H2O of airway pressure. The fixed lobes were embedded in paraffin, and lung
sections were imaged by fluorescence microscopy at excitation and emission wavelengths
of 420/520 nm.

3.4.

RESULTS AND DISCUSSION
Two cell membrane coated nanoparticle (CMCNP) systems were developed that

were comprised of a curcumin (CUR)-loaded acetalated dextran NP core coated with two
different pulmonary epithelial cell lines (H441 and A549) as seen in Figure 3.1. Several
control NP systems were used including two lipid-coated NP systems and two polymercoated systems. CMCNP have been used in drug delivery, disease targeting and treatment,
immune modulation, and detoxification [19], and this project adds to that body of work by
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showing that lung epithelial CMCNP are capable of internalizing into and translocating
across an in vitro pulmonary epithelial cell monolayer significantly more than the lipidand polymer-coated NP systems, which could be beneficial in pulmonary drug delivery
applications.
Acetalated dextran (Ac-Dex), which was used as the biodegradable polymer in the
core NP, is an acid-sensitive, biodegradable, dextran-based polymer that has been
extensively used in drug delivery applications [24]. Curcumin (CUR) was used as a model
therapeutic due to its hydrophobic nature and fluorescence, allowing for facile detection.
H441 and A549 epithelial cells were chosen for the development of the CMCNP due to
their ubiquitous use in pulmonary drug delivery applications. To examine the effect of
interactions between NP and the negatively-charged cell membrane, lipid-coated NP
coated with anionic dipalmitoylphosphatidylcholine (DPPC) and cationic 1,2-dioleoyl-3trimethylammonium-propane (DOTAP) were developed as control NP systems, where
DPPC is naturally present in cellular membranes [30]. Polyethylene glycol (PEG) and
polyvinyl alcohol (PVA) were used for the polymer-coated NP systems. The stealth
property of PEG is known to enhance the penetration of NP in mucus in the lungs [25], so
we evaluated the interactions of PEG-coated NP with pulmonary cells. PVA-coated NP
were served as controls since PVA is widely used to coat NP for drug delivery applications,
as it provides NP stability via the minimization of electrostatic interactions.
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Figure 3.1. Schematics of (Top) Formation of cell membrane-coated nanoparticles
(CMCNP) from core acetalated dextran (Ac-Dex) nanoparticles (NP) loaded with
curcumin (CUR) and isolated pulmonary cell membranes. (Bottom) The six NP systems
formulated and characterized with their respective NP coatings and surface properties,
including two CMCNP systems, two lipid-coated NP systems, and two polymer-coated NP
systems.

H441

and

A549

=

lung

epithelial

cell

membranes,

DPPC

=

dipalmitoylphosphatidylcholine, DOTAP = 1,2-dioleoyl-3-trimethylammonium-propane,
PEG = polyethylene glycol, and PVA = polyvinyl alcohol.

Figure 3.1 illustrates the formation of CMCNP and the NP systems used in this
study. CMCNP were synthesized via the coextrusion of Ac-Dex NP (core) and cell
membrane vesicles (shell/coating). The resulting NP systems were approximately 200 nm
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in diameter and exhibited low polydispersity index (PDI), indicating size homogeneity
(Table 3.1). CMCNP were slightly larger than the other NP, which could be due to the
presence of the cell membrane coating. It has been shown that the hydrodynamic size of
NP measured via dynamic light scattering can be substantially larger than their geometric
diameter [31], which was the case in this study (Figure 3.2). Scanning electron microscopy
showed the NP systems to be spherical, smooth, and homogeneous in size. The surface
charge (ζ potential) of the NP systems was evaluated and PVA NP were neutrally charged,
PEG NP were slightly negative, DOTAP NP were highly positively charged, DPPC NP
were highly negatively charged, and the H441 NP and A549 NP systems were negatively
charged, which matches previously reported results [27, 28, 32-34]. The surface charge of
the NP systems served as an initial confirmation for the presence of the appropriate coating
for each system.
The NP coating presence was further confirmed using several methods. Evaluation
via Stewart’s method confirmed the presence of lipid in the DPPC NP and DOTAP NP
formulations [29] (Table A.1), and PVA was present on the surface of PVA NP, as
determined using a spectrophotometric method based on blue iodine-PVA complexation
[35]. Transmission electron microscopy confirmed the presence of coatings on the NP as
seen in Figure 3.2. The presence of cell membrane protein in the CMCNP formulations
was determined using extracted proteins from purified cell membranes in comparison to
the NP formulations using a NanoOrangeTM protein quantitation kit. The presence of
CD47, a cell membrane protein present in A549 and H441 cells[36], was confirmed by
Western blot analysis in proteins extracted from A549 NP and H441 NP, respectively,
further confirming the presence of the cell membrane coatings (Figure 3.3A).
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Table 3.1. Characteristics of curcumin (CUR)-loaded nanoparticle (NP) systems, including
NP surface coating properties, diameter, polydispersity index (PDI), zeta (ζ) potential,
CUR loading, and CUR encapsulation efficiency (EE). Data represents the mean ± standard
deviation (n = 3).

NP
System

Surface
Coatings

H441
NP
A549
NP
DPPC
NP
DOTAP
NP

Cell
Membrane
Cell
Membrane
Anionic
Lipid
Cationic
Lipid
Stealth
Polymer
Neutral
Polymer

PEG NP
PVA NP

PDI

ζ Potential
(mV)

CUR
Loading
(µg CUR/
mg NP)

EE
(%)

226 ± 1

0.23 ± 0.04

-24.0 ± 1.9

11.1 ± 0.4

45 ± 2

211 ± 5

0.14 ± 0.04

-24.8 ± 1.1

8.6 ± 0.5

35 ± 2

124 ± 1

0.19 ± 0.03

-44.6 ± 1.0

16.6 ± 1.0

68 ± 4

195 ± 1

0.10 ± 0.01

49.5 ± 2.5

18.7 ± 0.2

76 ± 1

177 ± 1

0.18 ± 0.02

-13.7 ± 1.3

12.8 ± 0.2

52 ± 1

175 ± 1

0.22 ± 0.04

-5.4 ± 1.0

19.2 ± 0.2

78 ± 1

Diameter
(nm)

The stability of the NP systems in PBS and cell media was evaluated via florescence
spectroscopy (Figure 3.3B/C). The initial increase of florescence is likely from an initial
burst release of CUR from the NP. Free CUR was not stable in PBS or media, whereas the
NP were generally stable in both for up to 24 hours, indicating the necessary stability for
cell studies.
CUR was successfully encapsulated into the NP systems, as indicated by the CUR
loading and encapsulation efficiency data (Table 3.1). In vitro CUR release profiles
(Figure 3.3D) show that 15-30% of total CUR was released from the NP systems within
24 hours with a burst release for up to 2 hours. The burst release of CUR from PVA NP
and PEG NP was higher than that of the other NP systems, which is likely due to an
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increased presence of CUR on the NP surfaces. Ultimately, these data show that the NP
systems can provide controlled release of poorly water-soluble compounds such as CUR.

Figure 3.2. (Top and Middle) Scanning electron microscopy (SEM) images of nanoparticle
(NP) systems (scale bar = 500 nm). (Bottom) transmission electron microscopy (TEM)
micrographs of NP systems (scale bar = 100 nm).

The cytotoxicity of free CUR was evaluated (Figure A.2), showing that free CUR
is more toxic to H441 cells at concentrations below 50 μM after 24 hours. These data were
used to design the in vitro evaluation of the NP, where 1 mg/ml of NP with the highest
CUR loading (19 µg CUR/mg NP for PVA NP) corresponds to 50 µM of CUR. Based on
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this data, 1 and 4 mg/ml NP concentrations were chosen for the NP toxicity studies (Figure
3.3E). No significant toxicity was observed for cells exposed to the NP systems (p > 0.13
against control). It has been shown that cell growth is enhanced by Ac-Dex NP as dextran
is released into the medium during NP degradation, acting as a nutrition source for the cells
[37], which could explain the higher viability in cells exposed to the higher NP
concentration at 4 mg/ml.

Figure 3.3. Characterization of nanoparticle (NP) systems. (A) Total protein was extracted
from the nanoparticle (NP) or purified cell membrane and Western blot analysis was
performed to detect CD47, a cell membrane protein present in A549 and H441 epithelial
cells. Anti-α tubulin was used as the specificity and loading control. Stability of
nanoparticles in (B) PBS and (C) RPMI media with 10% FBS over 24 hours, where the
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presence of curcumin (CUR) in the NP was determined using fluorescence spectroscopy.
(D) In vitro release profiles of CUR from the NP systems over 24 hours. (B) Relative cell
viability (%) after incubation of 1 or 4 mg/ml of nanoparticles (NP) with H441 cells for 24
hours. Data represents the mean ± standard deviation (n = 3).

We hypothesized that coating Ac-Dex NP with epithelial cell membranes would
increase their internalization into and transport across pulmonary epithelial cells in vitro.
Thus, internalization of the NP systems into H441 cells in presence and absence of
endocytosis inhibitors was evaluated (Figure 3.4). These data revealed that both the
surface coating of the NP and presence of inhibitors played an important role in NP
internalization. Without endocytosis inhibitors, the CMCNP systems H441 NP and A549
NP internalized significantly more into H441 cells than the other NP systems. DOTAP NP
internalized more than the other non-CMCNP systems, whereas PVA NP internalization
was minimal. Positively charged DOTAP NP were internalized significantly more than
negatively charged DPPC NP, despite the natural presence of DPPC in cell membranes,
indicating charge-dependent NP internalization. Confocal imaging qualitatively confirms
the internalization of NP into H441 cells, where the NP internalized within the cytoplasm
(Figures 3.4 and A.2).
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Figure 3.4. Evaluation of nanoparticles (NP) internalization into H441 cells including
(Top) fluorescence quantification of NP internalization with respect to the number of cells
analyzed and (Bottom) representative confocal images of the internalization of NP in H441
cells, where the NP fluoresce green due to curcumin and the red is the cellular membrane
(scale bar = 50 μm). Cells were exposed to NP and endocytosis-related inhibitors
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chloropromazine hydrochloride (CPZ), genistein (GS), and dynasore (DS) for 4 hours,
where NP without inhibitors served as the control. With respect to the naming convention
‘A549’ corresponds to A549 NP, whereas A549 CPZ corresponds to A549 NP plus CPZ,
as an example. *p < 0.05 and **p < 0.01, mean ± standard deviation, n = 3.

Endocytosis inhibitors were used to elucidate the potential endocytosis pathways
of the NP into pulmonary epithelial cells. It has been reported that 100-200 nm polymeric
NP can be internalized into cells and are often capable of avoiding macrophage clearance
[38]. In this study, chlorpromazine hydrochloride (CPZ), genistein (GS), and dynasore
(DS) were used to block clathrin-, caveolae-, and dynamin-mediated endocytosis
pathways, respectively [39-42]. In the presence of CPZ, the internalization of H441 NP,
A549 NP, and DOTAP NP was significantly reduced, suggesting that these NP may
undergo clathrin-mediated endocytosis. In presence of GS, H441 NP, A549 NP, and PEG
NP internalization was significantly reduced, indicating possible caveolae-mediated
endocytosis. NP internalization was inhibited by DS for the CMCNP systems and PEG NP,
indicating dependence on dynamin-mediated endocytosis. The internalization of DPPC NP
was not impacted by the presence of endocytosis inhibitors, whereas PEG NP
internalization decreased in the presence of GS and DS, indicating possible caveolae- and
dynamin-dependent endocytosis. PVA NP were minimally internalized and did not show
endocytosis pathway dependency. Overall, these data show that the presence of a
pulmonary epithelial cell membrane coating, regardless of the cell line (e.g., A549 versus
H441), significantly increases the uptake of NP into pulmonary epithelial cells in
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comparison lipid-coated and polymer-coated NP systems, where the presence of proteins
in the CMCNP are likely the driving force behind the enhanced internalization.
Next, we evaluated the transport of the NP across an in vitro H441 monolayer. Prior
to evaluating NP transport, the transport of free CUR with and without cells was evaluated
(Figure 3.5A/B). The transport of free CUR without cells was significantly higher than
with cells. The 4-orders of magnitude difference in CUR transport rates indicated that CUR
transport was significantly inhibited by the presence of cells in comparison to the
Transwell. The transport rate of free CUR across the cell monolayer was significantly
lower than the transport rates of all NP systems by at least two orders of magnitude. Due
to the limited transport of free CUR across the cell monolayer, it was assumed that CURloaded NP crossing the cell monolayer was measured rather than the transport of free CUR.
Cell monolayer confluency was confirmed prior to transport studies by measuring the
transepithelial electrical resistance (TEER) (Figure A.3), and the values were similar to
our previous results (approximately 50 Ω•cm2 after 12 days) [37, 43]. The impact of the
NP and endocytosis inhibitors on cell monolayer integrity was evaluated, where TEER
increased upon exposure to NP and in the presence of inhibitors after 24 hours, indicating
that neither the NP nor inhibitors had an adverse effect on cell monolayer integrity.
The transport over time and flux of the NP systems across a pulmonary epithelial
monolayer was evaluated to determine the impact of NP coating (Figure 3.5C/D). The
CMCNP systems (A549 NP and H441 NP) exhibited significantly more NP mass transport
and higher transport flux in comparison to the other NP systems. PEG NP exhibited higher
transport flux in comparison to PVA NP, DPPC NP, and DOTAP NP. Overall, these data
show that coating NP with pulmonary epithelial cells increases the transport of the NP
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across a pulmonary epithelial monolayer, regardless of the cell line used in the coating.
Furthermore, with the transport flux of the DPPC NP being so low, we hypothesize that
the presence of cell-specific proteins is the driving force behind the increased transport of
the CMCNP.

Figure 3.5. Transport mass of free CUR across a Transwell (A) without cells and (B) with
the presence of a cell monolayer over 24 hours. (C) Nanoparticle (NP) mass transport with
respect to time and (B) transport flux of NP systems across an H441 cell monolayer in
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Transwells after 24 hours. *p < 0.01 and **p < 0.001 for NP in comparison to all other
samples, mean ± standard deviation, n = 3.

The impact of endocytosis inhibitors on NP transcytosis was evaluated with the
same inhibitors used in the internalization study (Figures 3.6 and 3.7). The transport flux
of NP across the cell monolayer was significantly lower for all NP systems in the presence
of inhibitors, except for PVA NP, which did not see a decrease in transport when exposed
to DS. For the CMCNP systems, H441 NP and A549 NP, exposure to the three inhibitors
significantly reduced NP transcytosis, indicating dependence on clathrin-, caveolae- and
dynamin-mediated endocytosis pathways. Initially H441 NP and A549 NP exhibited
opposite trends, where H441 NP transcytosis was inhibited by DS and A549 NP
transcytosis was inhibited by GS, indicating that H441 NP transcytosis may initially be
more dependent on dynamin-mediated transport, whereas A549 NP transcytosis is more
dependent on clathrin- and caveolae-mediated transport.
DPPC NP transcytosis was initially inhibited by CPZ, GS, and DS, whereas after 4
hours transcytosis was more readily inhibited by CPZ. DOTAP NP transcytosis showed
similar dependency on all three endocytosis pathways. For the first two hours PEG NP
transcytosis was not inhibited by GS, which was the opposite of DS and CPZ, indicating a
change in transcytosis pathway dependency over time. This correlates with previous
studies showing that PEG NP transcytosis is dependent on multiple endocytosis pathways
[15]. PVA NP transcytosis was impacted less by the inhibitors than the other systems, with
GS having the most significant effect. Overall, these results indicate that NP transport is
likely due to multiple endocytosis pathways for the various systems.
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Figure 3.6. Transport of nanoparticle systems across a H441 cell monolayer with and
without the presence of the inhibitors chloropromazine (CPZ), genestein (GS), and
dynasore (DS) over 24 hours. 500 μl of NP at 1 mg/ml concentration was used for each
sample. Data represents the mean ± standard deviation (n = 3).
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Figure 3.7. Transport rates of nanoparticle systems across an H441 cell monolayer with
and without the presence of the inhibitors chloropromazine hydrochloride (CPZ), genestein
(GS), and dynasore (DS) over 24 hours. (*p < 0.05 and **p < 0.01 for control versus
inhibitor samples, mean ± standard deviation, n = 3).

Due to the differing impact the transcytosis inhibitors had on NP internalization
versus transcytosis, we did a comparison of these two parameters to allow for an indirect
comparison of NP transport efficiency (Figure A.4). While the CMCNP systems (H441
NP and A549 NP) exhibited both higher NP internalization and transport, their transport
efficiency was less than the polymer-coated NP (PEG NP and PVA NP) and greater than
the lipid-coated NP (DPPC NP and DOTAP NP). As indicated in Figure A.4D, the
CMCNP and lipid-coated NP internalized more efficiently than they transported across the
cell monolayer, and the opposite was true for the polymer-coated NP. These results can be
attributed to the NP coatings with respect to both content and surface charge. DOTAP NP
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internalized more than they were trancytosed in comparison to the other NP, which is likely
because of the interaction of the negatively charged NP with the positively charged
extracellular membrane. Once internalized, DOTAP NP are potentially unable to penetrate
the negatively charged intracellular membrane. Overall, the CMCNP systems exhibit the
potential to both internalize into pulmonary cells and cross a pulmonary cell monolayer.
In a proof-of-concept study, A549 NP and PVA NP were delivered to the lungs of
mice intranasally to elucidate differing bioavailability of the NP in the lungs (Figure 3.8).
The fluorescent images show that both NP systems effectively deposited in the alveolar
region of the lungs. After 4 hours, there was no significant difference in the fluorescence
signal between the A549 NP and PVA NP systems, however, after 24 hours, fluorescence
intensity for A549 NP was significantly higher than PVA NP, indicating that the PVA NP
were more readily cleared from the lungs than A549 NP.
Overall, this work demonstrates that NP surface coatings are crucial in terms of
dictating the interactions of NP with epithelial cell monolayers with respect to both cellular
internalization and transcytosis. We found that CMCNP systems exhibited significantly
higher endocytosis and transcytosis in comparison to the other NP systems studied. We
also showed that inhibiting endocytic pathways affected the transport of NP across an
epithelial monolayer, indicating that NP transcytosis is likely related to endocytosis
mechanisms. Before drawing any firm conclusions, further studies are required to
understand these complex mechanisms.
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Figure 3.8. Representative in vivo fluorescence images of A549 NP and PVA NP showing
the distribution of NP in the lungs following intratracheal instillation in mice after 4 and
24 hours. Scale bar = 100 um.
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4.1.

ABSTRACT
Overcoming physiological barriers to increase drug adsorption is a major challenge

for nanoparticle (NP)-based pulmonary drug delivery formulations. Enhanced
transepithelial delivery of NP is highly desired for diseases such as pulmonary
hypertension and pulmonary fibrosis and there is a need for aerosol formulations that can
effectively deposit in the peripheral region of lungs. The objective of this study was to
develop aerosol nanocomposite microparticle (nCmP) formulations that are capable of
pulmonary aerosol deposition, and to investigate the effect of NP surface coatings on their
interaction with an air interface cultured (AIC) epithelial monolayer used as a model of the
pulmonary epithelium. Curcumin (CUR)-loaded NP coated with pulmonary cell
membrane, lipid, or polymer were developed using acetalated dextran, a biodegradable
polymer, as the polymer core. These NP were then spray dried to form dry powder nCmP.
NP before and after spray drying were smooth, spherical, and highly homogenous with
diameters of ~200 nm, while nCmP exhibited spherical or corrugated morphology, based
on the coating of the parent NP. The nCmP formulations showed optimal size and aerosol
dispersion properties for pulmonary deposition, with high CUR loading and low water
content. A transport study was carried out, where AIC H441 cells were exposed to dry
powder nCmP. Following deposition onto the AIC monolayer, the nCmP disassociated into
the parent NP and the transport of these NP was measured over time. Both cell membrane
coated-NP and PEGylated NP crossed the cell monolayer more effectively than lipid- and
polymer-coated NP. The potential for the target deposition in the lungs and enhanced
transepithelial delivery represents a potential advantage in the improvement of therapeutic
nanomedicine delivery via pulmonary route.
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ABBREVIATIONS
NP, Nanoparticle; nCmP, Nanocomposite microparticle; AIC, Air interface culture;
CUR, Curcumin; Ac-Dex, Acetalated dextran; CMCNP, Cell membrane coated
nanoparticle; PPTS, pyridinium p-toluenesulfonate; mPEG, poly(ethylene glycol) methyl
ether; DCC, N,N’-dicyclohexyl-carbodiimide; DMAP, 4-(dimethylamino) pyridine; 2MOP, 2-methoxypropene; DCM, dichloromethane; TEA, triethylamine; DMSO, dimethyl
sulfoxide; DMEM, Dulbecco’s Modified Eagle Medium; Pen-Strep, PenicillinStreptomycin; PBS, phosphate buffered saline; FBS, Fetal bovine serum; VP5k, PEG
derivative DPPC, dipalmitoylphosphatidylcholine; PVA, polyvinyl alcohol; PVA NP,
polyvinyl alcohol coated nanoparticle; PEG NP, poly(ethylene glycol)-coated
nanoparticles; DPPC NP, phospholipid-coated nanoparticles; TEER, transepithelial
electrical resistance; Pe, Péclet number; RF, Respirable fraction; ED, Emitted dose; FPF,
Fine particle fraction; MMADT, theoretical mass median aerodynamic diameter;
MMADEXP, experimental mass median aerodynamic diameter.

4.2.

INTRODUCTION
Aerosol particle-based formulations have attracted increasing attention for the

treatment of lung diseases, as they are capable of effectively delivering therapeutics
directly and efficiently to the lungs. Pulmonary drug delivery offers several advantages
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including increased local drug concentration, reduced systemic side effects, access to high
blood flow, and avoidance of first pass metabolism [1-3]. Dry powder nanoparticles (<500
nm) are likely to be exhaled from the lungs due to their small size and mass, while particles
with aerodynamic diameter of 1-5 µm can effectively deposit into the peripheral lungs.
Interestingly, alveolar macrophage clearance is higher for particles with diameters of 1-5
µm [4, 5], which limits their efficacy as drug delivery vehicles. To overcome this obstacle
and to utilize the advantages of NP, we have developed nanocomposite microparticles
(nCmP) in the form of dry powder aerosols. nCmP are comprised of curcumin (CUR)loaded acetalated dextran (Ac-Dex) NP entrapped in mannitol to form microparticles
carriers, essentially acting as a ‘Trojan horse’ to the drug-loaded NP. Mannitol, an FDAapproved, non-toxic, easily degradable sugar commonly used in pharmaceutical products,
was used as the excipient [6]. Since mannitol readily dissolves in an aqueous environment,
once nCmP are delivered to the surface of the lungs they will disassociate and release the
encapsulated NP. In addition, mannitol helps in enhancing mucus penetration by increasing
the fluidity of mucus [7], which can be advantageous in pulmonary dry delivery
applications.
Cell membrane-coated NP (CMCNP) are a new type of biomimetic nanomaterials
that combine the unique properties of cell membranes and the engineering versatility of
nanoparticles to enhance the delivery of therapeutics [8]. CMCNP have been used in drug
delivery, immune modulation, and detoxification applications [9-11]. Our group recently
developed lung epithelial CMCNP coated with either A549 or H441 that exhibited
enhanced internalization into and translocation across an epithelial cell monolayer more
effectively than control NP systems. This previous work represented the first time CMCNP
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were formulated to be coated with either pulmonary or epithelial cells and the first time
CMCNP were shown to be capable of cross an in vitro epithelial monolayer. The work
described herein seeks to build on this work through the formulated of CMCNP-based dry
powder aerosol nCmP that can be delivered to the lungs via a dry powder inhaler.
Four nanocomposite microparticle (nCmP) formulations comprised of curcuminloaded core acetalated dextran (Ac-Dex) nanoparticles (NP) coated with pulmonary cell
membrane, lipid, or polymer were developed via spray drying. Ac-Dex is an acid-sensitive,
tunable, biodegradable polymer that has been used extensively in drug delivery
applications [12-14]. Curcumin (CUR) was chosen as a model therapeutic due to its
hydrophobic nature and fluorescent properties, allowing for facile detection of the NP
during in vitro studies. The NP coatings included A549 lung epithelial cell membrane, the
lipid, dipalmitoylphosphatidylcholine (DPPC), or the polymers poly(ethylene glycol)
(PEG) and polyvinyl alcohol (PVA), which correspond to A549 nCmP, DPPC nCmP, PEG
nCmP, and PVA nCmP systems, respectively. These NP coatings were chosen to allow for
the elucidation of how NP surface properties impact the interactions of NP with pulmonary
epithelial cells with respect to transcytosis.
DPPC is the most abundant lipid present in the surfactant of alveoli, and it is
responsible for maintaining the integrity of the alveolar structure [15]. DPPC is commonly
used to model cell membranes in in vitro studies [16]. Coating NP with DPPC mimics the
cell membrane and can help with the understanding of charge-based interactions between
the negatively charged cell surface and negatively charged DPPC-coated NP. The stealth
nature of PEG is well known with respect to aiding NP to overcome mucus barriers [1719], however, there is little information on the ability of PEG-coated NP to penetrate
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cellular barriers effectively. PVA was chosen due to its ubiquitous use in polymeric NP
formulations.
The purpose of this study was to develop a dry powder aerosol nCmP system
comprised of CMCNP that is capable of aerosolization within the peripheral region of the
lungs and that exhibits enhanced epithelial cell barrier penetration. We hypothesized that
cell membrane-coated NP released from aerosolized A549 nCmP would penetrate an in
vitro pulmonary epithelial monolayer grown in air-interface culture (AIC) conditions more
readily than other NP systems due to the similarity in the NP coating and monolayer
composition. While this hypothesis was proven to be true, we also found that PEG-coated
NP released from PEG nCmP also exhibited enhanced penetration across the epithelial
monolayer. In addition to the in vitro transcytosis studies, the four nCmP were
characterized for their physicochemical, drug delivery, and aerodynamic properties.
Overall, this study demonstrates the potential use of CMCNP-based dry powder aerosol
nCmP formulations for pulmonary drug delivery by bridging the properties of natural
membrane component and synthetic nanomaterials.

4.3.

MATERIALS AND METHODS

4.3.1. Materials
Dextran from Leuconoctoc mesenteroides (9000-11000 MW), pyridinium ptoluenesulfonate (PPTS, 98%), poly(ethylene glycol) methyl ether (mPEG, Mn 5000), Dα-tocopherol succinate (vitamin E succinate, 1210 IU/g), N,N’-dicyclohexyl-carbodiimde
(DCC, 99%), 4-(dimethylamino) pyridine (DMAP, 99%), D-mannitol (≥ 98%), 2methoxypropene (2-MOP, 97%), triethylamine (TEA, ≥ 99%), anhydrous dimethyl
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sulfoxide (DMSO, ≥ 99.9%), deuterium chloride (DCl, 35 weight % in D2O, 99 atom %
D), deuterated chloroform (CDCl3, 100%, 99.96 atom % D) were obtained from SigmaAldrich (St. Louis, MO). Ethanol (anhydrous, ASC/USP grade) was obtained from
Pharmco-AAPER (Brookfield, CT). Deuterium oxide (D2O, 99.8% atom D) was obtained
from Acros Organics (Geel, Belgium). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) was obtained from Avanti Polar Lipids (Alabaster, AL). Hydranal KF reagent was
obtained from Fluka Analytical (Agawam, MA). Dulbecco’s modified eagle’s medium
(DMEM), Pen-Strep (100 U/ml penicillin, 100 µg/ml streptomycin), and Fungizone® (0.5
µg/ml amphotericin B, 0.41 µg/ml sodium deoxycholate) were obtained from Life
Technologies (Norwalk, CT). CorningTM RPMI 1640 Medium, 1X with L-glutamine,
trypsin-EDTA, sodium pyruvate, Dulbecco’s phosphate buffered saline (PBS), curcumin
(98+%) were obtained from Fisher Scientific (Waltham, MA). Fetal bovine serum (FBS)
was obtained from Atlanta Biologics (Flowery Branch, GA). A549 and H441 cells were
obtained from ATCC (Manassas, VA).

4.3.2.

Synthesis of Acetalated Dextran (Ac-Dex)
Acetalated dextran (Ac-Dex) was synthesized as previously described method

using a reaction time of 3 hours to produce a longer-degrading polymer [20]. Vitamin E
poly(ethylene glycol) (VP5k) was synthesized as previously described for use as the
poly(ethylene glycol) (PEG) coating on the PEG-coated nanoparticles [20].
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4.3.3. Preparation of Control Nanoparticles with Various Coatings
Curcumin (CUR)-loaded polyvinyl alcohol-coated nanoparticles (PVA NP) were
prepared via single emulsion and solvent evaporation. 40 mg of Ac-Dex and 1 mg CUR
were dissolved in 1 ml of DCM as the organic phase. 6 ml of 3% (w/v) PVA in PBS
(aqueous phase) was added to the organic phase and sonicated (Q500 sonicator, Qsonica,
Newton, CT, USA) for 60 seconds with a 1 second on/off pulse at 70% amplitude (100%
amplitude = 120 µm). The resulting emulsion was transferred to a 40 ml spinning solution
of 0.3% (w/v) PVA in PBS and was stirred for 3 hours to allow for evaporation of the
organic solvent and hardening of the NP. The final solution was centrifuged at 19,802×g
for 20 minutes at 4°C. The NP were redispersed in 0.1% PVA in PBS, frozen overnight,
and lyophilized (-50°C, 0.05 mbar) for 24 hours.
CUR-loaded poly(ethylene glycol)-coated nanoparticles (PEG NP) were prepared
via nanoprecipitation. 40 mg of Ac-Dex and 1 mg CUR were dissolved in 2 ml of ethanol,
which was added dropwise to 40 ml of 1.5% (w/v) VP5k solution. The resulting suspension
was stirred for 3 hours, allowing for the evaporation of ethanol and hardening of the NP,
and the final solution was centrifuged at 19,802×g for 20 minutes at 4°C. The NP were
redispersed in 0.1% (w/v) VP5k, frozen overnight, and lyophilized for 24 hours.
CUR-loaded phospholipid-coated nanoparticles (DPPC NP) were prepared as
previously described with minor modifications [21]. 30 mg of Ac-Dex and 0.5 mg CUR
were dissolved in acetone (6 mg/ml). 5 mg of lecithin and 1 mg of DPPC were dissolved
in 4% (v/v) ethanol solution, which was heated to 65°C to ensure the lipids were in the
liquid phase. The Ac-Dex/CUR solution was added dropwise to the preheated lipid solution
under gentle stirring. The mixed solution was vortexed vigorously for 3 minutes, followed
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by gentle stirring for 4 hours at room temperature to allow for the removal of acetone and
hardening of the NP. The final solution was centrifuged at 19,802×g for 20 minutes at 4°C.
The NP were redispersed in distilled water, frozen overnight, and lyophilized for 24 hours.

4.3.4. Cell Culture Preparation
Lung adenocarcinoma cells (A549 and H441) cultured in DMEM and RPMI,
respectively, were supplemented with 10% (v/v) FBS, Pen-Strep, and Fungizone® at
standard conditions (37°C and 5% CO2 at saturated humidity).

4.3.5. Preparation

of

A549

Cell

Membrane-Coated

Curcumin-Loaded

Nanoparticles (A549 NP)
A549 cell membrane-coated CUR-loaded nanoparticles (A549 NP) were prepared
as previously described, with minor modifications [22]. To harvest the cell membranes,
cells were grown to confluency, detached with trypsin-EDTA, and washed 3 times with
1X PBS after centrifugation at 500×g. The cells were suspended in a hypotonic lysis buffer
containing 20 mM Tris-HCl and 1X PBS and were disrupted using a Dounce homogenizer.
The cell solution was subjected to 30 passes through the homogenizer before spinning
down at 3,200×g for 5 minutes. The supernatant was saved, and the pellet was resuspended
in hypotonic lysis buffer and subjected to another 30 passes prior to spinning down again.
The supernatants were pooled and centrifuged at 20,000×g for 20 minutes, after which the
pellet was discarded, and the supernatant was centrifuged at 200,000×g for 2 hours. The
final pellet was collected and used as the purified cell membrane.
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Uncoated, CUR-loaded core NP were prepared via nanoprecipitation as described
previously [20]. To prepare the cell membrane vesicles, the purified membrane materials
were physically extruded through a 400 nm polycarbonate membrane for 11 passes. The
resulting vesicles were then coated onto the CUR-loaded NP by co-extruding the vesicles
and NP through a 200 nm polycarbonate membrane. The resulting solution was centrifuged
at 20,000×g for 20 minutes at 4°C. The NP were redispersed in distilled water, frozen
overnight, and lyophilized for 24 hours.

4.3.6. Preparation of Nanocomposite Microparticles (nCmP) via Spray Drying
Dry power nanocomposite microparticles (nCmP) were prepared via spray drying
of NP suspensions (A549 NP, DPPC NP, PEG NP, and PVA NP) with mannitol in an
aqueous solution using a Büchi B-290 spray dryer (Büchi Labortechnik, AG, Switzerland)
in open mode. The spray drying conditions were as follows: 80:20 (w/w) ratio of NP to
mannitol in DI water; feed solution concentration of 0.5% (w/v); 0.7 mm nozzle diameter;
atomization gas flow rate of 414 L/h (UHP dry nitrogen); aspiration rate of 28 m 3/h; inlet
temperature of 60°C; pump rate of 1.2 ml/min; and nozzle cleaner rate of 1. The resulting
nCmP were separated in a high-performance cyclone, collected in a sample collector, and
stored in desiccators at -20°C.

4.3.7. Powder X-Ray Diffraction (PXRD)
The crystalline states of the nCmP were examined by PXRD using a Rigaku
Multiflex X-ray diffractometer (The Woodlands, TX) with a Cu Kα radiation source (40
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kV, 44 mA). The samples were placed on a horizontal quartz glass sample holder (3 mm).
The scan range was 5-60° in 2θ with a step width of 0.02 and scan rate of 2°/min.

4.3.8. Differential Scanning Calorimetry (DSC)
The thermal phase transitions of the nCmP were determined using a TA Q200 DSC
system (TA Instruments, New Castle, DE, USA) equipped with an automated computercontrolled RSC-90 cooling accessory. 1-3 mg of sample was weighed into TzeroTM
aluminum pans that were hermetically sealed. The sealed pans were placed into the DSC
furnace along with an empty sealed reference pan. The heating range was 0-300°C at a
heating rate of 10°C/min.

4.3.9. Scanning Electron Microscopy (SEM)
The shape and morphology of the nCmP were evaluated by SEM using a Zeiss
SIGMA VP Field Emission-Scanning Electron Microscope (Germany). nCmP were placed
on aluminum stubs (Ted Pella, Inc., Redding, CA, USA) with double-sided adhesive
carbon tabs. The samples were coated with a thin film of a gold/palladium alloy using an
Emscope SC400 sputter coating system at 20 µA for 30 seconds under argon gas. Images
were captured at 5 kV.

4.3.10. Nanoparticle Size, Size Distribution, and Zeta Potential Analysis
The size, size distribution, and zeta potential of the NP systems were measured by
dynamic light scattering (DLS) using a Malvern Nano Zetasizer (Malvern Instruments,
Worcestershire, UK) before spray drying to form the nCmP and after redispersion in
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distilled water. The NP were dispersed in distilled water (0.25 mg/ml) prior to analysis. All
experiments were performed in triplicate at a scattering angle of 173° at 25°C. The mean
size and standard deviation of the nCmP were measured digitally from SEM images using
ImageJ software (Systat, San Jose, CA, USA). Representative micrographs for each sample
were analyzed by measuring the diameter of at least 100 particles.

4.3.11. Curcumin Loading Analysis
Curcumin (CUR) loading of the particles were determined via fluorescence
spectroscopy at 420/520 nm with a Biotek Cytation 3 plate reader (BioTek Instruments
Inc., Winooski, VT). NP and nCmP samples were dissolved in DMSO (1 mg/ml) and CUR
concentration was quantified via comparison with a standard curve of CUR in DMSO.
CUR loading in the particles was calculated using following equation:

Curcumin loading =

mass of curcumin in particles
total mass of particles

4.3.12. Water Content Analysis via Karl Fischer Titration
The water content of the nCmP was quantified by Karl Fischer (KF) titration using
a 737 KF coulometer (Metrohm, Riverview, FL). 5 mg of powder was dissolved in
anhydrous methanol. The resulting solution was injected into the KF reaction cell filled
with Hydranal® KF reagent and then the amount of water was analyzed. Pure methanol
used as the background sample.
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4.3.13. Aerosol Dispersion Analysis
In vitro aerosol dispersion performance of the nCmP was evaluated using a Next
Generation Impactor™ (NGI™, MSP Corporation, Shoreview, MN) equipped with a
stainless-steel induction port (USP throat adaptor) attachment and stainless-steel
gravimetric insert cups. The NGITM was coupled with a Copley TPK 2000 critical flow
controller connected to a Copley HCP5 vacuum pump (Copley Scientific, United
Kingdom). The airflow rate was adjusted to 60 L/min to model the flow rate in a healthy
adult lung before each experiment [23]. Glass fiber filters (55 mm, Type A/E, Pall Life
Sciences, PA) were placed into the cups of stages 1 through 7 to minimize bounce and reentrapment[24], and these filters were weighed before and after the experiment to
determine the particle mass deposited on each stage. 10 mg of nCmP was loaded into a
hydroxypropyl methylcellulose (HPMC, size 3, Quali-V®, Qualicaps® Inc., Whitsett, NC,
USA) capsule and the capsule was placed into a human dry powder inhaler device
(HandiHaler, Boehringer Ingelheim Pharmaceuticals, CT) attached to a customized rubber
mouthpiece connected to NGITM. Three HPMC capsules were loaded and released in each
measurement and experiments were performed in triplicate. The NGITM was run with a
delay time of 10 s and running time of 10 s. For 60 L/min, the effective cutoff diameters
for each stage of the impactor are: stage 1 (8.06 μm); stage 2 (4.46 μm); stage 3 (2.82 μm);
stage 4 (1.66 μm); stage 5 (0.94 μm); stage 6 (0.55 μm); and stage 7 (0.34 μm). The fine
particle fraction (FPF), respirable fraction (RF), and emitted dose (ED) were calculated as
follows:

Fine particle dose (FPD) = Mass of particles on stages 2 through 7
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FPD

Fine particle fraction (FPF) = Initial particle mass loaded into capsules ×100%

FPD

Respirable fraction (RF) = Total particle mass on all stages ×100%

Emitted dose (ED) =

Initial mass in capsules – Final mass remaining in capsules
Initial mass in capsules

The experimental mass median aerodynamic diameter (MMADEXP) and geometric
standard deviation (GSD) for the particles were determined using a Mathematica®
program written by Dr. Warren Finlay [25].

4.3.14. Tapped Density and Theoretical Aerodynamic Diameter Analysis
The density of the nCmP was determined using tapped density measurements. 20 –
25 mg of particles (m) was transferred to a thin glass tube and tapped 100 times on a hard
surface to allow for efficient packing. The diameter and height of the samples were
measured using a digital caliper to calculate the volume (V) occupied by the particles. The
tapped density (ρp) and the theoretical MMAD (MMADT) were calculated using the
following equations:
𝜌𝑝 =

𝑚
𝑉

𝑀𝑀𝐴𝐷 𝑇 ≅ 𝑑𝑔 √
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𝜌𝑝
𝜌0

where dg is the geometric diameter of the nCmP determined by ImageJ and ρ0 is
the reference density of the polymer (1 g/cm3).

4.3.15. In Vitro Cellular Transport
For NP transport studies, H441 cells were trypsinized and seeded at 1.1 × 105
cells/cm2 in a 12 mm Transwell® with a 0.4 µm pore size. After 24 hours, the media was
removed from the apical side of the Transwell to place the cells in air interface culture
(AIC), where 1 ml of medium remained in the basolateral chamber to provide nutrients to
the cells. To confirm the confluency of the monolayer, transepithelial electrical resistance
(TEER) was measured using an EVOM2 epithelial volt/ohm meter (World Precision
Instruments, Sarasota, FL) prior to exposure to the aerosolized nCmP. Once the TEER
values were steady transport studies were conducted. Approximately 4 mg of dry powder
nCmP was added onto woven wire 40 mesh to distribute the particles over the AIC cell
monolayer, upon which the nCmP dissociate into parent NP. NP transport across the cell
monolayer was determined by sampling the basolateral solution at different time points (up
to 24 hours), and fresh culture medium was added as replacement at each time point. 50 µl
of DMSO was added to each collected sample to allow for NP degradation and
solubilization of CUR. The amount of CUR in the samples was quantified by fluorescence
detection as described previously, and the amount of NP was determined from the NP CUR
loading.
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4.4.

RESULTS AND DISCUSSION
Cell membrane-, lipid-, stealth-, and control polymer-coated nanoparticles (NP)

were synthesized and characterized prior to them being spray dried with the excipient
mannitol to form corresponding aerosol dry powder nanocomposite microparticles (nCmP)
(Figure 4.1). nCmP are comprised of drug-loaded NP encapsulated in an excipient.
Following aerosol delivery of nCmP to a patient, the nCmP disassociate into their parent
NP onto lung tissue. We have previously shown that nanoparticles coated with pulmonary
A549 and H441 epithelial cells have the ability internalize into and transport across an in
vitro epithelial monolayer significantly more than lipid- and polymer-coated systems. In
this current study, A549 cells were chosen for the cell membrane-coated NP (CMCNP)
system owing to their ubiquitous use in research. The lipid-coated system (DPPC NP)
served as a control due to the natural presence of DPPC in the lungs and lipid composition
of endogenous cell membranes. Stealth (PEG NP) and polymer-coated systems (PVA NP)
were used as controls as PEG and PVA are polymers commonly used to coat biodegradable
nanoparticle formulations.
The size, homogeneity, and surface charge of the NP systems were evaluated before
and after formulation into nCmP to elucidate the impact of spray drying on these properties
(Table 4.1). The NP were found to be approximately 200 nm in diameter with low
polydispersion index values (< 0.13) before spray drying, however, NP diameter and PDI
increased in the redispersed NP slightly after spray drying, indicating slight aggregation of
the NP. The evaluation of NP surface charge via zeta potential measurements allows for
the confirmation of the presence of coating on the NP systems, where A549 NP, DPPC NP,
and PEG NP were negatively charged and PVA NP were neutral, as expected. Furthermore,
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the zeta potential values remained same before and after nCmP formulation, which
indicates that the coatings remain unchanged during the spray drying process.

Figure 4.1. Schematic of (Top) preparation of curcumin (CUR)-loaded cell membranecoated nanoparticles (CMCNP); (Middle) initial nanoparticles, including cell membrane-,
lipid-, stealth-, and polymer-coated systems; (Bottom) a single nCmP showing the
encapsulation of nanoparticles in mannitol, inhalation of the dry powder nCmP into a
patient’s lungs and the disassociation of the nCmP once deposited on the lung surface to
release nanoparticles from nCmP. A549 = pulmonary cell line, DPPC

=

dipalmitoylphosphotidylcholine, PEG = poly(ethylene glycol), and PVA = polyvinyl
alcohol.
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Table 4.1. Characterization of curcumin (CUR)-loaded nanoparticles (NP) prior to spray
drying before spray drying and after redispersion from nanocomposite microparticles in
distilled water including NP diameter, polydispersity index (PDI), zeta (ζ) potential, and
CUR loading (mean ± standard deviation, n = 3). A549 = pulmonary cell line, DPPC =
dipalmitoylphosphotidylcholine, PEG = poly(ethylene glycol), and PVA = polyvinyl
alcohol.
Diameter (nm)
System
A549
NP
DPPC
NP
PEG
NP
PVA
NP

Before

After

210 ± 1

223 ± 3

186 ± 2

199 ± 2

172 ± 3

223 ± 1

186 ± 2

230 ± 4

ζ Potential (mV)

PDI
Before

After

Before

After

0.12 ±
0.01
0.07 ±
0.03
0.13 ±
0.01
0.07 ±
0.03

0.25 ±
0.11
0.15 ±
0.01
0.17 ±
0.03
0.25 ±
0.02

-23.6 ±
1.7
-34.5 ±
0.8
-23.2 ±
1.8
-5.4 ±
1.0

-25.6 ±
2.1
-37.7 ±
2.1
-18.6 ±
0.9
-2.4 ±
0.2

CUR
Loading
(μg CUR/
mg NP)
8.4 ± 0.3
13.7 ± 0.2
10.9 ± 1.4
10.6 ± 0.1

SEM imaging was done to confirm the morphology of the NP and nCmP (Figure
4.2). NP exhibited spherical morphology and were homogenous in size while nCmP
morphology was dependent on the parent NP system. A549 nCmP and PEG nCmP
exhibited more spherical morphology whereas DPPC nCmP and PVA nCmP exhibited
corrugated morphology. These differences in morphology could be due to differing
properties of the NP coatings. The ratio of the solvent evaporation rate to diffusion rate of
mannitol and NP during spray drying can be described by the dimensionless Péclet number
(Pe), which is an important factor that can influence the size, shape, and surface
morphology of spray-dried particles. Pe is defined as R2/πd*D, where R is the droplet
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radius, πd is the droplet drying time, and D is the solute/NP diffusion coefficient. A549 NP
and PEG NP are likely to be more hydrophilic and thus would diffuse in water more
efficiently than DPPC NP and PVA NP, thereby resulting in lower Pe for these systems.
For lower Pe numbers, diffusion of the NP is faster in comparison of the radial velocity of
the receding droplet surface, meaning that the NP will remain more evenly distributed in
the spray-dried droplet, resulting in spherical agglomerates [26].

Figure 4.2. (Top) Scanning electron microscopy and (Bottom) transmission electron
microscopy images of nanoparticle (NP) and nanocomposite microparticle (nCmP)
systems, respectively. A549 = pulmonary cell line (cell membrane coating), DPPC =
dipalmitoylphosphotidylcholine (lipid coating), PEG = poly(ethylene glycol) (stealth
coating), and PVA = polyvinyl alcohol (polymer coating). Scale bar = 500 nm for NP and
5 µm for nCmP.

The thermal phase transitions and crystalline states of the raw materials and nCmP
systems were examined via DSC and PXRD, respectively (Figure 4.3). DSC analysis
allows for the evaluation of nCmP stability and phase transition behavior. Raw CUR
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exhibited a strong endothermic peak at 179 W/g, whereas this peak was absent in the spraydried nCmP systems, which suggests that CUR is amorphous following NP synthesis and
spray drying or that the amount of CUR in the nCmP is below the detection limit of DSC.
The strong endothermic peak for mannitol at 170 W/g shifted to lower values for PEG
nCmP and DPPC nCmP. Mannitol peaks were absent for PVA nCmP and A549 nCmP,
which is likely due to the amorphization of mannitol during spray drying. PEG nCmP
exhibited an endothermic peak at 58 W/g, which corresponds to the same peak for raw
PEG. Raw PVA showed an endothermic peak at 208 W/g and this peak was absent for the
final nCmP systems. The thermal transitions of the particles and their raw components were
above the spray drying temperatures used during nCmP synthesis to ensure stability of the
nCmP systems.

Figure 4.3. (Left) Differential scanning calorimetry (DSC) thermograms and (Right)
powder X-ray dispersion (PXRD) diffractograms of nanocomposite microparticle (nCmP)
formulations and their corresponding raw components. A549 = pulmonary cell line, DPPC
= dipalmitoylphosphotidylcholine, PEG = poly(ethylene glycol), and PVA = polyvinyl
alcohol.
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The crystallinity of the raw materials and nCmP systems were analyzed by PXRD.
The lack of peaks in Ac-Dex diffractogram indicate that it is amorphous, which is likely
due to the rapid precipitation method used during its synthesis. The strong peaks from
mannitol and CUR indicates their crystalline nature. Strong peaks were absent in the nCmP
systems, indicating reduced crystallinity, which can be attributed to the spray drying
process. The characteristics peaks at approximately 19 and 23° for raw PEG and DPPC
were not present in PEG nCmP and DPPC nCmP, likely due to the detection limit of XRD.
The peaks at 32 and 46° in the A549, PEG, and PVA nCmP are due to the presence of salt
in these systems. Overall, the lack of crystallinity in the nCmP is advantageous as
amorphous materials are known to solubilize more readily than crystalline materials, which
can allow for better redispersion of the NP from the nCmP systems.
Curcumin (CUR) was used as a model therapeutic owing to its fluorescence,
allowing for facile detection of the NP during the cell transport studies. The NP systems
were designed to encapsulate approximately the same amount of CUR so that the amount
of CUR and NP used during in the studies were similar. As seen in Table 4.1, CUR loading
ranged from 8.4 to 13.7 mg CUR per mg NP, whereas CUR loading in the nCmP ranged
from 8.3 to 10.5 mg CUR per mg nCmP (Table 4.2). The similar CUR loading between
the NP and nCmP systems indicates the successful encapsulation of CUR in the NP and
indicates that the spray drying process did not affect overall CUR encapsulation.
Karl Fischer titration was performed to determine the water content of the nCmP
formulations (Table 4.2). The residual water content for nCmP formulation was
approximately 5% which is acceptable for dry powder aerosol formulations. Low water
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content is desirable in inhaled dry powder formulations as it can result in improved
stability, efficient aerosolization, and enhanced particle dispersion properties during
aerosolization [27]. Furthermore, reduced water content can aid in the redispersion of NP
from nCmP following aerosol dispersion.
The aerodynamic properties of dry powder nCmP are an important factor in lung
deposition for pulmonary drug delivery applications. In particular, the aerodynamic
diameter and density of particles determine their deposition to specific areas of the lungs,
where smaller aerosol particles deposit more readily in the peripheral airways [28]. In vitro
aerosol performance of the nCmP was evaluated using a Next Generation ImpactorTM
(Figure 4.4). Broad aerosol dispersion was observed in all the stages, with approximately
5% of the total mass depositing on the first stage, corresponding to a cut off diameter of
8.06 μm. The highest deposition was observed on the third and fourth stages (2.82 and 1.66
μm cut off, respectively), with 30 to 35% of the total mass deposited per stage. 3 to 4% of
the total mass was observed on stage 7 (0.34 μm cut off), indicating the potential for particle
deposition in the deepest region of the lungs. These results indicate that the nCmP
formulations are favorable for efficient dry powder aerosolization and effective deposition
into the peripheral lung, allowing for targeted drug delivery to the alveolar region of the
lungs. The respirable (RF) and emitted dose (ED) were high (> 95%) for all formulations
except A549 nCmP, which had a RF of 77% (Figure 4.4). Relatively high fine particle
fractions (FPF) (45 to 70%) were observed, and these data are similar to data reported
elsewhere [29]. Figure B.1 shows the corresponding mass FPF and ED, which were similar
across all systems.
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Figure 4.4. (Left) In vitro aerosol dispersion performance of nanocomposite microparticle
(nCmP) systems as percentage (%) particles deposited on each stage of the Next Generation
ImpactorTM (NGITM). For Q = 60 L/min, the effective cutoff diameters (D50) for each
impaction stage are as follows: stage 1 (8.06 μm); stage 2 (4.46 μm); stage 3 (2.82 μm);
stage 4 (1.66 μm); stage 5 (0.94 μm); stage 6 (0.55 μm); and stage 7 (0.34 μm). (Right)
Percentage (%) of fine particle fraction, respirable fraction, and emitted dose of nCmP
systems (mean ± standard deviation, n = 3). A549 = pulmonary cell line, DPPC =
dipalmitoylphosphotidylcholine, PEG = poly(ethylene glycol), and PVA = polyvinyl
alcohol.

The geometric diameter of the particles, as determined via scanning electron
microscopy and Image J analysis, ranged from 1.2 to 1.7 µm (Table 4.2) and the nCmP
exhibited low tapped density (~0.15 g/cm3) compared to raw materials (~1 g/cm3). The
resulting theoretical mass median aerodynamic diameter (MMADT) values ranged from
0.53 to 0.64 µm while the experimental MMAD (MMADEXP) ranged from 2.6 to 3.9 µm
and the geometric standard deviation (GSD) values ranged from 1.9 to 3.0 µm. The GSD
were similar to previously reported results [30, 31] and the MMADT were significantly
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lower than the MMADEXP, which is due to the low density of the formulations. MMADEXP
values were larger than the geometric diameter values, which is likely due to particle
aggregation during aerosolization. Overall, the particles were within the range necessary
for peripheral lung deposition in children and adults [32].

Table 4.2. In vitro aerosol dispersion properties of nanocomposite microparticle (nCmP)
systems including geometric diameter (da), tapped density, theoretical mass median
aerodynamic diameter (MMADT), experimental mass median aerodynamic diameter
(MMADE), geometric standard deviation (GSD), water content, and curcumin (CUR)
loading (mean ± standard deviation, n = 3). A549 = pulmonary cell line, DPPC =
dipalmitoylphosphotidylcholine, PEG = poly(ethylene glycol), and PVA = polyvinyl
alcohol.

System

A549
nCmP
DPPC
nCmP
PEG
nCmP
PVA
nCmP

CUR
Loading
(μg CUR/
mg nCmP)

Water
Content
(%)

8.3 ± 0.3

4.9 ± 1.1

10.0 ± 0.2

4.6 ± 1.7

9.1 ± 0.3

9.5 ± 7.3

10.5 ± 0.3

5.8 ± 1.1

da
(µm)
1.2 ±
0.5
1.7 ±
0.7
1.2 ±
0.5
1.4 ±
0.5

Tapped
Density
(g/cm3)
0.16 ±0.02
0.15 ±0.01
0.18 ±0.01
0.15 ±0.01

MMADT
(µm)
0.47 ±
0.02
0.64 ±
0.01
0.54 ±
0.01
0.53 ±
0.02

MMADE
(µm)

4.0 ± 0.3
2.6 ± 0.1
2.9 ± 0.2
2.9 ± 0.2

GSD
(µm)
3.0 ±
0.2
2.3 ±
0.2
1.9 ±
0.1
2.2 ±
0.1

The mass transport over time and corresponding transport flux of the NP
disassociated from aerosolized from nCmP was evaluated to understand the impact of the
NP coatings on transcytosis of the NP across an in vitro pulmonary epithelial monolayer
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(Figure 4.5). Prior to evaluating particle transport across the cell monolayer, the presence
of a confluent monolayer at air-interface culture (AIC) conditions was confirmed by
measuring the transepithelial electrical resistance (TEER) of cells grown on Transwells
(Figure B.2). Cells grown in AIC conditions were exposed to aerosolized dry powder
nCmP 12 days after cell seeding, and the transport of the disassociated NP across the cell
monolayer was measured for 24 hours. There was no significant difference in TEER prior
to exposing cells to the nCmP in comparison to after exposure, indicating that the exposure
of nCmP to the cells did not affect the integrity of the cell monolayer.

Figure 4.5. Transport of nCmP systems across an H441 cell monolayer in Transwells over
24 hours. Data represents the mean ± standard deviation (n = 3, *p < 0.01). A549 =
pulmonary cell line, DPPC = dipalmitoylphosphotidylcholine, PEG = poly(ethylene
glycol), and PVA = polyvinyl alcohol.

During first 2 hours, NP exhibited faster transport, which leveled off after 6 hours.
Disassociated A549 NP and PEG NP transported across the cell monolayer significantly
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more than the other nCmP systems, and there was no significant difference between the
transport flux of A549 nCmP and PEG nCmP. Our previous work showed that coating AcDex NP with a pulmonary epithelial cell membrane (A549 or H441 cells) significant
enhances the transport of the NP across an in vitro pulmonary epithelial cell monolayer in
comparison to lipid- and polymer-coated NP. Despite being one of the most prevalent
phospholipids present in pulmonary surfactant, DPPC nCmP transported less than the cell
membrane-coated nCmP (A549 nCmP), indicating that it is likely the protein present on
the surface of the cell membrane-coated NP that aids to enhance NP transcytosis across the
AIC monolayer. The high transcytosis of the PEG nCmP formulation was surprising in that
our previous work shows that PEG NP do not exhibit transcytosis as significantly as A549
NP across a traditional liquid covered culture cell monolayer. The mechanisms behind the
enhanced PEG NP penetration are unknown, however, this may be due to the stealth nature
of PEG NP, allowing for enhanced transport through the surfactant on the AIC-grown cell
monolayer.
Overall, this work shows that surface properties of nanomaterials are an important
factor in determining their interaction with in vitro cell monolayers in terms of enhancing
transcytosis. Based on this in vitro evaluation, we found that dry powder nCmP can be
fabricated and optimized to deposit in the alveolar region of lungs as aerosols and
subsequently disassociate into parent NP to potentially avoid macrophage clearance. We
also showed that disassociated cell membrane-coated NP and PEG NP can penetrate a
model pulmonary epithelial barrier more effectively than lipid- and polymer-coated NP.
These formulations may be tailored to act as a potential dry powder inhalable formulation
for systemic pulmonary drug delivery. This proof-of-concept study shows that cell
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membrane-coated NP encapsulated into dry powder aerosol nCmP could potentially be
used to penetrate the air-blood barrier, with the epithelial layer being the first barrier to
overcome. Future studies will involve evaluating these formulations on in vitro air-blood
barrier models in addition to in vivo studies with mice and rats.
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5.1.

ABSTRACT
Dry powder aerosol nanocomposite microparticle (nCmP) formulations provide

great promise in their application in pulmonary drug delivery for the application of
therapeutics directly to the site of disease in the lungs. nCmP involve drug-loaded
nanoparticles (NP) that are encapsulated into microparticles via spray drying. The parent
NP can then dissociate from the nCmP upon deposition in the lungs, thereby delivering
drug-loaded NP directly to lung tissue to take advantage of the unique nanomaterial
properties such as the ability of the NP to penetrate pulmonary mucus, tumor tissue, or the
air-blood barrier. This work aimed to identify the spray drying parameters allowing for the
preparation of nCmP with specific characteristics such as the drug loading and aerosol
dispersion properties. The model compound curcumin (CUR) was encapsulated in the
biodegradable polymer acetalated dextran prior to spray drying the NP with mannitol to
form nCmP. Design of experiment (DOE) was used for nCmP parameter optimization, and
preliminary results show that the spray drying pump rate, nanoparticle-to-mannitol ratio
(NP%), and total feed concentration (Fc) significantly impacted the nCmP characteristics.
Future work will allow for the elucidation of optimal nCmP based on their aerodynamic
diameter, water content, and drug loading.

5.2.

INTRODUCTION
Particle-based aerosol formulations have attracted increasing attention in

pulmonary drug delivery applications to treat diseases such as asthma and chronic
pulmonary obstructive disease (COPD). The lungs are an attractive target for the delivery
of therapeutic aerosols owing to the large surface area present in the alveoli and low
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enzymatic activity and the fact that delivering therapeutics directly to the lungs allows for
increased local drug concentration, reduced systemic side effects, rapid onset of
pharmaceutical action, and avoidance of the first-pass metabolism associated with the
liver[1-3]. In comparison to liquid formulations, dry powders offer further benefits
including increased stability of the formulation, controllable particle size for targeting to
specific regions of the lungs, and high loading of hydrophobic drugs [4].
Despite these advantages dry powder formulations face barriers in their
implementation were smaller particles (< 1 μm) are easily exhaled, particles > 10 μm tend
to deposit in the upper airways and are eliminated in the mucociliary elevator, and particles
1 – 5 μm can be cleared from the alveoli via pulmonary macrophages [5-7]. Spray-dried
nanocomposite microparticles (nCmP) can be utilized to overcome these limitations. nCmP
are comprised of polymeric drug-loaded nanoparticles (NP) that are encapsulated into dry
powder microparticle formulations with the presence of an excipient via spray drying.
Upon administration to the lungs, the nCmP will disassociate into the parent drug-loaded
NP, thereby providing the opportunity for the NP to penetrate physiological barriers such
as mucus to then release therapeutics in a controlled fashion. The nCmP act as a ‘Trojan
horse’ where microscale dry powders in the 1-5 μm can be aerosolized efficiently to the
peripheral lungs and the entrapped NP carriers provide drug protection, enhanced
solubility, and controlled drug release [8].
nCmP formulations have been applied in pulmonary drug delivery applications to
deliver a wide variety of therapeutics including protein, antibiotics, anti-tuberculosis drugs,
anti-cancer drugs, and anti-fungal drugs [9-13]. Despite the increase in attention and
applications, few studies have been done to determine the optimal spray drying parameters
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for the production of nCmP formulations for pulmonary drug delivery applications. In our
previous work, the influence of spray drying inlet temperature, nanoparticle-to-feed ratio
(NP%), and total feed concentration (Fc) were evaluated to determine the optimized
conditions for a nCmP with small aerodynamic diameter, effective NP redispersion, high
drug loading, and low water content [14].
Since the parameters involved in the synthesis of nCmP formulations correlate with
and depend on one another, design of experiment (DOE) needs to be utilized to determine
the relative factors and investigate their influence on the properties of the final
formulations. DOE has been used in this capacity to screen important factors to allow for
the optimization of spray-dried formulations [15, 16]. In the current study, DOE was used
to investigate the influence of three spray drying parameters, including pump rate, NP%,
and Fc in order to optimize the nCmP formulations. The biodegradable polymer acetalated
dextran (Ac-Dex) was used to encapsulate a model therapeutic curcumin. Ac-Dex is an
acid-sensitive, biocompatible polymer that has been extensively used in drug delivery
applications owing to its tunable degradation, minimal burst release, and degradation into
neutral by-products [17-20]. Mannitol was used as the excipient to entrap the NP in the
nCmP owing to its ability to increase the fluidity of mucus in the lungs, leading to enhanced
NP mucus penetration [21]. The goal of this study was to show the optimal spray drying
parameters to allow for small aerodynamic diameter, favorable aerosol dispersion
properties, high drug loading, and low water content.
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5.3.

MATERIALS AND METHODS

5.3.1. Materials
Dextran from Leuconostoc mesenteroides (9000-11000 MW), pyridinium ptoluenesulfonate (PPTS, 98%), 2-methoxypropene (97%), triethylamine (TEA, ≥ 99%),
poly(vinyl alcohol) (PVA, MW 13000-23000, 87-89% hydrolyzed), anhydrous dimethyl
sulfoxide (DMSO, ≥ 99%), dichloromethane (DCM, anhydrous ≥ 99.8%), Tween® 80,
and acetonitrile (HPLC grade, ≥ 99%) were obtained from Sigma-Aldrich (St. Louis, MO).
Phosphate buffered saline (PBS) was obtained from Fisher Scientific (Somerville, NJ).
Hydranal® KF reagent was obtained from Fluka Analytical. Curcumin (CUR, ≥ 98%) was
obtained from ACROS OrganicsTM.

5.3.2. Synthesis of Acetalated Dextran
Ac-Dex was synthesized as previously described [14] with minor modifications. 1g
of dextran and 30 mg of PPTS were dissolved in 10 mL of DMSO. Once fully dissolved,
the solution was reacted with 7.5 mL of 2-MOP for 3 hours under nitrogen gas. The reaction
was quenched with 1 mL of TEA. Ac-Dex was then participated in basic water (water and
TEA, pH 9), vacuumed filtered, and lyophilized for 24 hours to yield a solid product.

5.3.3. Synthesis of CUR-loaded Ac-Dex nanoparticles
Curcumin-loaded nanoparticles (NP) were prepared via an oil/water emulsion
solvent evaporation method. 40 mg of Ac-Dex and 1 mg of CUR were dissolved in 1 mL
of DCM and placed in a sonicator bath for 1 minute. 6 mL of 3% PVA in PBS was added
to the organic phase, and this mixture was emulsified using a probe sonicator (Q500
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Sonicator) at 70% amplitude for 30 s with a 1 s on/off pulse. The resulting emulsion was
added to a spinning solution of 0.3% PVA in PBS and was allowed to spin for 3 hours,
allowing for organic solvent evaporation and particle hardening. The solution was
centrifuged at 19,802×g for 20 minutes at 4°C to collect the nanoparticles. The supernatant
was removed, and the NP were redispersed and washed with DI water. The NP were then
centrifuged again at the same settings, redispersed in 0.1% PVA in PBS, frozen overnight,
and lyophilized for 24 hours.

5.3.4. Preparation of Nanocomposite Microparticles (nCmP) via Spray Drying
Dry power nanocomposite microparticles (nCmP) were prepared via spray drying
of NP suspensions with mannitol in an aqueous solution using a Büchi B-290 spray dryer
(Büchi Labortechnik, AG, Switzerland) in open mode. The fixed spray drying conditions
for all nCmP formulations were as follows: 0.7 mm nozzle diameter; atomization gas flow
rate of 414 L/h (UHP dry nitrogen); aspiration rate of 28 m3/h; inlet temperature of 70°C;
and nozzle cleaner rate of 2. The following parameters were varied based on the conditions
determined via Design of Experiment: ratio of NP to mannitol in water (50 – 100 NP %)
with constraint NP % ≤ 100, feed solution concentration (0.25 – 1 % w/v) with constraint
≥ 0.2, and pump rate (0.9 – 2.7 ml/min) with constraint ≥ 0.3. The resulting nCmP were
separated in a high-performance cyclone, collected in a sample collector, and stored in
desiccators at -20°C. The yield of the nCmP collected post spray drying was determined
using the following equation:

Yield =

Theoretical Mass of nCmP
Actual Mass of nCmP Collected
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5.3.5. Nanoparticle Size, Size Distribution, and Surface Charge Characterization
The average diameter, size distribution, and surface charge of the NP before spray
drying and after disassociation from nCmP were determined via dynamic light scattering
(DLS) and zeta potential analysis using a Malvern Nano Zetasizer (Malvern Instruments,
Worcestershire, UK). The NP were diluted and dispersed in distilled water (0.25 mg/ml),
and the solution was analyzed in triplicate at a scattering angle of 173° at 25°C.

5.3.6. Differential Scanning Calorimetry
The thermal phase transitions of the NP, nCmP, and their raw components were
evaluated via differential scanning calorimetry (DSC) using a TA Q10 DSC system (TA
Instruments, New Castle, DE, USA) with an automated computer-controlled RSC-90
cooling accessory. 2-5mg of the sample was added to an aluminum pan, which was
hermetically sealed. The sample pan and an empty reference pan were placed in the DSC
furnace. The samples were heated from 0 to 300°C at a rate of 10°C/min.

5.3.7. Powder X-ray Diffraction
To evaluate the crystallinity of the particles and raw materials a Rigaku Multiflex
X-ray diffractometer (The Midlands, TX) with a Cu Kα radiation source at 40 kV and 44
mA was used. Samples were placed in a 3 mm horizontal quartz glass holder for analysis
and scans were performed from 5-60 2 with a step width of 0.02 and a scan rate of
2/min.
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5.3.8. Evaluation of Curcumin Loading
To determine the amount of CUR encapsulated in the NP and nCmP, the
formulations were dissolved in DMSO (1 mg/mL) and were analyzed via fluorescence
spectroscopy at 420 nm and 520 nm (excitation/emission) using with a Biotek Cytation 3
plate reader (BioTek Instruments Inc., Winooski, VT). The CUR concentration in the
samples was quantified in comparison to a standard curve of CUR in DMSO. The
encapsulation efficiency and drug loading of CUR was calculated with the following
equations:

Encapsulation Efficiency (EE) =

Drug Loading =

Actual mass of CUR in NP
Initial mass of CUR in NP

x 100%

Mass of CUR in NP
Mass of NP

5.3.9. Particle Morphology and Shape Analysis Via Scanning Electron Microscopy
The shape and morphology of the nCmP were investigated by scanning electron
microscopy (SEM) using a Zeiss SIGMA VP Field Emission Scanning Electron
Microscope (Germany). Doubled-sided adhesive carbon tape was used to secure dry
powder nCmP samples to aluminum SEM stubs, and the samples were coated with a thin
film of gold/palladium alloy using a Emscope SC400 (Bio-Rad Laboratories, Hercules,
CA) sputter coating system at 20 µA for 30 seconds under argon gas. Images were captured
at 5 kV using various magnifications.
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5.3.10. Analysis of Nanocomposite Microparticle Geometric Diameters
The mean geometric diameter (dg) and standard deviation of the nCmP were
measured digitally from SEM images using ImageJ software (Systat, San Jose, CA, USA).
Representative micrographs for each sample were analyzed by measuring the diameter of
at least 100 particles.

5.3.11. Tapped Density and Theoretical Aerodynamic Diameter Analysis
The density of nCmP was evaluated via tapped density measurements as
previously described [22]. 20 - 25mg of nCmP (m) was added to a thin glass tube and
tapped 200 times on a hard surface to ensure efficient packing. The volume (V) occupied
by the nCmP was measured using a digital caliper. The tapped density (ρ) was calculated
using the following equation:

𝜌𝑇 =

𝑚
𝑉

The theoretical mass median aerodynamic diameter (MMADT) was calculated
using the following equation:
𝑀𝑀𝐴𝐷𝑇 = 𝑑𝑔 √

𝜌𝑇
𝜌𝑟𝑒𝑓

where dg is the geometric diameter of the particle determined via SEM and ρref (1
g/cm3) is the reference density of solid polymer.

147

5.3.12. In Vitro Aerosol Dispersion Performance of nCmP Formulations
The in vitro aerosol dispersion characteristics of the nCmP was determined
using a Next Generation ImpactorTM (NGITM, MSP Corporation, Shoreview, MN)
equipped with a stainless-steel induction port (USP throat adaptor) attachment and stainless
steel gravimetric insert cups. The NGITM was attached to a Copley HCPS vacuum pump
(Copley Scientific, UK). The airflow rate was set to 60 L/min to model the flow rate of a
healthy adult lung [23]. Glass fiber filters (55 mm, Type A/E, Pall Life Sciences, PA) were
placed in the gravimetric cups corresponding to stages 1 through 7 to minimize bounce or
re-entrapment [24]. The filter mass was recorded before and after each experiment to
determine the nCmP mass deposited on each stage. 6 to 8 mg of each formulation was
placed into a hydroxypropyl methylcellulose capsule (HPMC, size 3, Quali-V, Qualicaps
Inc., Whitsett, NC), and the capsule was placed into a human dry powder inhaler device
(HandiHaler, Boehringer Ingelhelm Pharmaceuticals, CT) attached to a custom rubber
mouthpiece connected to the NGITM. Three HPMC capsules were loaded and released for
each measurement and all experiments were run in triplicate. The NGITM was run with a
delay time of 10 s and a running time of 10 s. For an airflow rate of 60 L/min, the effective
cutoff diameter for each stage is as follows: stage 1 (8.06 μm), stage 2 (4.46 μm), stage 3
(2.82 μm), stage 4 (1.66 μm), stage 5 (0.94 μm), stage 6 (0.55 μm), and stage 7 (0.34 μm).
The following equations were used to determine the fine particle dose (FPD), fine particle
fraction (FPF), respirable fraction (RF), and emitted dose (ED), respectively:

Fine particle dose (FPD) = mass of particles < 4.4 µm (stages 2 through 7)
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Fine particle fraction (FPF) =

Respirable fraction (RF) =

FPD
× 100%
Initial particle mass in capsules

FPD
× 100%
Total particle mass on all stages

Emitted dose (ED)
=

Initial mass in capsules − Final mass in capsules
× 100%
Initial mass in capsules

The experimental mass median aerodynamic diameter (MMADE) and geometric
standard deviation (GSD) of the formulations were calculated used a Mathematica program
written by Dr. Warren Finlay [25].

5.3.13. Karl Fischer Titration
The water content of the nCmP was determined by Karl Fischer (KF)
coulometric titration using a 737 KF coulometer (Metrohm, Riverview, FL).
Approximately 2 mg of each formulation was dissolved in anhydrous methanol and
injected into the reaction cell containing Hydranal® KF reagent. Pure anhydrous methanol
was used to determine a background signal. All experiments were run in triplicate.

5.3.14. Design of Experiment
The spray drying parameters evaluated by design of experiment (DOE) were pump
rate (ml/min), feed concentration (% w/v), and NP-to-mannitol ratio (% w/w). Table 5.1.
shows the factors along with the corresponding low and high levels and physical
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constraints. Optimal design with constraints were applied to determine the experimental
conditions using Design Expert (Stat-Ease, Inc). The DOE responses included CUR
loading and encapsulation efficiency, yield, geometric diameter, tapped density, mass
median aerodynamic diameter (theoretical and experimental), geometric standard
deviation, fine particle fraction, respirable fraction, emitted dose, nanoparticle properties
(size, PDI, and zeta potential) following redispersion, and water content were analyzed
using an analysis of variance (ANOVA) approach. The complete design and formulation
parameters that were varied are shown in Table 5.2.

Table 5.1. Factors, levels, and constraints for the central composite design of dry powder
aerosol nanocomposite microparticle formulations corresponding to the spray drying
parameters utilized, including the pump rate, nanoparticle-to-mannitol ratio (NP%), and
total feed concentration (Fc).
Factors
Pump rate (ml/min)
NP% (% w/w)
Total Fc (% w/v)

Level
Low
0.9
50
0.25

High
2.7
100
1.0
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Constraints
≥ 0.3
≤ 100
≥ 0.2

Table 5.2. Spray drying formulation parameters (factors) of the nanocomposite
microparticle (nCmP) formulations determined via design of experiment including the
pump rate, nanoparticle-to-mannitol ratio, and total feed concentration (Fc)

Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Pump Rate
(ml/min)
1.5
1.5
1.8
0.3
0.3
1.8
2.7
0.3
1.8
1.5
2.7
2.7
2.7
2.7
0.9
1.8
0.3
0.3
1.5
1.5

NP (% w/w)

Fc (% w/v)

99.0
72.8
78.5
75.0
50.0
50.0
72.3
100.0
50.0
72.8
50.0
100.0
72.3
100.0
70.0
50.0
82.0
82.0
98.3
99.0

0.56
0.98
0.20
0.88
0.72
0.66
0.56
1.00
0.20
0.98
1.00
0.20
0.56
1.00
0.52
0.20
0.20
0.20
0.96
0.59

5.4. RESULTS AND DISCUSSION
5.4.1. Properties of Parent Nanoparticles
Curcumin (CUR)-loaded nanoparticle (NP) were synthesized using the
biodegradable polymer acetalated dextran (Ac-Dex) and were coated with the polymer
polyvinyl alcohol (PVA). The properties of the parent NP were characterized before spray
drying and after dissociation of the NP into water. The average size, polydispersion index
(PDI), ζ potential, CUR loading, and encapsulation efficiency of the NP are shown in Table
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5.3. The NP were approximately 200 nm or smaller in diameter prior to spray drying, which
is a desirable to avoid mucus entrapment and macrophage clearance [26]. The low PDI
denotes a narrow size distribution of the NP, whereas the resulting ζ potential values
indicates a neutral surface charge, which is favorable to reduce NP interaction with mucus
present in pulmonary airways [27].

Table 5.3. Characteristics (responses) of the parent nanoparticle (NP) encapsulated into
nanocomposite microparticle (nCmP) systems before and after spray drying, including
diameter, polydispersity index (PDI), and ζ potential.

Run
1
2
3
4
5
6
7
8
9

Diameter (nm)
Before
After
207 ± 4
210 ± 3
209 ± 4
205 ± 4
178 ± 4
179 ± 3
172 ± 3
176 ± 3
171 ± 3
176 ± 4
179 ± 2
178 ± 1
175 ± 3
174 ± 4
197 ± 5
251 ± 3
180 ± 2
181 ± 2

PDI
Before
0.09 ± 0.01
0.12 ± 0.01
0.08 ± 0.01
0.05 ± 0.02
0.07 ± 0.01
0.04 ± 0.02
0.04 ± 0.03
0.11 ± 0.01
0.05 ± 0.01

After
0.10 ± 0.00
0.11 ± 0.01
0.05 ± 0.01
0.03 ± 0.02
0.04 ± 0.03
0.07 ± 0.01
0.04 ± 0.01
0.26 ± 0.02
0.11± 0.07

ζ Potential (mV)
Before
After
-9.2 ± 0.7
-8.3 ± 0.1
-21.3 ± 0.4
-23.8 ± 0.5
-3.4 ± 0.2
-6.5 ± 0.2
-7.6 ± 2.1
-8.0 ± 3.3
-6.5 ± 1.5
-8.1 ± 2.4
-4.21 ± 1.2
-6.0 ± 0.6
-5.4 ± 0.6
-6.4 ± 2.4
-3.5 ± 0.2
-6.1 ± 0.6
-5.5 ± 0.9
-4.83 ± 0.1

5.4.2. Properties of Spray-Dried Nanocomposite Microparticles
CUR-loaded NP were spray dried with the excipient mannitol to form dry powder
aerosol nanocomposite microparticles (nCmP) that encapsulate the parent NP. The
morphology, size, aerosol dispersion, yield, and water content of the nCmP were analyzed
following spray drying. As seen in Figure 5.1, the nCmP exhibited raisin-like (corrugated)
morphology, which is a result of the nCmP formation process during spray drying. For
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these nCmP the NP and excipient in solution like have insufficient time to diffuse
throughout the spray-dried droplet, which results in their accumulation at the liquid-air
interface. As droplet evaporation continues, hollow particles form and the viscoelastic
nature of the material leads to formation of a flexible skin surface in the late stage of drying,
causing collapse of the hollow particles.
The crystallinity and phase transition behavior of the nCmP, NP, and the raw
materials that make up the formulations were characterized via x-ray diffraction (XRD)
and differential scanning calorimetry (DSC), respectively (Figure 5.2). The sharp peaks
present in the x-ray diffractogram for raw CUR and mannitol indicate that both materials
are very crystallin in nature, whereas the smooth lines for raw PVA and Ac-Dex indicate
their lack of crystallinity. The lack of strong peaks for the parent NP and spray-dried nCmP
indicates either their lack of crystallinity, which means that the CUR and mannitol
underwent amorphization following NP and nCmP synthesis, respectively. It is desirable
for aerosol formulations to be amorphous as this results in systems that are more stable
during storage, and it enhances the dissolution and subsequent bioavailability of the loaded
therapeutic.
The aerosol dispersion properties of the nCmP were determined using a Next
Generation ImpactorTM (NGI), where the amount of dry powder particles deposited on each
stage of the NGI can be seen in Figure 5.3. The majority of the formulations deposited on
stages 1 through 3, with decreasing amounts depositing on stages 4 through 7. The
significant amount of deposition on stages 2 through 7, where particles < 4.4 μm) deposit,
indicates that the nCmP formulations would likely exhibit aerosol characteristics allowing
them to deposit in the peripheral region of the lungs.
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Figure 5.1. Scanning electron micrographs of spray-dried nanocomposite microparticles
and their respective run conditions determined by design of experiment.
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Figure 5.2. (Left) X-ray diffractogram and (Right) differential scanning calorimetry data
for the raw components making up the formulations including curcumin (CUR), mannitol,
poly(vinyl) alcohol, and acetalated dextran (Ac-Dex) in addition the representative data for
nanoparticles (NP) and nanocomposite microparticles (nCmP).

Figure 5.4 shows the raw data for the properties of the spray-dried nCmP
formulations, including curcumin (CUR) loading, CUR encapsulation efficiency, yield,
geometric diameter (dg), tapped density (ρT), theoretical mass median aerodynamic
diameter (MMADT), experimental mass median aerodynamic diameter (MMADE), yield,
geometric standard deviation (GSD), respirable fraction (RF), fine particle fraction (FPF),
and emitted dose (ED). CUR was successfully encapsulated into the NP of all the nCmP
formulations as seen by the CUR loading and EE data, which ranged from 0.9 to 5 μg
CUR/mg nCmP and 4 to 16%, respectively. The yield of the nCmP is important during the
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spray drying process as it is desirable to limit particle loss during particle formulation, and
these values ranged from 35 to 66%.

Figure 5.3. In vitro aerosol dispersion performance of nanocomposite microparticle
(nCmP) systems as percentage (%) particles deposited on each stage of the Next Generation
ImpactorTM. For Q = 60 L/min, the effective cutoff diameters for each impaction stage are
as follows: stage 1 (8.06 μm); stage 2 (4.46 μm); stage 3 (2.82 μm); stage 4 (1.66 μm);
stage 5 (0.94 μm); stage 6 (0.55 μm); and stage 7 (0.34 μm).

The dg values measured from the SEM images and ImageJ ranged from 1.2 to 2.5
μm and the ρT ranged from 0.12 to 0.15 g/cm3, indicating that the actual particle sizes are
potentially appropriate for effective aerosol dispersion in the lungs and that the particles
are very light and hollow, respectively. The small density values resulted in small MMADT
(0.46 to 0.89 μm) in comparison to the MMADE (4.1 to 6.3 μm). The MMADE indicate
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that the nCmP formulations are capable depositing in the peripheral lung and the increase
in size of MMADE in comparison to dg is likely due to aggregation of the microparticles
during aerosolization. The GSD for the formulations were approximately the same and
indicate slight homogeneity in aerosol diameter following aerosolization. The aerosol
dispersion properties FPF, RD, and ED were similar for all of the systems and are similar
to results previously reported by our group [28, 29].

Figure 5.4. Nanocomposite microparticle (nCmP) characteristics (responses) including
geometric diameter, tapped density, theoretical mass median aerodynamic diameter
(MMADT), experimental mass median aerodynamic diameter (MMADEXP), geometric
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standard deviation (GSD), fine particle fraction (FPF), respirable fraction (RF), and emitted
dose (ED).

A preliminary evaluation of the impact of the spray drying parameters (factors) on
the nCmP characteristics (responses) was completed as seen in Figures 5.5 through 5.7.
The loading of CUR into the nCmP and EE values increased with increasing NP% and Fc,
which is due to the increased amount of CUR-loaded NP in the formulation and greater
particle mass overall, respectively. Therefore, increasing the NP% or Fc and increasing the
CUR loading in the parent NP can be applied to achieve higher drug loading in the nCmP
formulations. The pump rate had no significant impact on CUR loading. Yield decreased
with an increase in pump rate, whereas this response increased with increasing NP% and
Fc.
The geometric diameter values decreased slightly with increasing pump rate and
increased with increasing Fc, whereas NP% had no impact on this parameter. The three
factors had no impact on tapped density and as a result the MMADT values exhibited the
same correlation as the geometric diameter values. Interestingly our preliminary results
show minimal impact of the spray drying parameters on MMADE, which is surprising
given that the geometric diameter values increased with increasing pump rate and Fc.
However, these results may be due to competing factors and further completion of the study
could shed more light on this phenomenon.
The GSD values increased with increasing pump rate and decreased with increasing
NP%. There may be a slight decrease in these values with increasing Fc, however, more
data is needed to confirm this correlation. FPF decreased with increasing pump rate and
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increased with increasing NP% and Fc. An increase in FPF due to NP% has been shown in
our previous work [14]. RF values showed a similar trend to the FPF whereas the three
factors had minimal impact on the ED of the nCmP formulations.
Table 5.4 shows an overview of the correlation between the three design of
experiment (DOE) spray drying factors in comparison to the resulting responses. These
data show that the engineering of dry powder aerosol nCmP formulations is complicated
and can benefit from DOE analysis to determine the optimal spray drying conditions
depending on the desired parameters for the given formulation(s). Future work will involve
the completion of the runs, data analysis, and DOE to determine the statistical correlation
between the factors and parameters.
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Figure 5.5. Comparison of spray drying parameters (factors) and corresponding responses
including Curcumin (CUR) loading, encapsulation efficiency (EE) and yield. The red line
represents a linear fit of the data.
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Figure 5.6. Comparison of spray drying parameters (factors) and corresponding responses
including geometric diameter (dg), tapped density (ρT), theoretical mass median
aerodynamic diameter (MMADT), and experimental mass median aerodynamic diameter
(MMADE). The red line represents a linear fit of the data.
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Figure 5.7. Comparison of spray drying parameters (factors) and corresponding responses
including geometric standard deviation (GSD), fine particle fraction (FPF), respirable
fraction (RF), and emitted dose (ED). The red line represents a linear fit of the data.
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Table 5.4. Outline of the influences of pump rate, nanoparticle-to-mannitol ratio (NP%),
and total feed concentration (Fc) on the properties of the resulting nanocomposite
microparticle formulations.

Response
CUR Loading
Encapsulation Efficiency
Yield
Geometric Diameter
Tapped Density
MMADT
MMADEXP
Geometric Standard Deviation
Fine Particle Fraction
Respirable Fraction
Emitted Dose

5.5.

Pump Rate
(ml/min)
×
×
⇩
×
⇩
×
⇧
⇩
×
×

Factor
NP
(%)
⇧
⇧
⇧
×
×
×
×
⇩
⇧
⇧
×

Fc
(% w/v)
⇧
⇧
⇧
⇧
×
⇧
×
×
×
×
×
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CHAPTER 6

6.1.

CONCLUSIONS AND FUTURE WORK

6.1.1. Conclusions
This dissertation is focused on the development, characterization, evaluation, and
optimization of polymeric nanoparticle-based dry powder aerosol formulations capable of
overcoming pulmonary epithelial barriers. Curcumin-encapsulated acetalated dextran
nanoparticles with different surface properties were developed to understand the cellular
interactions with different nanoparticle formulations in terms of internalization and
transcytosis. It is important for a drug carrier, in this case cell membrane-coated
nanoparticles, to be able overcome pulmonary barriers such as mucosal barriers and
epithelial barriers for the treatment of pulmonary diseases.
Nanocomposite microparticles (nCmP) were formulated by spray drying a
suspension of nanoparticles with the water-soluble excipient mannitol. Mannitol helps in
enhancing the aerodynamic properties of the nCmP which can act as a ‘Trojan horse’ for
the nanoparticles during pulmonary aerosolization and deposition. The aerodynamic
properties of the nCmP were evaluated for targeted pulmonary deposition and it was shown
that the formulated nCmP systems are likely to deposit in the alveolar region in the lungs.
The disassociated nanoparticles from nCmP were able to cross an air interface cultured
model cell monolayer indicating the potential of the nCmP for pulmonary drug delivery
applications.
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Different spray drying parameters were varied using design of experiment to
identify optimal spray drying conditions in the preparation of nCmP systems with favorable
properties including small aerodynamic diameter, effective nanoparticle redispersion, high
drug loading, and low water content. The optimal ranges of the spray drying parameters
were discussed to ensure the stability of the therapeutics and formulations.
The dissertation presents a strategy to develop a nanoscale carrier with the
capability of protecting its cargo from degradation, enhancing drug solubility, releasing
therapeutic payloads to the target site, and overcoming physiological barriers. In addition,
the optimal conditions to formulate microscale carriers with advantages including targeted
deposition in the alveolar region, high drug loading, enhanced stability, and maintenance
of favorable properties in embedded nanoparticles were demonstrated.

6.1.2. Future Work
This dissertation provides the first comprehensive study on developing and
evaluating pulmonary epithelial cell membrane based dry powder aerosol formulations
capable of potentially overcoming the air-blood barrier. Many opportunities exist to
conduct further research based on this delivery system, which may include, but is not
limited to:

•

Development of platelet membrane-coated nanoparticles containing therapeutics and
evaluate their physicochemical properties and in vitro properties.

•

Investigate the safety and efficacy of platelet membrane-coated nanoparticles as a drug
delivery vehicle.
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•

Investigate the safety and efficacy of drug-loaded cell membrane coated nanoparticles
for pulmonary hypertension in vivo study using an animal model.

•

Development of nCmP comprised of multiple therapeutics loaded into nanoparticles to
overcome multidrug resistance related infections.

•

Application of a general-purpose nCmP system for protein, DNA, RNA, siRNA, and
mRNA delivery to the lungs.
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APPENDIX A

Supplemental Material for Chapter 3

Table A.1. Quantification of the coatings present on the surface of the nanoparticle systems
in addition to the amount of protein present on the cell membrane-coated nanoparticle
systems. Lipid coating was determined for DPPC NP and DOTAP NP, whereas PVA
coating was determined for PVA NP. Data represents the mean ± standard deviation (n =
3).
NP System
H441 NP
A549 NP
DPPC NP
DOTAP NP
PEG NP
PVA NP

Coating Amount
(µg coating/mg of NP)
n/a
n/a
10 ± 1
25 ± 11
n/a
395 ± 18

Protein Amount
(µg protein/mg of NP)
1.3 ± 0.2
0.2 ± 0.1
n/a
n/a
n/a
n/a

Figure A.1. Relative cell viability (%), as determined by a resazurin assay, after incubation
of H441 cells with curcumin (CUR) for (A) 24 hours and (B) 48 hours. Data represents the
mean ± standard deviation (n = 3).
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Figure A.2. Representative confocal images from nanoparticle internalization study in
H441 cells, including brightfield, green (nanoparticles), red (cell mask), green and red
combined, and all images combined.
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Figure A.3. Evaluation of transepithelial electrical resistance (TEER) for H441 monolayer
after 24 hours of exposure to the nanoparticle (NP) systems both with and without the
inhibitors chloropromazine hydrochloride (CPZ), genistein (GS), and dynasore (DS). The
dash line indicates TEER prior to exposure to NP and inhibitors. Data represents the mean
± standard deviation (n = 3).
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Figure A.4. A comparison of transport versus internalization of nanoparticle (NP) systems
across a H441 cell monolayer. (A) NP internalization per cell, (B) NP transport flux, (C)
NP transport efficiency, and (D) Change in NP transport versus internalization. The
defining equations from parts (C) and (D) are below. The dashed line in part (C) represents
the threshold of transport efficiency, where data above the line indicates more efficient NP
internalization than transport. In (D) a downward facing bar indicates that the NP systems

174

internalized into cells more efficiently than they were transported across the cell
monolayer.

NP Transport Efficiency =

Transport Rate vs. Internalization =

NP Transport
NP Internalization

NP Transport - NP Internalization
NP Transport

where NP Transport corresponds to data from Figure A.4A and NP Internalization
corresponds to Figure A.4B.
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APPENDIX B

Supplemental Data for Chapter 4

Figure B.1. In vitro aerosol dispersion performance properties of nanocomposite
microparticle (nCmP) systems including fine particle dose and emitted dose (mean ±
standard

deviation,

n=3).

A549

=

pulmonary

cell

line,

DPPC

=

dipalmitoylphosphotidylcholine, PEG = poly(ethylene glycol), and PVA = polyvinyl
alcohol.
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Figure B.2. Evaluation of transepithelial electrical resistance (TEER) for H441 cells grown
in air interface culture before and after dosing the monolayer with nanocomposite
microparticles (nCmP). The arrow indicates when the nCmP were added to the cell
monolayer and the average of the TEER values after 24 hours of nCmP exposure (e.g., Day
13) comes from the four nCmP systems.
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