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ABSTRACT
Chronic respiratory diseases such as asthma, COPD, pulmonary fibrosis are more prevalent
throughout the world. For some of these diseases there is no cure, the current treatment options
manages the symptoms and acute exacerbation. The new approach to find a curative therapy for
respiratory diseases is by targeting the cellular / molecular pathways that either cause the disease
or has the potential cure the disease. It becomes important to target the respiratory system in
treating these diseases to increase the delivered dose and reduce the unwarranted adverse effects.
Dry powder inhaler (DPI) is a targeted drug delivery dosage form commonly used to target the
airways to treat respiratory diseases. There are two components to dry powder inhaler product –
powdered drug formulation and inhaler device; a unified performance of the two is essential for a
successful product. In this study, dry powder aerosol of novel drug compounds that targets the
underlying cellular and molecular mechanism are developed for the first time. Advanced organic
closed mode spray drying technique was used to the produce microparticulate/ nanoparticulate
formulations. The formulation of the novel compounds involved utilizing sugar based excipients.
Each formulation that was produced was comprehensively characterized in the solid state. The
safety of these formulations were tested in in vitro human pulmonary cell lines. The in vitro aerosol
dispersion of the spray dried drugs were tested using three FDA approved human inhaler devices.
The influence of the inhaler device resistance and spray drying process conditions on the aerosol
dispersion was evaluated. Preliminary testing of the formulations in in vivo animal models shows
promising results in treating chronic respiratory diseases with these superior aerosol formulations.
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CHAPTER 1
INTRODUCTION
This chapter contains some excerpts from
Dry powder inhalers in COPD, lung inflammation and pulmonary infections published by Priya
Muralidharan, Don Hayes Jr and Heidi M Mansour in Expert opinion on drug delivery 2015, 12,
947-962.
Chapter 8.2: Inhaled Nanoparticulate Systems: Composition, Manufacture and Aerosol Delivery
published by Heidi M Mansour, Priya Muralidharan, and Don Hayes, Jr. in Dhand, R, editor.
Textbook of Aerosol Medicine. Knoxville: International Society of Aerosols in Medicine; 2015
731-771.Available from: www.isam.org.
Reproduced with the permission of the copyright owners.
1.1

OVERVIEW OF PULMONARY DRUG DELIVERY
Inhalation aerosols have been known for a few centuries since the ancient Greeks and

Egyptians1. Inhaled fumigation was known in the first century, while antibiotic therapy was
popular from the mid-20th century2. Inhalation of aerosols can be intranasal via the nose or orally
via the mouth. There are significant differences in both particle properties and applications of
nasally administered versus orally inhaled aerosols. The nasal route is used for local delivery to
the upper respiratory track and for access to the central nervous system (CNS). On the other hand,
orally inhaled or the pulmonary route is targeted to deliver to the lower respiratory track. Both
intranasal and pulmonary routes have been explored as a portal to the systemic circulation. The
non-invasive access to the CNS through the nose and the highly perfused alveolar regions of the
lungs are often targeted for systemic absorption of drugs. Additionally, the nasal route has been
used to administer vaccines to prevent certain infectious diseases. But, the pulmonary route of
administration is a larger market compared to the nasal route, mainly due to the increased surface
area and the numerous serious life threatening diseases occurring in the airways. According to
market research reports the global pulmonary drug delivery market grows at a compound annual
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growth rate of 14.3%3. This tremendous growth is mainly due to the increasing incidence of
chronic respiratory diseases.
Drug delivery through the lungs is a noninvasive alternative for systemic and local
administration of poorly absorbed therapeutic compounds. However, a major application of
pulmonary delivery is to target the airways locally to treat respiratory diseases. Such diseases
include asthma, chronic obstructive pulmonary disease (COPD), bronchitis, cystic fibrosis, and
pulmonary infections. The major class of drugs that are administered locally to the lungs include
short-acting β-agonists (e.g., albuterol), short-acting corticosteroids (e.g., beclomethasone), shortacting anticholinergics (e.g., ipratropium), mast cell inhibitors (e.g., cromolyn sodium), longacting β-agonists (e.g., salmeterol and formoterol), long-acting corticosteroids (e.g., fluticasone
propionate), and long-acting anticholinergics (e.g., tiotropium)4. The needle free, non-invasive
route of drug administration combined with the vast surface area for absorption attracts
administration of small and macromolecules for systemic delivery. Some successful products that
are on the market currently includes Adasuve for schizophrenia, and Afreeza® for diabetes.
Drugs can be delivered to the respiratory track as solid particles or liquid droplets aerosol
under the collective names of pulmonary drug delivery, inhalation aerosols, or respiratory drug
delivery.
Currently, four major classes of inhalation aerosol delivery systems are in use (shown in Figure
1.1), namely: nebulizers, pressurized metered dose inhalers (pMDIs), soft mist inhalers (SMIs),
and dry powder inhalers (DPIs). Among these four types, the first three are liquid based aerosols,
while DPI is solid based aerosol. Each has its own advantages, disadvantages, and limitations in
regard to the type of drugs and drug formulations that can be used as well as the amount of
respirable dose that can be generated from these devices. The pathology of every disease is
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different; similarly, performance and operation of every inhaler is also different5,6. Additional
complications the pathology of certain diseases that render patients with decreased ability to
perform the functions required for successful aerosol generation from these devices. Although it
can be challenging to prescribe a suitable inhaler for any given disease, choosing the right device
can be the first step towards successful treatment. Hence, careful consideration must be given in
choosing an inhaler device since different devices use different techniques. In fact, prescribing
more than one type of inhaler may confuse patients (e.g. prescribing both a pMDI and DPI)7
because the handling technique is unique for every inhaler type . On the other hand, not all
medications are available in all inhaler types, for example, albuterol sulfate is available only as a
pMDI. Consequently, this confines the choice of inhaler type that can be used for multi-drug
treatment in certain diseases. Additional challenges to this are formulation optimization, patient
non-compliance, incorrect handling of the inhaler device, wrong choice of treatment option, and
patient’s personal preference to certain device types. Therefore, it becomes imperative for the
healthcare provider to be prudent in selecting the right dosage form.

Figure 1. 1: Inhalation Aerosol Delivery Systems A) Nebulizer; B) Pressurized Metered Dose
Inhalers (pMDI); C) Dry Powder Inhalers (DPI) D) Soft Mist Inhaler (SMI).
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1.2

DRY POWDER INHALER
Pulmonary aerosol delivery using respirable dry powders continues to expand as a multibillion

dollar global market. Global concern over ozone layer depletion motivated the approval of the
Montreal protocol in 1987 to eliminate the use of ozone-depleting propellants. Hence, in the past
two decades, respiratory drug delivery has focused on two main aspects: replacing
chlorofluorocarbon (CFC) propellants in pMDIs and a methodology to increase drug
bioavailability. Hydrofluoroalkane (HFA) propellant and DPI have come to the rescue in replacing
CFC propellant8, while nanotechnology continues to be explored for targeted delivery thereby
increasing bioavailability9.
DPIs are not new, infact in the 19th century, Newton and Nelson each patented a dry
powder inhaler (DPI)10. Newton’s device, although not very sophisticated, captures the core
principles of modern day DPI: micronization and decreased residual moisture. Soon after British
pharmacopeia recognized inhalation therapies. Nonetheless, the inhalation aerosol therapy took a
detour until 1948, when Abbott introduced Aerohalor for penicillin10. Although drug delivery
through inhalation was achieved many years ago, dose control was poor11. When the
pharmaceutical industry succeeded in delivering controlled doses, treatment of pulmonary
diseases, especially asthma, was revolutionized. Pulmonary drug delivery continues to
demonstrate steady growth in the global market. According to market research reports, the DPI
market was $6.6 billion in 201012 and reached $17.5 billion in 20133. It is expected to grow to
$31.5 billion in 2018 at a compound annual growth rate (CAGR) of 12.5%3. The need for improved
treatment of various pulmonary diseases is the driving force for increased research in and growth
of DPI pharmaceuticals. As previously mentioned, DPI is the only inhaler type that delivers solid
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based aerosols. DPI has some advantages and some inherent drawbacks such as those listed in
Table 1.1.
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Table 1. 1: List of some advantages and disadvantages of dry powder inhalers (DPI).
Advantages of DPI

Limitations of DPI

 Solid state of the drug molecules  Limitations owing to the need of patient’s
inspiratory effort for aerosol generation6.

increases physical and chemical stability.
 Ability

to

include

long-acting  Different DPI devices have significantly

hydrophobic water-insoluble drugs13.

different design anatomies that make

 Ability to achieve higher fraction of deep

standardized comparisons across all DPI

lung deposition6,14.

devices difficult.

 More inhaler device design options for  Moisture sensitivity of the powders can
affect aerosol dispersion 6.

testing with different formulations.
 Portability compared to nebulizer6.

 Interparticulate interactions, mainly due to

 Absence of liquid propellants6,15 and

van der Waals, electrostatic, and capillary

hand-lung coordination6,15 compared to

forces17-20 can hinder powder flow and

pMDI.

dispersion.

 Ease of manufacturing.

 DPI management and handling errors by

 Non-invasiveness and ease of use by
patients16.

patients includes
o incorrect loading of the device6.
o failure to pierce the capsule6.
o inappropriate inhalation methods5,6.
o improper storage6.
o variability in device techniques.
o improper inhaler positioning.5
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1.2.1

Dry Powder Inhaler: In Vitro Aerosol Performance Critical Quality Attributes

The United States Pharmacopeia (USP) chapter <601>21 describes the performance parameters
required for orally inhaled aerosol formulations.
•

Emitted Dose (ED): This is the mass of the dose that is delivered from an inhaler device.
There can be some device retention in the inhaler device which can cause the emitted dose
or otherwise known as delivered dose to decrease.

•

Fine Particle Fraction (FPF): According to USP chapter <601>21 fine particle dose or fine
particle fraction is that portion of the inhaler ouput having an aerodynamic diameter (Da)
less than the size defined in the individual monograph. This may be expected to correlate
with the drug dose or that fraction of the drug dose that penetrates the lung during
inhalation. Although USP mentions that the cut-off aerodynamic diameter is defined in the
monograph, more often than not this is determined based on the testing equipment used
and the testing conditions.

•

Mass Median Aerodynamic Diameter (MMAD): This is defined as the aerodynamic
diameter below which 50% of the total mass of the aerosol’s aerodynamic diameter lies. It
is obtained by plotting the cumulative percentage of mass on the y-axis (probability scale)
and the aerodynamic diameter on the x-axis (log scale). The underlying assumption for
MMAD calculations is that the particle size distribution is log-normally distributed.

•

Geometric Standard Deviation (GSD): This describes the spread of the particle size
distribution data. An aerosol with GSD <1.22 is described as monodisperse, whereas a
GSD 1.22 is polydisperse4.

In general, a superior performing aerosol is expected to possess a higher ED, higher FPF, lower
MMAD and lower GSD.
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1.2.2

Types of Dry Powder Inhalers

Dry powder inhalers are classified into different types according to their metering system,
dispersion mechanism, or device design. Based on the metering system, the inhalers can be
classified as (1) a unit dose inhaler dispensing a single dose of drug from capsules made of
hydroxyl propyl methyl cellulose (HPMC) or gelatin, (2) a multi-unit dose inhaler dispensing
several single doses from blister packs, or (3) a multiple dose inhaler dispensing multiple doses of
drug from a powder reservoir. Figure 1.2 illustrates images of DPI products currently available
showing the three types of DPI products. The device design plays an important role in determining
the DPI product efficiency because the dimensions and internal anatomy of the device introduces
resistance to the air flow. Hence, DPI devices can be classified based on air flow resistance into
low, medium, or high. Classification of devices based on their resistance has not gained acceptance
as much as the dispersion mechanism. However, this classification would aid in the selection of
correct inhalers that are appropriate to patient condition and ability to generate aerosol. Based on
drug dispersion, devices can be active or passive. Active dispersion of the drug is aided by
mechanical or electrical means, while passive dispersion of the drug is brought about by patient
inspiratory flow22-24. Therefore, success of passive DPI depends on a patient’s ability to generate
an inspiratory flow rate that is strong enough to overcome the resistance of the inhaler and set the
particles in motion. Table 1.2 lists selected DPI devices with their classification. A DPI product is
made up of a device, drug formulation, and a metering system. Hence, metering and dispersion
classifications are more appropriate to drug products, while resistance classification is for the
device alone.
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Table 1. 2: List of selected DPI devices with their classification currently available in the USA
and European Union (EU). [Adapted from reference25].

Device

Device
Resistance

Cyclohaler®/
Low
Aerolizer®
Spinhaler®
Low
®
Diskhaler
Low
®
Breezhaler
Low
®
Turbuhaler
Medium
®
Diskus /
Medium
Accuhaler®
Podhaler™
Medium
®
®
Genuair /Pressair
Medium
®
Turbospin
Medium
®
Novolizer
Medium
®
HandiHaler
High
®
Easyhaler
High
®
Clickhaler
High
®
Pulvinal
High
Prohaler®
High
®
Orbital
High
®
Eclipse
High
®
Certihaler
N/A
™
DreamBoat
N/A
Note: N/A – information not available

Metering

Manufacturer

Unit dose

Novartis

Unit dose
Multi-unit dose
Unit dose
Multidose

Aventis
GlaxoSmithKline
Novartis
AstraZeneca

Multi-unit dose

GlaxoSmithKline

Unit dose
Multidose
Unit dose
Multidose
Unit dose
Multidose
Multidose
Multidose
Multi-unit dose
Multi-unit dose
Unit dose
Multidose
Multi-unit dose

Novartis
Almirall,S.A
PH&T
ASTA Medica
Boehringer Ingelheim
Orion
ML Labs
Chiesi Ltd.
Aptar Pharma
Pharmaxis
Aventis Pharma
SkyePharma
MannKind Corporation
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Figure 1. 2: Representative dry powder inhaler products in the market A) unit dose dry powder
inhaler; B) multi-unit dose dry powder inhaler; and C) multiple dose dry powder inhaler.
1.2.3

Aspects of DPI Devices
Drug delivery from DPI involves fluidization (aerosolization), de-aggregation, dispersion,

and deposition of particles into the lung. There are three main forces responsible for these
activities: interparticulate forces between the powder particles, dispersion forces generated during
inhalation, and deposition forces in the respiratory tract. The influence of DPI device design and
drug formulation with respect to the above forces on product performance is discussed in this
section.
A DPI device consists of an air entry port, drug holding chamber, and a mouth piece. The
different aspects of an inhaler include pressure drop, resistance, geometry, etc. and are related to
one another in determining the overall performance of the device. From a device perspective, the
dimensions, shape, fluid mechanics, air flow pattern, and interaction with the formulation
contribute to performance characteristics26. The physicochemical factors of the drug formulation
that affect DPI performance include particle size, shape, density, surface roughness, surface area
and morphology, and crystallinity26-29. Surface roughness of carrier particles increases the
29

performance of a DPI,29 whereas the aerodynamic particle size distribution generated from a
passive DPI device depends (inversely) on patient’s inspiratory flow rate (IFR)30
1.2.3.1 Fluidization and De-aggregation
Fluidization (aerosolization) and de-aggregation of powder from the inhaler is the foremost
step in determining DPI inhaler efficiency. The mechanisms of DPI fluidization include shear,
capillary, and mechanical forces (vibrational, impaction)31. Shear force fluidization, which is
caused by air flow velocity, is important in passive devices31. The latter was studied using two
marketed passive DPI devices, the HandiHaler ® and Aerolizer® (Cyclohaler®) 32. The HandiHaler
®

exhibited high velocity inlet air that pushed the capsule away from the air inlet point, while lower

pressure created at the base of the capsule pulled it down. Repetition of this push-and-pull motion
caused radial vibration and pressure differences that entrained the powder from the capsule. In the
Areolizer®, the air inlet was tangential to the capsule, which created a tangential pressure drop and
eventual swirling movement of the capsule. It was also observed that the influence of airflow was
more pronounced in the HandiHaler ® than the Aerolizer®32. This study suggests that aerosolization
is improved by increasing air velocity or a pressure drop. Air velocity can be increased when a
patient inhales at a higher rate and pressure drop can be achieved with the device design27. Figure
1.3 shows the differences in device design between HandiHaler

®

and Aerolizer® (Cyclohaler®).

From a solid-state formulation perspective, aerosolization of a powder also depends on other
factors like particle interactions. The interaction between active pharmaceutical ingredient (API)
and excipient is influenced by the manufacturing process, which can also create “surface hot spots”
(i.e. high surface energy active sites)26 that can lead to particle aggregation. Particle interaction is
attributed to intermolecular forces between particles mainly adhesive/cohesive forces such as
electrostatic attraction, van der Waals interaction, and capillary forces31. Among these, van der
Waals force is a short range force, electrostatic is a long range force, and capillarity is humidity 30

dependent. Exact measurement of parameters leading to these forces is difficult; however, particle
size is a common factor that is involved in measuring them31. The force required to fluidize the
powder depends on the resistance of the device and patient inspiratory flow, which is discussed
later. In any case, the force required to aerosolize a formulation must be higher than the
interparticulate interaction and the weight of the particles. Alternately, if the particles are less dense
or hollow, the formulation will be more readily aerosolized33. It is noteworthy to mention that
formulation of less dense or porous particles is a popular area of research in nanotechnology34,35.
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Figure 1. 3: Comparison of device anatomy of two unit dose DPI devices: Left Column–
HandiHaler ®, Right Column – Aerolizer®. (A & E) -external view; (B & F) -capsule chamber
and grid; (C & G) -mouth piece; (D & H) -capsule piercing pins within the capsule chamber.
[From reference 25].
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In general, particles with an aerodynamic diameter (Da) 5-10µm can enter the lungs with
deposition in the larger airways (i.e. trachea and first several divisions of the bronchi)36. Aerosol
particles with an aerodynamic diameter of ≤5µm can efficiently reach the mid-lung region (i.e.
larger non-respiratory bronchioles) and smaller airways (i.e. smaller non-respiratory bronchioles),
while particles ≤2µm can target the bronchioalveolar area (i.e. respiratory bronchioles to the
alveoli) and deep lung alveolar regions. However, particles of this small size are very difficult to
handle while processing or manufacturing27,37. Hence, the drug is formulated as an adhesive
mixture or soft spherical agglomerate27,38. Adhesive mixtures consist of drugs with inert carrier
particles, where the drug is distributed with the carrier particle surface. Spherical agglomerates can
be drug alone or drug with excipients to improve handling and dosing39, which congregate together
to form larger particles. De-aggregation (de-agglomeration) is required to separate the particles
from the carrier or from the spherical agglomerate. Inertial forces40, frictional forces40, turbulent
shear,40 and collision can act alone or in conjunction to cause de-aggregation of drug particles in
the inhaler. The foremost roadblock to de-aggregation is interparticulate interaction; nonetheless,
device design also contributes to de-aggregation. Efficient inhaler design utilizes the energy from
a patient’s inspiratory air flow38 to increase the residence time of the powder41 or cause mechanical
impaction of the particles with the device walls42 for complete separation of the particles. Higher
kinetic energy in the inspiratory air increases inertial and frictional forces, which leads to better
particle separation40. A good example of this is the internal geometry of the marketed inhaler
Aerolizer®, which uses a swirling motion from the air flow that facilitates the particle-device
collision leading to better separation42. Other device features including the narrow mouth piece,
impeller, and rotating helical blade or grid cause rotational motion, impaction, shear, and/or
turbulence that can aerosolize and disperse the powder27,41. Some recent advancements in de-
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aggregation are a device containing a breath-driven rotor that causes agitation/vibration, a cyclone
chamber with a mesh to sieve powder43, reverse cyclone technology44, and a cyclone separator27.
1.2.3.2 Device Resistance
The dispersion of powder from a DPI device requires energy that can come from
pneumatic, vibrational, or mechanical means23. A passive DPI device depends on the patient’s
inspiratory flow (IFR) for the required energy to disperse the powder, while an active DPI device
uses a mechanical (vibration, impact force, compressed air, impellers) or electrical source built in
the device (i.e. not dependent on the patient’s inspiratory flow rate)24. In a passive DPI device, the
aerosol dispersion and delivery occurs simultaneously, whereas in the active device, it could occur
simultaneously or separately23. The forces responsible for dispersion of the powder in a DPI
include aerodynamic (drag and lift), inertial (vibrational, rotational, centrifugal, and collision), and
shear and friction45.
During DPI inhalation, the patient’s inspiratory effort with the resistance of the device
creates turbulent energy, which is measured as a pressure drop that causes de-aggregation of the
powder46. The relationship between inhaler device resistance (R) and pressure drop (PD) is given
in Equation 1.147
𝑄𝑄 =

√𝑃𝑃𝑃𝑃
𝑅𝑅

Equation 1.1

where flowrate (Q) is directly related to PD but inversely related to R. From this equation, inhalers
with higher resistance can create more turbulence, which is more likely to assist in deagglomeration38. The different designs and geometry of devices cause differences in both pressure
drop and resistance within the device. There is a critical inspiratory pressure (PI) for every device,
where an inspiratory flow below PI is laminar and above it is turbulent. Hence, it is important for
patients to inhale with pressure higher than PI
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. The higher pressure drop in the device, the

stronger the turbulence, which leads to more shear stress and increased fine particle fraction
34

(FPF)46,48. Additionally, pressure changes in high resistance devices are greater than those in low
resistance devices46. All of these factors lead to a design with higher pressure drop and higher
resistance to demonstrate better inhalation performance in in vitro testing49. Through an analysis
of the literature, a pattern has been observed that reveals medium-high resistance DPI devices have
better lung deposition at a pressure drop of 2-4kPa50. It should be noted that device resistance is
not the only reason for good performance; a device’s de-aggregation principle is equally
important44. However, there are concerns about using high resistance devices for patients during
exacerbation of asthma or COPD. Studies have shown that, even during exacerbation, patients are
able to generate the required pressure drop and achieve better performance in higher resistance
inhalers38,51.
1.2.3.3 Deposition
There are three main mechanisms by which particles deposit in the lungs, namely
impaction, sedimentation, and diffusion8, all of which are dependent on the particle size. While
larger particles settle in the upper airways by impaction and sedimentation, smaller particles tend
to reach the lungs through diffusion. In some cases, however, submicron particles fail to deposit
in the lungs and are exhaled8. Nanotechnology and particle engineering techniques are making
substantial progress in developing inhalation products that can improve particle dispersion and
lung deposition of the formulation15,52,53.
Numerical modeling by in vitro , and in vivo methods have been used by researchers to
design DPI devices. Some past methods include the following: discrete element method (DEM),
computational fluid dynamics (CFD) to predict particle motion54, particle deposition54, inhalation
flow stream42, pressure profiles42, particle trajectories42,55, gamma scintigraphy to predict particle
distribution56 and particle deposition56, and single photon emission tomography (SPECT) to
predict particle deposition57 and particle distribution57.
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1.2.4

Aspect of DPI Formulation
Dry powder inhaler formulation generally consists of a single micronized drug or dual drug

or micronized drug blended with large non-respirable carrier particles. Several micronization
processes render the powder cohesive with high energy, while the inclusion of the carrier particles
decreases the cohesiveness of the drug, which improves aerosolization. The only FDA-approved
non-respirable carrier in the US is inhalation grade α-lactose monohydrate. Extensively
researched, alternative non-respirable carriers include mannitol, glucose, erythritol, xylitol,
sorbitol, raffinose, sucrose, and maltitol58,59. The large carrier particles are used to reduce the
interparticular interaction between the micronized drug particles, which eventually improves the
powder dispersion during aerosolization. However, the use of non-respirable carrier particles
contributes to the bulk of the powder, also called “treatment burden”, that the patient inhales.
Owing to the large size (70-100µm), these non-respirable carrier particles hit the back of the throat,
causing cough reflex and an improper detachment of drug particles that can lead to suboptimal
dosing. Moreover, use of lactose has its own disadvantages, such as chemical instability with
amine group due to the Maillard reaction and the inability to use in patients with lactose
intolerance. In recent times, carrier-free powder formulations have gained importance to increase
the drug dose that can be delivered to the lungs particularly for treating respiratory infections.
Figure 1.4 shows the powder dispersion of a carrier-based and carrier-free DPI formulation. As
previously mentioned, the particles deposition in the respiratory track depends on its aerodynamic
diameter, (Da) where particles with Da ≥ 10µm hit the back of the throat due to inertia and are
swallowed. Particles between 5-10µm Da deposit in the larger airways including the trachea and
the first several divisions of bronchi by impaction and sedimentation. Particles ≤ 5µm Da enter the
mid-lung and smaller airways, while particles ≤ 2µm Da have the potential to deposit in the
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bronchoalveolar and deep lung alveolar regions by sedimentation and diffusion 25. This targeted
deposition of particles requires precise engineering of the particle; Nanotechnology and particle
engineering techniques such as spray drying, spray freeze drying help to achieve this9,15,53,60-62. A
recent successful formulation approach to improve DPI performance is the use of excipient
enhanced growth (EEG), where the API is formulated with a hygroscopic excipient like sodium
chloride or citric acid63. The submicron aerosol particles grow in size while traveling through the
humid respiratory tract, which ensures deposition in the lungs63-65.

Figure 1. 4: Shows the powder dispersion of a carrier based and carrier-free DPI formulation.
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In recent times, DPI formulations that don’t use a carrier has been a focus point of
research. The first carrier-free DPI approved by the FDA was Exubera®, which contains
engineered particles with molecularly mixed excipients. Another successfully marketed product,
TOBI® Podhaler®, also has engineered particles, and these particles are produced through a
technology called Pulmosphere®. This DPI is a significant advancement in treating pulmonary
infection secondary to cystic fibrosis (CF) due to its efficiency in drug delivery. The powdered
formulation tobramycin in TOBI® Podhaler® is of greater convenience, easier to use, and does not
require refrigeration to store compared to the liquid formulation (nebulizer)66. It also reduces the
administration time by one-third (1/3) compared to a nebulizer which takes longer67. Another
successful approach using a particle engineering technique is to improve simultaneous
administration of two drugs in a single formulation by coating the first drug with a solution
containing the second drug 68 or co-spray drying a solution, where both drugs are dissolved in the
same solution69. Regardless of the method adopted to produce the dry powder formulation, certain
physical characteristics such as particle size, shape, and density affect the aerosol dispersion. This
is mainly because interparticulate forces play a vital role where insufficient detachment of drug
particles from the carrier due to strong forces can lead to sub-optimal dosing70. Spherical particles
with narrow size distribution and smooth surface can decrease solid-state particular interactions
(i.e. mechanical interlocking/structural cohesion, van der Waals, electrostatic, and capillary forces)
by reducing the points of contact between adjacent particles thereby increasing dispersion of the
formulation69. The FPF of currently available DPI varies from 9-78.7%27. This wide range of FPF
suggests that it is imperative that DPI device and the formulation should work together to disperse
the drug from its aggregate or from the carrier particle, resulting in targeted deposition.
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1.2.5

Metering System
In a capsule-based unit-dose DPI device, a single dose of powder formulation is prefilled

in a capsule, which is then individually prepackaged and sealed in aluminum foil by the
manufacturer. This DPI device is not preloaded with the capsule by the manufacturer, instead, the
patient breaks the aluminum foil package, removes the prefilled capsule, loads the device, and
presses the button, which pierces or cuts the capsule with pins or a blade to release the powder
formulation upon inhalation41,71. The capsule-opening mechanism is important since it has to be
consistent to release the powder completely and uniformly41. The mechanical process of piercing
the capsule is done with sets of two or four pins. Initially, the capsule resists puncture by the pin
and undergoes deformation. On further force from the pins, capsule puncture occurs after which
the force reduces, and the pins progressively proceed into the capsule. Capsule puncture tends to
be easier at humidity of 11% or lower71. Emptying of the powder depends on the number and
diameter of holes made by the pins in the capsule50. The capsule opening offers the initial deagglomeration and turbulence within the capsule, hence the capsule chamber design is a critical
parameter in inhaler device development.
In addition to capsule-based unit-dose DPI devices, there are multi- unit dose and multiple
dose DPI devices. Multi-unit dose DPI devices are preloaded by the manufacturer with an
aluminum foil blister, where the powder formulation is pre-packed in sealed aluminum foil units
on a disk or aluminum foil blister strip. Multiple dose DPI devices are powder bed reservoir DPIs.
Figure 1.2 shows images of the three types of DPI products currently available on the market. Prepacking the drugs in aluminum foil offers better protection from the environment compared to
reservoir types, where the powder bed is exposed to humidity from the environment and patient’s
breath that may contribute to drug degradation. Due to this significant limitation, desiccant must
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be present inside the powder bed reservoir DPI device, which is not the case in many capsulebased unit-dose and multi-unit dose DPI products.
1.3

INHALED NANOPARTICULATE POWDER
As previously mentioned, enhancement of dry powder formulation through nanotechnology

has tremendous potential in advanced pulmonary drug delivery. Nanotechnology is utilized to
make liposomes, polymeric nanoparticles, lipid nanoparticles or nanoaggregates that have larger
surface area and improved dissolution properties72. Some studies evaluated the usefulness of
polymeric nanoparticles73-76 and lipid nanoparticles52,77,78 in delivering drugs to the lungs in
addition to imparting sustained release functionality. Some types of nanoparticles employed in
drug delivery are nanoaggregates, nanocomposites79, magnetic nanoparticles80 and effervescent
nanoparticles81. Nonetheless, the poor dispersion of powder continues to be a problem due to the
higher surface area that the nanoparticles possess. In other words, the higher the surface area, the
more area for forces to act upon, leading to particle aggregation and device retention.
The interparticular interactions mainly due to van der Waals, electrostatic, and capillary
forces17,82 hinder the flow and dispersion of the particles, while nanoparticles have higher surface
free energy that contributes to aggregation. Nanoparticulate dry powder faces the challenge of
powder aggregation in device and insufficient dispersion. Free flow of these particles is important,
for it decides the emitted fraction of drug from the device and dispersion of the particles that leads
to fine particle fraction (FPF). FPF and mouth-throat (MT) deposition of DPIs continue to be a
challenge in achieving deep lung deposition of the drug. Researchers are attempting to resolve this
by approaching the device design55 and/or formulation65. Several particle engineering techniques
have continued to prove worthy in augmenting DPI formulation to achieve better de-aggregation
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and dispersion. Some of the particle engineering methods for pulmonary nanoparticle drug
delivery are discussed in the next section of this chapter.
1.3.1

Thermal Aerosol Generation
This method of aerosol generation is similar to smoking, but the outcome is totally

different. When smoking, aerosol generation and degradation is uncontrolled; in contrast, thermal
aerosol generation is a controlled heating of the drug substance. In this method, a thin film of the
drug substance is coated onto an inert substrate, which is heated to vaporize the drug. The thermally
generated vapor condenses to form particles in the size range of 1-3µm that are inhaled. The
inhaled air temperature is slightly higher than that of the exhaled temperature, yet it is well within
the tolerable and safety limit for humans.83 The film on the substrate can be produced by spraying
the drug solution on it or by dipping it into the drug solution. Film thickness can be varied by
changing the syringe pump rate84, while dip coating can be chosen for reproducible coating
thickness85. Particle size generated by this technique is determined by the concentration of drug
particles in the air. Capillary aerosol generator (CAG) is a device that has been studied for thermal
aerosol generation86-88. Studies on drug degradation revealed that at the elevated temperature of
thermal aerosol generation, drugs preferentially vaporized rather than degraded84,85. It was also
determined that thin coating of the drug solution will increase the rate of vaporization and produce
a pure compound84. Thermal aerosol generation effect was studied on a variety of compounds
including atropine84,85, phenytoin85, midazolam84,85, vardenafil84, oxybutynin84, zolpidem85,
fentanyl85, sildenafil85, rizatriptan85, and nalbuphine84. There are two marketed devices with this
technology, Staccato® (Alexza pharmaceuticals) and Aria® (Chrysalis technology)83.
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1.3.2

Particle Engineering for Inhalation Powder Manufacturing
Aerosolization of a drug from a DPI device depends upon the surface free energy and area

of contact with particles or the device walls. Surface energy can be altered by adding excipients or
via particle engineering techniques. Particle engineering can achieve surface corrugation, which
decreases surface free energy and improves aerosolization efficiency. Nanoparticles are prepared
by two methods: 1) precipitation of nanoparticles out of solution (bottom-up)15, and 2) milling
larger particles to reduce size (top-down)15. Particle size reduction is achieved when sufficient
stress is applied through pressure60, friction60, impact, shear60, compression, or attrition60.
Whenever stress is applied to the particles, lower energy (weak) spots develop into cracks, which
further deepens and eventually break into pieces. In attrition, the lower energy spots chip out of
the parent particle to produce smaller particles with increased surface area. If no weak spot in the
particle exists, the high energy supplied during the process will impart weak spots on the particle,
which will ultimately break. The method of stress applied can impact the surface roughness, shape,
and/or porosity.


Airjet milling: In airjet milling attrition is the stress applied where two opposing jets of

air streams bring the particles into contact, develop fracture and break it into smaller particles. The
process repeats until particles of desired size are achieved, which depends on the density of the
particle. The cyclone separator separates particles by its aerodynamic size and is hence very useful
for inhalation powder production. In general, milling techniques are capable of inducing the
particles charged with some amorphous characteristics, which render them adhesive and cohesive.
This is a popular technique often used for particle size reduction to other particle engineering
techniques which can make the particles hollow/porous, encapsulated or form nanoaggregates,
composites and many more60.
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Spray drying: Spray drying (SD) is the ubiquitous technique to produce powders of

micro/nano size in many fields including pharmaceutical, food and cosmetics. The major reason
for this being the ease of operation, scalability, and the plethora of opportunities to engineer
particles in getting desired shape, size and morphology. It has four steps 1) atomization of the feed
solution 2) mixing of flow air/gas with the feed 3) drying of droplet at elevated temperature and
4) separation of final product from the outlet stream.
In spray drying a liquid feed of solution or suspension is atomized under pressure through
a spray nozzle into a drying chamber where evaporation of the solvent/liquid takes places leaving
behind dried particles. The dried particles are collected through a cyclone separator. The drying
medium can be air or inert gas (like N2) depending on the solvent used. The drying chamber has
an elevated temperature, ideally a few degrees higher than the boiling point of the solvent, to assist
faster drying60. Common feed nozzle types are rotary atomizer, pressure nozzle, two or four fluid
nozzle. The type of atomizer dictates the flow of feed and air. There are three possible ways to
atomize the feed with air: co-current or counter current or mixed type. The spray dryer can be
operated in different modes namely, open mode, closed mode, and semi-open mode. A high
efficiency cyclone separator attached to the equipment improves yield from the process.
Process parameters such as total solid concentration in the feed, feed flow rate,
input/output temperature, spray air/gas flow rate, pump rate76 are key factors that impacts the
characteristics of the final product. The faster flow rate of the feed and drying gas allows no/little
time for crystallization of the particles which is advantageous in making amorphous particles.
However, the elevated temperature of the process can adversely affect biological or thermally
sensitive drugs by denaturing, loss of biologic or therapeutic activity or degradation.
Cryoprotectant sugars such as mannitol89 and trehalose dihydrate90 have been successfully used to
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protect drugs from the detrimental effect of temperature during spray drying60. Spray drying has
been

used

to

successfully

produce

hollow/porous

particles,

aggregates

of

microcrystal/nanoparticles, sustained / controlled release formulation. Processing of protein is a
challenge by this method which can be overcome by using sugar or surfactant in the formulation.
Organic solution spray drying is the most prevalent method used for tailoring dry powders.
However, in an aqueous solution spray drying study the relationship between API morphology,
adhesion and aerosolization efficiency of spray dried micro particles were investigated using AFM
technique. The solution spray drying with decreased feed concentration and decreased atomization
rate resulted in increased surface corrugation and increased FPF. Increased surface corrugation
led to decreased particle aggregation and better aerosol performance in vitro 91.


Spray freeze drying: In spray freezing, the drug solution is atomized using a spray nozzle

into cryogenic liquid (nitrogen or halocarbon) where the droplet solidifies quickly due to heat
transfer. The cryogenic liquid may be stirred to avoid aggregation of the solids. The solids are then
lyophilized to get rid of the solvent that would render the particles dry. There are several ways to
dry the particles including tray lyophilization or direct sublimation of the solvent. The drug
solution can be sprayed into the cryogenic liquid or above the surface of the liquid. This technique
can be used to make micro/nanoparticles where decreased particle size is achieved with increasing
mass flow ratio of atomized nitrogen to liquid feed60. Spray freeze drying is not popularly used
like spray drying due to difficulty in scale up and the cost involved. Yet, this technique has been
used in formulations containing protein92, DNA60, vaccine, recombinant derived humanized antiIgE monoclonal antibody93, recombinant human deoxyribonucleases93, and other thermally
sensitive drugs.

44



Supercritical fluid: Super critical fluid (SCF) is a compressed gas or liquid above its

critical pressure and temperature. Carbon dioxide (CO2) is the most commonly used gas for this
technique because it is noninflammable, inexpensive with moderate critical temperature and
relatively non-toxic94. This technique is advantageous for the pharmaceutical industry, due to its
ability to reduce energy and solvents used in addition to manufacturing simplicity. The technique
finds its niche in particle engineering of high value, high potency and sensitive drugs60.
There are several variants to this technology differing in principles, only a few are used for
particle engineering in pulmonary drug delivery.
Supercritical anti-solvent technique (SAS): SAS technique has gathered attention in the recent past
because the principle of the technique is simple, rapid precipitation when drug solution is brought
into contact with an anti-solvent. Since most of the drugs are insoluble in CO2, it is the commonly
used anti-solvent. However, at different pressure the principle of the technique varies. For instance,
at higher pressure and lower temperature it is precipitation, at lower pressure and high temperature
it is a spray-extraction mechanism60. Compared to micronization, particles produced by the SAS
technique have non-spherical morphology, lower bulk density, smaller cohesive-adhesive
interactions, larger geometric and aerodynamic diameter, yet higher FPF60. This is the most
popular method among all the SCF methods to produce micron size particles. Production of
composite particles is difficult due to plasticization60.
Solution enhanced dispersion with supercritical fluid (SEDS): This is a single step process used to
produce micro/nano sized powder for inhalation. It is a variation of the SAS technique where
controlled crystallization of the drug takes places in the presence of SCF as antisolvent at elevated
pressure and temperature. Salbutamol sulfate produced by SEDS process exhibited better stability
due to lack of amorphous content, than micronized drug95. Drugs like terbutaline sulfate96,
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salbutamol sulfate95, budesonide97 have been formulated using SEDS technique. Advantages of
SEDS include efficient separation of SCF96, organic co-solvent from solid particles96, no drying
step96 and clean solvent recovery96. SEDS can be employed to make/control crystallinity96.
Super critical fluid extraction of emulsion (SFEE): This method is used to produce lipid
nanosuspension or nanoemulsion where, the organic solvent is extracted by supercritical fluid
extraction from an oil in water (O/W) mixture. The interaction between supercritical fluid (CO2)
and the lipid might lead to plasticization (decrease in glass transition) which can be utilized to
produce particles of different structures and physical properties. Drug, surfactant and other
excipients are dissolved in oil or water based on their stability and the type of emulsion being
made. The oily phase is added to an aqueous phase and the mixture is homogenized to obtain a
fine emulsion of size range 30-100nm. This emulsion is then continuously introduced (top to
bottom) into the extraction column with the supercritical fluid (CO2) introduced in the opposite
direction. The optimized pressure and temperature enables CO2 to extract the solvent and leave
behind the dry particles. Solvent vapors leaving the column can be later condensed to recover the
solvent98.
Rapid expansion of supercritical solution (RESS): In this method particles are precipitated by rapid
expansion of the drug solution in supercritical fluid. Drug with solubility of 10-4 mole fraction in
CO2 can be engineered using this method. This method achieves narrow particle size distribution
and can be used to coat microparticles60.


Thin film freezing (TFF): Thin film freezing or ultra-rapid freezing is a particle

engineering technique to produce micro/nano aggregates with low density99. Drug and excipients
are dissolved in water and organic solvent based on their solubility, the organic and aqueous phases
are slowly combined with continuous mixing to form co-solvent system. The solutions are frozen
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drop-wise on to a pre-cooled cryogenic surface to produce thin film and are removed from the
surface using a scraper and maintained in frozen state in liquid nitrogen. Solvents are sublimed by
lyophilization at low pressure to obtain dry powder99,100. Recrystallization of the drug is avoided
by adding excipients with higher glass transition temperature (Tg) like poly(vinylpyrrolidone)
(PVP), hydroxyl propyl methyl cellulose (HPMC)99. Solvents with freezing point higher than
273K is preferred since they will not melt while applying a droplet and can be quickly frozen.
Choice of solvent is important for particle morphology, since the different thermal properties of
solvents would result in particles with different morphologies100. From the particle size aspect, the
presence of stabilizer decreases particle size (nano) while absence has the opposite effect (micro)99.


Particle replication in non-wetting templates (PRINT®): Inspired by the microelectronics

industry, engineering of micro/nano particles has reached a different level where the technique can
almost ensure monodisperse particles. In this technique, a silicon master template is fabricated
with photolithography. A polymeric mold is made from the silicon master template which has
cavities precisely of the size required. The drug or excipient is filled into the cavities through
capillary forces to avoid a flash layer that might connect the particles. The particles are then
solidified in the mold. An adhesive layer is used to extract the particles out of the mold, which is
dissolved later to recover the particles. The formed particles can be used as a suspension or further
dried by lyophilization or evaporation to get dry, free -flowing powder101.
For a water-soluble protein, the mold was made up of perfluoropolyether which was
sandwiched with polyethylene sheet and passed between rollers to fill the cavities without flash
layer. As the mold passed under the roller, the higher energy polyethylene film was peeled away.
Medical adhesive grade poly (cyanoacrylate) and povidone (poly (vinylpyrrolidone)) was used as
an adhesive layer. On drying or polymerizing the adhesive layer, the protein particles were
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obtained102. For particles consisting of a water-insoluble matrix (polymer, itraconazole) distilled
water can be used to collect the particles, while for a water soluble matrix (zanamivir, DNAase,
siRNA) isopropyl alcohol can be used101.


High gravity controlled precipitation (HGCP) : High gravity controlled precipitation

technique was adopted to obtain nanosuspension of drug, by adding anti-solvent to drug solution,
that was subsequently spray dried to get particles of uniform size. The method produced loose
aggregates of amorphous spore-like drug (insulin). The spore-like insulin formed by this method
exhibited FPF of 80% with MMAD of about 1.6µm. The method was also used to make particles
of lysozyme, bovine serum albumin (BSA) and salbutamol sulfate that achieved FPF of 80%. This
method of particle engineering offered a formulation that would be suitable for pulmonary drug
delivery103. Table 1.3 lists some drug and the particle engineering techniques adopted to formulate
them for pulmonary drug delivery.
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Table 1. 3: Examples of particle engineering technologies for designing inhalable particles.
[From reference 104].
Drug
Mannitol, Lysozyme
Tobramycin,
Azithromycin

Voriconazole

Technique
Particle Feature
Reference
Ultrasonic spray freeze Uniform size, varied density
105
drying
Spray drying (closed mode) Two component (with mannitol)
system. Amorphous, spherical, 106
smooth particles with low residual
water
Thin film freezing
Amorphous, low density porous 107
aggregate
108
Spray drying (closed mode) Amorphous
PRINT
Monodisperse particles

Trypsin
Itraconazole,
Zanamivir, DNAse,
siRNA
Levofloxacin
Spray freeze drying

5-Fluorouracil
Azithromycin
Indomethacin
Ketoprofen
Moxifloxacin
Ofloxacin
Terbutaline Sulfate
Vancomycin,
Clarithromycin

101

Supercritical
fluid
antisolvent
Spray drying (closed mode)
/ Supercritical
fluid
extraction of emulsion
/ Spray drying (closed mode)
Enhanced dispersion by
supercritical fluid
Spray drying (closed mode)
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Large spherical nano-aggregate,
good
flowability
and
redispersibility
Smooth surface and narrow
particle size distribution
Narrow particle size distribution,
low residual moisture
Drug encapsulated solid-lipid
nanoparticle <50nm
Spherical, smooth, narrow size
distribution
Crystalline
particles
with
improved deposition profile
Narrow particle size distribution,
low residual moisture

109

110

111

98

78

96
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1.4

ANATOMY AND PHYSIOLOGY OF AIRWAYS
Briefly, the respiratory tract is divided into upper respiratory tract and lower respiratory. Upper

respiratory includes nose and pharynx, while lower respiratory track includes trachea, bronchi, and
lungs (Figure 1.5). All orally inhaled aerosols (including nebulizer and inhalers) are delivered to
the lower respiratory tract starting at the tubular trachea which bifurcates into right and left main
bronchi. The bronchi further divides into a series of divisions which progressively narrow until it
reaches bag like alveolar sacs. According to the Weibel symmetric branching model, there are 24
sub-divisions to the lower respiratory tract. They are further classified into conducting airways and
respiratory airways. Divisions 0 to 16, which start at the trachea and end at the terminal
bronchioles, constitute the conducting airway whose primary function is to humidfy, warm and
filter the air. This functionality begins from the nose and continuous into the lower respiratory
track. The respiratory airway is made of divisions 17 to 23 consisting mainly of respiratory
bronchioles and alveolar structures. The primary function of the respiratory airway is gaseous
exchange between inhaled air and the blood stream.
The several bifurcations and the abrupt changes in the diameter of airways have significant
implication on pulmonary drug delivery. During normal physiology a person inhales air that
traverse through the conducting zone and respiratory zone where gas exchange (oxygen to carbon
dioxide) takes place. The oxygen is then carried to the rest of the body by the blood stream and
carbon dioxide is exhaled. As a result, the respiratory region of the airways is highly perfused with
several blood capillaries lining the alveolar region. The epithelial layer that lies between the alveoli
and blood capillary is very thin in order to allow gas molecules to diffuse. A potential purpose of
this thin layer is to allow diffusion of drug molecules to reach the blood. Hence, targeting the
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different regions of the airways can treat local diseases of the lung or reach the systemic circulation
through blood capillaries.

Figure 1. 5: Lower Respiratory Track showing the main divisions.
1.5

CHRONIC RESPIRATORY DISEASES
There are several acute and chronic diseases that occurs in the lower respiratory tract, among

them the chronic respiratory diseases (CRD) are those that occur in different parts of the airways
or the whole lungs. The CRDs are very common but mostly under diagnosed and under treated in
many countries as reported by the world health organization global alliance against CRDs
(GARD)112. Common among the CRDs are asthma, chronic obstructive pulmonary disease
(COPD), pulmonary hypertension etc.
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1.5.1

Asthma
Asthma

is

a

multifactorial

inflammatory

lung

disease

that

features

both

bronchoconstriction and airway inflammation. Various forms of asthma (mild, moderate, severe)
are known to exist and are thought to be due to genetic or environmental factors. When treated
solely by the oral route, asthma was not as effectively treated, but the inhalation of aerosols has
significantly altered the course of the disease and is now the first-line treatment for few decades.
Treatment of asthma involves preventive measure where the patient is given daily medication for
prevention of asthmatic attacks and to stabilize long term pulmonary function. Acute treatment
(i.e. “rescue”) is given to stop an acute exacerbation, which can be life-threatening, where the
patient experiences difficulty in respiration due to severe bronchoconstriction. Asthma
management is individualized based on symptoms, severity and frequency of exacerbations, lung
function, and other factors.
1.5.2

Chronic Obstructive Pulmonary Disease (COPD)
Chronic obstructive pulmonary disease (COPD) is a progressive inflammatory disease

characterized by airflow limitation. The two most common forms of COPD are emphysema and
chronic bronchitis. Although there are several potential risk factors in the development of COPD,
the primary cause for COPD continues to be tobacco smoking113. There is mounting evidence that
childhood asthma is a risk factor for developing COPD later in life 114. COPD can affect both the
lower airways and the tissue parenchyma, contributing to the phenotypic characteristics, such as
airway obstruction and emphysema where the alveolar membranes break down (Figure 1.6).
Environmental factors and occupational exposures that influence air quality play a significant role
in the disease process10,115-121. Recent reports suggest that a warming climate may be a contributing
factor in chronic lung disease in general, including asthma and COPD115,116. In the setting of
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incessant lung disease, chronic airway inflammation results with some lung diseases associated
with chronic infection as well, which leads to a never-ending cycle. Acute bacterial and viral
infections can heighten the infectious and inflammatory state of pulmonary disorders. Viral
infections in the setting of chronic bacterial infections were associated with more severe acute
exacerbation of diseases like asthma and COPD120 . With barriers and physiologic alterations that
are ever-changing in the setting of chronic lung disease, therapeutic delivery is often beneficial
with direct application to the lung.

Figure 1. 6: Alveolar membrane breakdown in emphysema COPD.
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Commonly prescribed medications for both asthma and COPD are inhaled corticosteroids
(i.e. anti-inflammatory), bronchodilators, leukotriene receptor antagonists, mast cell inhibitors,
anticholinergics, muscarinic antagonists and methyl xanthine preparations 14,122. Narcotic opiates
have been reported as palliative measure for end-stage COPD123. Therapies used in the treatment
of COPD and asthma are similar but the nature of inflammation and cells involved may affect the
outcome of treatment124 . Corticosteroids (anti-inflammatory) are the choice to control
inflammation in asthma while its use in COPD is controversial. Bronchodilators (β2-agonist,
anticholinergics, theophylline) are central to reduce COPD symptoms and useful in treating
asthma124. Bronchodilators used include LABAs (i.e. long-acting β2-agonists, duration of action
12 hours125) for preventative maintenance therapy and SABAs (i.e. short-acting β2-agonists,
duration of action 2-6 hours) for rescue (fast-acting treatment) of acute asthma exacerbation.
There are successful combination products of inhaled corticosteroids/LABA to treat asthma,
however this recent study might open doors in research for their use in COPD126. Table 1. 4 lists
the drugs that are marketed for asthma and COPD as DPIs.
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Table 1. 4: Listing of DPI products currently on the US market (i.e. approved by the US FDA)
(adapted from reference25).
Drug
product
Breo®
Ellipta™
Tudorza™
Pressair ™
Arcapta™
Neohaler™
Pulmicort®
Flexhaler™
Flovent®
Diskus®
Foradil®
Certihaler®
Foradil®
Aerolizer®
Asmanex®
Twisthaler®
Serevent®
Diskus®
Advair®
Diskus ®
Spiriva®
HandiHaler

Drug
Fluticasone Furoate +
Vilanterol

Condition

Metering

GlaxoSmithKline/
COPD
Theravance
Forest
Pharmaceuticals, Bronchospasm
Inc./ Almirall

Multi- unit
dose

Indacaterol

Novartis

COPD

Unit dose

Budesonide

Astrazeneca

Asthma

Multidose

Fluticasone Propionate

GlaxoSmithKline

Asthma

Multi-unit
dose

Formoterol Fumarate

Novartis

Formoterol Fumarate

Novartis/ Merck

Mometasone Furoate

Merck (Schering
corp.)

Salmeterol Xinafoate

GlaxoSmithKline

Fluticasone Propionate
+ Salmeterol Xinafoate

GlaxoSmithKline

Tiotropium Bromide

Boehringer
Ingelheim/ Pfizer

COPD

Umeclidinium

GlaxoSmithKline

COPD

Umeclidinium +
Vilanterol

GlaxosmithKline/
Theravance

COPD

Albuterol Sulfate

Teva Respiratory

Bronchospasm

Aclidinium Bromide

®

Incruse®
Ellipta®
Anoro®
Ellipta®
Proair®
Respiclick®

Manufacturer

Asthma,
Bronchospasm
Asthma, EIB,
COPD
Asthma
Asthma,
Bronchospasm,
EIB, COPD
COPD,
Asthma

Multidose

Multidose
Unit dose
Multidose
Multi-unit
dose
Multi-unit
dose
Unit dose
Multi-unit
dose
Multi-unit
dose
Multidose

Fluticasone Furoate/
Multi-unit
Umeclidinium/
GlaxoSmithKline COPD
dose
Vilanterol
Abbreviations: CF- Cystic Fibrosis; COPD – Chronic Obstructive Pulmonary Disease; EIBexercise induced bronchospasm.
*Recently approved first triple therapy DPI product, soon to be marketed in the US.
Trelegy
Ellipta *
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1.5.3

Pulmonary Hypertension (PH)
Pulmonary arterial hypertension often called as pulmonary hypertension is a devastating

disease caused by narrowed or blocked blood vessels in the lungs particularly the pulmonary
arteries. The normal pressure in these arteries is 25mmHg during rest, pressure ≥ 25mmHg during
rest and ≥30mmHg during exercise is considered to be PH. If left untreated, this high blood
pressure can lead to right heart failure and eventually death. According to world health
organization (WHO) PH is classified into five groups based on their clinical presentation and
pathological similarities namely
•

Pulmonary hypertension due to abnormalities in the arterioles

•

Pulmonary hypertension due to left heart disease

•

Pulmonary hypertension due to lung diseases and/or hypoxia

•

Chronic thromboembolic pulmonary hypertension and other pulmonary artery
obstruction

•

Pulmonary hypertension with unclear and/or multifactorial mechanism.

As it is evident from the classifications, PH exist as a co-morbidity along with other pulmonary
diseases such as idiopathic pulmonary fibrosis (IPF) 127,128, chronic obstructive pulmonary disease
(COPD)129.
Figure 1.7 shows the various pharmacological interventions that are recommended for PH
treatment130. Currently, specific drug therapy for PH includes calcium channel blockers
(nifedipine, diltiazem – oral administration), prostacyclin analogues and receptor agonists
(beraprost- oral, epoprostenol- iv infusion, iloprost - oral,i.v, inhaled, treprostinil – Oral, i.v ,
subcutaneous and inhaled), endothelin receptor antagonists (ambrisentan, bosentan, macitentan -
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oral), phosphodiesterase type-5 inhibitors and guanylate cyclase stimulators (sildenafil, tadalafil,
vardenafil, riociguat –oral) or combination therapy131. Most of these are orally administered drugs
with few inhaled therapies as listed in Table 1.5.

Figure 1. 7: Current pharmacological treatments for pulmonary hypertension.
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Table 1. 5: Inhaled drugs used in treatment of pulmonary hypertension.
#

Drug Name

1

Product
Name
Inomax®

Device used

Nitric Oxide

Physical
State
Gas

2

Ventavis®

Iloprost

Solution

I-neb AAD

3

Tyvaso®

Treprostinil

Solution

Optineb ultrasonic nebulizer

Special Nitric oxide delivery system

*AAD adaptive aerosol device.
1.5.4

Idiopathic Pulmonary Fibrosis (IPF)
Idiopathic pulmonary fibrosis (IPF) is a type of interstitial lung disease that causes deep

tissues of the lungs to become fibrotic (scar). It doesn’t affect the airways or the pulmonary
vasculature directly, rather it affects the interstitial space. As a result, the alveoli can’t completely
expand or collapse causing difficulty to breath and shortness of breath. Figure 1.8 is an illustration
of the loss of interstitial space around the alveoli in IPF. The scarring is irreversible which gets
worse over time and makes it difficult to take deep breaths. In the recent times the age-related
prognosis of IPF has been well recognized, hence it becomes prudent to diagnose the disease
correctly. As the name “idiopathic” suggests, the reason for this disease is unknown however
genetics and cigarette smoking have been considered as common risk factors.
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Figure 1. 8: Illustration of the changes to alveolar region in idiopathic pulmonary fibrosis
(IPF).
The latest clinical practice guidelines132 for an evidence-based approach suggests using
long-term oxygen therapy, pulmonary rehabilitation, possible lung transplantation. Even though
the guideline doesn’t recommend any specific drug for IPF treatment, it gives conditional
recommendations to use pirfenidone, nintedanib and anti-acid medications like proton pump
inhibitors. It also gives a strong recommendation to discontinue or against the use of ambrisentan,
anticoagulants, sildenafil, imatinib and a combination of corticosteroid, azathioprine and nacetylycysteine132,133. Figure 1.9 is a schematic representation of the IPF disease management
modalities.
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Figure 1. 9: Schematic representation of treatment modalities recommended for idiopathic
pulmonary fibrosis (IPF).
1.6

NOVEL TARGETS TO TREAT CHRONIC RESPIRATORY DISEASES
The commonality between these diseases besides being chronic respiratory diseases is that

there are common cellular and molecular mechanisms implicated in these diseases. The role of
reactive oxygen species (ROS) in COPD, PH and pulmonary fibrosis has been extensively studied,
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however not until recently have drug compounds targeting the regulation of ROS been developed
into drug product.
1.6.1

Oxidative Stress in Pulmonary Diseases
Oxidative stress is caused by an imbalance when the rate of production of reactive oxygen

species (ROS) is faster than the body’s antioxidant defense. The excessive free radicals or ROS
causes tissue damage. Lungs are the foremost organ that is susceptible to oxidative stress due to
high traffic of oxygen, and exposure to environmental toxins. In many of the lung diseases,
particularly COPD, smoking and air pollutants have been identified as significant risk factor due
to the increased oxidant burden. These factors primarily contribute to the oxidative stress that leads
to cell damage134. There is ample evidence to link oxidative stress in COPD patients that causes
disease pathogenesis and progression135. Similarly, the oxidative stress in PH has been linked to
increases in uncoupled endothelial nitric oxide synthase (eNOS)136, increases in the activity of
xanthine oxidase137 and NADPH oxidase138 activity as well as mitochondrial dysfunction139.
Hence, targeting the oxidative stress at the molecular level in lung injury, COPD, PH and other
chronic respiratory disease will be beneficial in treating these deadly diseases.
Nuclear factor (erythroid – derived 2) – like 2 (Nrf2) protein regulates the expression of
antioxidant proteins to protect against redox imbalance. This acts as the body’s defense against
stress caused by injury and/or inflammation. Nrf2 is found in abundance in the lung which is also
a detoxifying organ. COPD is often associated with chronic inflammatory response and lung
injury. Similarly, in pulmonary hypertension there is pulmonary endothelial injury and remodeling
of the smooth muscle cells suspected to be caused by shear stress, inflammation and hypoxia.
Hence, targeting Nrf2- mediated cellular defense can be effective in protecting the airway from
oxidative-induced diseases like acute lung injury (ALI), acute respiratory distress syndrome
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(ARDS), COPD, IPF, asthma etc140. In normal conditions, Nrf2 is sequestered by the Kelch like –
ECH- associated protein -1 (Keap-1) to form a Nrf2-Keap 1 complex in the cytosol. When there
is increased ROS the Nrf2 dissociates from Keap-1, translocates into the nucleus and binds to
antioxidant response elements (ARE), promoting the transcription of the antioxidant proteins141.
However, this body’s response is affected due to age or some type of diseases resulting in oxidative
stress. During excessive oxidative stress the ability of Nrf2 to translocate to the nucleus is enhanced
by Nrf2 activator compounds. Figure 1.10 illustrates the Nrf2 pathway in normal and oxidative
stress state. Hence, there is increasing interest in developing drug molecules that can regulate the
Nrf2 pathway in achieving this redox balance. There are few known Nrf2 activators such as
curcumin in turmeric, sulforaphane in broccoli, flavonoids in quercetin, however Tacfidera
(dimethyl fumarate), is the only FDA approved Nrf2 activator in the market. Bardoxolone methyl
(also known as CDDO-Me) entered clinical trials but was terminated at phase 3 due to cardiac related adverse events. This dissertation presents novel dry powder aerosol formulations of some
Nrf2-activator drugs which are described in detail in chapter 2.
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Figure 1. 10: Nrf2 pathway in normal and diseased cells.
1.6.2

Rho-Kinase/ROCK Pathway
The prognosis of COPD includes consideration of severe airflow limitations, lung

parenchymal destruction that eventually leads to pulmonary vasculature remodeling which leads
to PH in COPD patients. There are studies that suggesting vascular remodeling starts to occur in
smokers even before COPD advances142. Therefore, it is important to address the vascular changes
in COPD at early stages. The discovery of RhoA/Rho-kinase pathway involvement in pulmonary
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hypertension using an animal model has been intriguing to further explore this pathway for
potential PH treatment143. The RhoA/Rho-kinase (ROCK) is a small GTP-binding proteins with a
molecular mass of 160kD that regulates variety of cellular functions including cell contraction
such as vascular smooth muscle contraction, stress fiber formation, cell migration, cytokinesis144.
There are two types of ROCK proteins– ROCK-1 and ROCK-2 distributed in various organs of
the body, but both are seen in vascular smooth cells and in the heart143. There are only two
compounds that shows Rho-kinase inhibitory action, namely Fasudil and Y-27632143,145.
However, both the compounds are not selective to ROCK-1 or ROCK-2 isoforms. Fasudil is the
first approved ROCK molecule for its use in treating cerebral vasospasm in China and Japan.
Fasudil has shown significant improvement in reaching the endpoints of hemodynamic parameters
in patients with pulmonary arterial hypertension when administered intravenously. It was also
observed that Fasudil has less vasodilatory effect on systemic blood vessels compared to the
pulmonary vasculature, which is a highly desired effect. Hence, this dissertation presents a novel
dry powder formulation of Fasudil for PH treatment as described in detail in chapters 2 and 5.
Another investigational drug that has shown an inhibitory effect on the RhoA/Rho-kinase pathway
is tetramethylpyrazine (TMP) which is also well established for its vasodilatory effect. Further
description and dry powder formulation development of TMP is described in chapters 2 and 4.
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CHAPTER 2

2.1

OBJECTIVE AND SPECIFIC AIMS
STATEMENT OF PROBLEM
Chronic respiratory diseases (CRD) are diseases of the respiratory tract that are caused by

tobacco smoking, air pollution, exposure to occupational chemicals and dusts, sometimes the cause
is unknown. Common CRD includes asthma, chronic obstructive pulmonary disease (COPD), and
pulmonary hypertension. The immensity of these diseases is described by the World Health
Organization (WHO), which estimates that 235 million people suffer from asthma 1 while chronic
obstructive pulmonary disease (COPD) affected an estimated 64 million people worldwide 1. The
death toll caused by these two diseases in 2015 as reported by WHO is 3 million for COPD (equal
to 5% of all deaths globally that year) and 383,000 for asthma1. On the other hand, pulmonary
hypertension (PH) and pulmonary fibrosis are less common but their effects are often fatal, death
can occur over a very short period of time. The current estimation of deaths in the United States
due to fibrosis is 45%. The severe form of lung fibrosis is the idiopathic pulmonary fibrosis (IPF).
The common factor shared by these diseases is that they all lead to chronic inflammation
of the airway leading to some form of airway obstruction and difficulty in breathing. This
drastically affects the quality of life for many patient. In cases like PH which is a serious comorbidity that exists with other diseases such as idiopathic pulmonary fibrosis (IPF) 2,3, and COPD
4

, it contributes to mortality of the patients5. Current treatment options for these diseases lack

specificity in targeting the respiratory track and it is believed that they control the symptoms but
do not cure the underlying disease6. For example COPD therapy includes anticholinergics, beta₂agonists, and inhaled corticosteroids 7-9 that manage the symptoms and the underlying mechanism.
While for PH vasodilators are administered orally that cause systemic hypotension as well. It is
also unclear if the current therapy serves to prevent the progression of the disease. Hence, the
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significant problem exists in not addressing the underlying cause of the disease and a lack of proper
inhalation treatment that can specifically target the respiratory tract.
2.2

OBJECTIVE OF THE DISSERTATION AND SPECIFIC AIMS

2.2.1

Overall Objective
The

objective

of

this

dissertation

is

to

design,

develop

and

optimize

microparticulate/nanoparticulate formulations containing novel therapeutic drugs with essential
aerosol properties to treat chronic respiratory diseases. This study also aims to model and predict
the aerosol dispersion performance of the dry powder formulations using FDA- approved inhaler
devices to understand the implication of drug - device interaction of the aerosol product.
2.2.2

Specific Aims
There are two specific aims of this dissertation as listed below. Each specific aim identifies

a dry powder inhaler formulation of a novel therapeutic compound(s) that is developed specifically
to target the underlying molecular mechanism of the disease(s) of interest.
1. Design, develop, optimize and comprehensively characterize a dry powder inhaler formulation
of Nrf2-activator compounds to treat inflammatory diseases, specifically COPD and
pulmonary fibrosis (Chapters 3 and 6).
2. Design, develop, optimize and comprehensively characterize a dry powder inhaler formulation
targeting RhoA/Rho kinase (ROCK) signaling pathway (Chapter 5) and a vasoconstrictor with
Nrf2-activation properties (Chapter 4) to treat pulmonary hypertension.
2.3

DISSERTATION STRATEGY

2.3.1

Novel Cellular Targets

Chapter 1 describes the involvement of reactive oxygen species that causes lung injury in
COPD and other diseases. An important cellular pathway that has been identified as potential target
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in treating inflammatory diseases of the lung is Nrf2-Keap-1 pathway. In normal cells, Nrf2 is
sequestered by the Kelch like –ECH- associated protein 1 (Keap-1) to form a Nrf2-Keap-1
complex. Under non-stressed conditions, this complex is cleaved to recycle the Nrf2 protein in the
cytoplasm. However, during oxidative stress Nrf2 dissociates from Keap-1, translocates into the
nucleus to combine with small Maf proteins that binds to the antioxidant response elements (ARE),
promoting the transcription of the antioxidant proteins10. The Nrf2- activator compounds dimethyl
fumarate (DMF) and TMC (Figure 2.1) are small molecule compounds that can activate the Nrf2
translocation to the nucleus. DMF can be recognized as Biogen’s Tecfidera®, approved by the US
FDA to treat recurring relapsing multiple sclerosis. DMF exhibits anti-oxidant and antiinflammatory effects through activation of Nrf2-Keap1 pathway and inhibition of NF-κB cellular
pathways, respectively6,11. TMC is a chalcone derivative, new molecular entity (NME) that has
shown Nrf2 signaling pathway activation in pre-clinical cell-based and mouse models study12.
Rho-associated protein kinase, also known as Rho-kinase or ROCK, an enzyme that
belongs to the kinase family of serine-threonine kinases AGC, is a downstream effector of Rho
GTPase

13,14

. There are two isoforms, ROCK-1 and ROCK-2, which are expressed in multiple

tissues, although ROCK 1 is found predominantly in liver, lung, and testis. Rho-kinase has several
functions including regulation of cellular contraction, motility, morphology, polarity, cell division
and gene expression13,14. Its effect on vasodilation of constricted vessels is found useful in treating
hypertension. Fasudil hydrochloride, a RhoA/Rho kinase (ROCK) inhibitor, and tetramethyl
pyrazine (TMP) a vasodilator are developed to specifically target the pulmonary vasculature in
treating PH. Both compounds are approved as drug product overseas in China, while Fasudil is
also approved in Japan for cerebral vasospasm. In this dissertation, these drugs were successfully
formulated in to a dry powder aerosol for localized drug delivery to the lungs.
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Figure 2. 1: Chemical structures of drug compounds of interest A) Dimethyl Fumarate
(DMF); B) Tetramethylpyrazine (TMP); C) Fasudil; and D) TMC-chalcone derivative.
2.3.2

Dry Powder Particle Formulation and Testing
The most popular particle engineering technique - spray drying was adapted for the

manufacture of microparticulate/nanoparticulate formulation of the drug(s). The dry powder
formulations were spray dried individually or co-spray dried with suitable excipients to improve
the aerosol performance and physical and chemical stability of the compounds. The
microparticulate/nanoparticulate formulations were comprehensively characterized to test their
suitability for inhalation drug delivery.
The aerosol powder deaggregation and dispersion substantially depends on the inhaler
device used

15

. Hence, in this study three different capsule-based inhaler devices namely

HandiHaler ®, Neohaler®, and Aerolizer® (Figure 2.2) were used. The rationale in selecting these
devices is that they have different anatomy, geometry and most importantly specific resistance;
HandiHaler ® (high resistance), Neohaler® (medium-high resistance), and Aerolizer® (low-medium
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resistance). The outcome will be used to predict and model aerosol dispersion of dry powder
inhaler formulations.

Figure 2. 2: Showing different dry powder inhaler devices used in this dissertation A)
HandiHaler ® (high resistance), B) Neohaler®(medium-high resistance), and C)
Aerolizer®(low-medium resistance).
2.4

IMPACT OF THE STUDY
On successful completion of this study, targeted aerosol formulations of four novel drugs

will be identified with suitable device characteristics for superior aerosol performance. The particle
engineered molecular mixture of the drug with excipients will be lactose-free with better
physicochemical and aerosol properties than carrier-based DPI formulation. This predictive
modeling using three different inhaler devices, will serve to recognize the fundamental aspects of
device design. It will also serve to appreciate the need to identify the right combination of dry
powder formulation and the inhaler device. The outcome of this study will identify the essential
characteristics necessary for DPI device design and development, which will eventually reduce the
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time required for product development. Overall, this comprehensive study will systematically
identify the efficient processing conditions, suitable excipients and appropriate inhaler device
design to treat the chronic respiratory diseases that have led to millions of deaths in the recent
times.
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CHAPTER 3
MICROPARTICULATE/NANOPARTICULATE POWDERS OF A NOVEL NRF2
ACTIVATOR AND AN AEROSOL PERFORMANCE ENHANCER FOR PULMONARY
DELIVERY TARGETING THE LUNG NRF2/KEAP-1 PATHWAY
Part of this chapter is published
By Priya Muralidharan, Don Hayes Jr., Stephen M. Black and Heidi M. Mansour
In Molecular Systems Design & Engineering, 2016, 1, 48-65.

3.1

INTRODUCTION
Acute lung injury (ALI) and the acute respiratory distress syndrome (ARDS) are life-

threatening conditions that occur in critically ill patients, including patients who experience shock,
trauma, sepsis, burns, aspiration, or pneumonia. Although the terms ALI and ARDS are often used
interchangeably, strict criteria reserve ARDS for the most severe form of the disease. Clinical
manifestations include inflammatory responses of the lung to both direct and indirect insults and
are characterized by severe hypoxemia, hypercapnia, diffuse infiltration on radiographs, and a
substantial reduction in pulmonary compliance. Although mechanical ventilation (MV) is crucial
for maintaining life during ALI/ARDS, the mechanical forces generated during ventilation can
further damage the lungs due to alveolar distension, barotrauma, and cyclic airway closing and
reopening. This phenomenon, ventilator associated lung injury (VALI), can trigger a pulmonary
and systemic inflammatory reaction leading to multiple organ dysfunction and organ failure.
Chronic obstructive pulmonary disease (COPD) is a chronic disease occurring primarily in
elderly patients that is often associated with chronic inflammatory response leading to airflow
limitation. The pathophysiology of COPD1 involves chronic inflammation of the airways due to
chronic bronchitis and emphysema. Alveolar macrophages play a key role in this inflammatory
response by releasing inflammatory mediators including tumor necrosis factor-α (TNF-α),
interleukin-IL 6, interlukin IL-8, monocyte chemotactic peptide (MCP)-1, leukotriene LTB4 and
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reactive oxygen species2. In patients with chronic obstructive pulmonary disease, cellular
remodeling of airway smooth muscle occurs more often and this is not fully reversible. Current,
treatment options for COPD includes anticholinergics, beta₂-agonists, and inhaled corticosteroids35

. Current therapeutics control the symptoms but do not cure the underlying disease6. Similarly, in

diseases such as pulmonary hypertension (PH) there is both pulmonary endothelial injury and
remodeling of the pulmonary smooth muscle layer. Based upon a large number of studies in
animal models, the three major stimuli that drive the vascular remodeling process are shear
stress7,8, inflammation9,10, and hypoxia11. Although, the precise mechanisms by which these
stimuli impair pulmonary vascular function, increased oxidative stress is thought to play a major
role. The oxidative stress in PH has been linked to increases in uncoupled endothelial nitric oxide
synthase (eNOS)12, increases in the activity of xanthine oxidase13 and NADPH oxidase14 activity
as well as mitochondrial dysfunction15.
Dimethyl fumarate (DMF) is shown to possess anti-inflammatory16 property that can be
explored to target the cellular inflammatory response pathway6 and protect against oxidative stress
in patients with COPD17. DMF is a fumaric acid ester known for its therapeutic activity in treating
multiple sclerosis (MS) and psoriasis. Its efficiency in treating psoriasis vulgaris was introduced
through self-experiment by German chemist Walter Schweckendieck18. Several years later, DMF
was approved for topical skin administration as Fumaderm® for treating dermatologic conditions
in Europe. Recently, DMF was approved in the United States as an orally administered delayedrelease capsule, Tecfidera® (Biogen, Research Triangle Park, NC) to treat the autoimmune
neurological disease, multiple sclerosis. The approval of DMF to treat multiple sclerosis has
opened doors to new avenues for research in using DMF in other inflammatory and autoimmune
conditions, such as polyarthiritis, vascular calcification19, renal fibrosis20, and pancreatitis21,22.
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DMF possess both anti-inflammatory and anti-oxidant properties. Its mode of action as an
anti-oxidant is attributed to its ability to activate the nuclear factor (erythroid – derived 2) – like 2
(Nrf2) genetic pathway and so reduce oxidative stress23,24. In normal cells, Nrf2 is sequestered by
the Kelch like –ECH- associated protein 1 (Keap-1) to form a Nrf2-Keap-1 complex. However,
during oxidative stress nrf2 dissociates from Keap-1, translocates into the nucleus and binds to
electrophile response elements (ARE), promoting the transcription of the target gene. DMF
activates the dissociation of Nrf2 from Keap-1 by selectively blocking, or binding to, reactive
cysteine residues in Keap-119.
Nrf2 has been reported to alleviate lung inflammation following lung injury25 and its antiinflammatory property is attributed to its ability to prevent nuclear factor kappa B (NF-κB)
translocation into the nucleus26. As a result, NF-κB dependent gene expression is attenuated.
Siedel et al., have shown that in the airway, DMF exhibits both an anti-inflammatory effect, by
inhibiting NF-κB6 and an ability to attenuate airway smooth muscle cell proliferation through
induction of heme-oxygenase-1 (HO-1)27. There is increasing interest in exploring the anti-oxidant
signaling pathway (Nrf2), for anti-inflammatory therapy and stimulating the Nrf2 pathway in
alveolar macrophages has been shown to prevent the exacerbation of COPD caused by bacterial
infection28.
Little is known regarding the role of Nrf2 in pulmonary endothelial diseases such as PH.
However, it has been shown that Nrf2 is stimulated in endothelial cells, exposed to laminar shear
stress29. Increased shear stress is thought to be a major component of the endothelial dysfunction
associated with certain congenital heart defects that result in increased pulmonary blood flow7,8.
Interestingly, oscillatory shear stress, such as that observed during the development of
atherosclerosis and which results in reduced NO production and increased superoxide generation30
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decreases Nrf2-mediated activation of ARE-linked genes and transitions the endothelium to a
proathrogenic state31. Recent evidence also suggests that the Nrf2–Keap1 complex may be tethered
to the mitochondrion and this complex may directly sense ROS that is released from
mitochondria32. As mitochondrial ROS is stimulated during the development of endothelial
dysfunction33-35 this may allow Nrf2 signaling to be stimulated. A potential concern in using Nrf2
activators in a non-targeted manner is the reported dual role of the Nrf2 pathway in cancer
progression, as reported by Zhang et.al36. To overcome this deleterious action we propose a
targeted delivery to the lungs, using inhalation delivery, which would target the Nrf2 activators to
the intended site of action in the organ and significantly reduce, or even eliminate, off-target side
effects.
Hence, in this systematic and comprehensive study, we have engineered DMF into
advanced inhalable dry powders that can be targeted to the respiratory tract as dry powder inhalers
(DPIs) using FDA-approved human DPI device. Organic solution closed mode advanced spray
drying was employed to exploit the unique advantages of organic solvents over aqueous in forming
dry particles that are both inhalable and high performing as DPIs, as we have reported 37-41. There
is plethora of literature on possible nanocarriers that can be used in drug delivery42-45. However,
in this study we co-spray dried (co-SD) DMF with D-mannitol (D-Man) at various molar ratios
with high drug loading. D-Man is a non-reducing sugar, a mucolytic agent, and an aerosol
performance-enhancer in DPIs. We chose D-Man based on our previously published study in
which D-Man significantly improved in vitro aerosol dispersion performance46. To the authors'
knowledge, we are the first to report on dry powder inhalable microparticles/nanoparticles of DMF
and co-SD DMF:D-Man for targeted pulmonary delivery as advanced DPIs.
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3.2
3.2.1

EXPERIMENTAL: MATERIALS AND METHODS
Materials
DMF [97% purity] [C6H8O4; molecular weight (MW): 144.12 g/mol], shown in Figure 3.1

(ChemDraw Ultra Ver. 10.0.; CambridgeSoft, Cambridge, Massachusetts), was obtained from
Sigma-Aldrich (St. Louis, Missouri). Raw Man (C6H14O6; MW: 182.17 g/mol) (Figure 3.1)
was obtained from Acros Organics (New Jersey,USA). Methanol (HPLC grade, ACS-certified
grade, purity 99.9%) was obtained from Fisher Scientific (Fair Lawn, New Jersey). Hydranal® Coulomat AD was obtained from Sigma–Aldrich. The nitrogen gas used was ultra-high purity
(UHP) nitrogen gas (cryogenics and gas facility, The University of Arizona, Tucson, Arizona).
TM

Raw DMF was stored in sealed glass desiccators over Indicating Drierite

desiccant at room

temperature. Raw D-Man was used as received and stored under room conditions. Other chemicals
were stored under room conditions.
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A

B

Figure 3. 1: Chemical structures of A) Dimethyl fumarate (DMF); and B) D-Mannitol.
3.2.2

Methods

3.2.2.1 Preparation of SD and co-SD particles by Organic Solution Advanced Spray Drying
in Closed Mode
Organic solution advanced spray drying process in the absence of water was performed in
closed mode using a Büchi B-290 mini spray dryer with a high performance cyclone in closed mode
using UHP dry nitrogen gas as the atomizing drying gas and connected to the B-295 Inert Loop
(Büchi Labortechnik AG, Flawil, Switzerland). The feed solution was prepared by dissolving the
component(s) in methanol using Branson 7500 ultrasonicator to aid in dissolution. For the twocomponent system, the components were dissolved successively in the solvent consisting of drug
with D-Man in rationally selected molar ratios in methanol. Table 3.1 lists the spray drying
conditions for one- and two-component powders. The drying gas atomization rate (670 L/h
at 35mmHg) and aspiration rate (35 m3/h at 100% rate) was maintained constant during all the
experiments. Three inlet feed pump rates were employed to obtain particles: 7.5mL/min (low,
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25%), 15mL/min (medium, 50%), and 30mL/min (high, 100%). The stainless steel two-fluid
nozzle tip diameter was 0.7 mm with 1.5mm gas cap. The SD and co-SD particles were separated
from the nitrogen drying gas in the high-performance cyclone (HPC) and collected in the small
sample collector. All SD and co-SD powders were carefully stored in sealed glass vials stored in
sealed glass desiccators over indicating Drierite

TM

desiccant at −20◦C under ambient pressure. For

comparison purpose, D-Man was sprayed as a single component under the same conditions as coSD DMF: Man mixtures.
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Table 3. 1: Advanced spray drying parameters for spray dried (SD) and co-spray dried (co-SD)
powders from methanol (MeOH) solution using organic solution advanced closed mode spray
drying particle engineering design.
Powder
Composition
(Molar Ratio)
SD DMF
SD DMF
SD DMF
co-SD DMF:DMAN
co-SD DMF:DMAN
co-SD DMF:DMAN
co-SD DMF:DMAN
co-SD DMF:DMAN
co-SD DMF:DMAN
co-SD DMF:DMAN
co-SD DMF:DMAN
co-SD DMF:DMAN
SD D-MAN
SD D-MAN
SD D-MAN
*No particles obtained

Molar Ratio
Composition
(DMF: DMan)
100:0
100:0
100:0

Feed
concentration
in MeOH
(% w/v)
1
1
1

Pump Rate
(%)

Inlet T
(⁰C)

Outlet T
(⁰C)

High (100%)
Med (50%)
Low (25%)

89
90
89-90

30-44
38-41*
46-49*

90:10

0.81

Low (25%)

90

48-49

90:10

0.81

Med (50%)

90

37-39

90:10

0.81

High (100%)

90

19-30

80:20

0.46

Low (25%)

90

48-49

80:20

0.46

Med (50%)

90

36-40

80:20

0.46

High (100%)

90-91

14-24

50:50

0.18

Low (25%)

89-90

45-50

50:50

0.18

Med (50%)

90

30-35

50:50

0.18

High (100%)

90

35-39

0:100
0:100
0:100

0.1
0.1
0.1

Low (25%)
Med (50%)
High (100%)

90-91
90
89-90

47-48
31-33
28-10

3.2.2.2 Scanning Electron Microscopy (SEM)
Using conditions similar to previously reported38,39,46,47, visual imaging and analysis of
particle size, morphology, and surface morphology was achieved by scanning electron microscopy
(SEM). The powder samples were placed on double coated carbon conductive adhesive Pelco
tabsTM (TedPella, Inc. Redding CA), which were adhered to aluminum stubs (Ted- Pella, Inc.)
Subsequently, the powder sample in the stub was sputter coated with thin film of gold using
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Anatech Hummer 6.2 (Union city, CA, USA) system at 20µA for 90secs under Argon plasma. The
electron beam with an accelerating voltage of 30 kV was used at a working distance of 1010.4mm. SEM images were captured by SEM FEI Inspect S (Brno, Czeck republic) at several
magnification levels.
3.2.2.3 Particle Sizing and Size Distribution Using SEM Micrographs
The mean size, standard deviation and size range of the particles were determined digitally
using SigmaScan pro 5 (Systat, San Jose, CA, USA), using similar conditions that have been
previously reported48. Representative micrographs for each particle sample at 15,000x
magnification was analyzed by measuring the diameter of at least 100 particles per sample.
3.2.2.4 X-Ray Powder Diffraction (XRPD)
Using conditions similar to previously reported38,39,46,47, X-ray powder diffraction
(XRPD) patterns of samples were collected at room temperature with a PanAnalytical X’pert
diffractometer (PANalytical Inc., Westborough, MA, USA) with Cu Kα radiation (45 kV, 40mA,
and λ =1.5406 Å) between 5.0° and 70.0° (2θ) with a scan rate of 2.00°/ minute at ambient
temperature. The powder samples were loaded on zero background silicon wafer sample holder
and diffraction measured with an X’celerator detector.
3.2.2.5 Differential Scanning Calorimetry (DSC)
Using conditions similar to previously reported38,39,46,47, thermal analysis and phase
transition measurements were performed on a TA Q1000 differential scanning calorimeter (DSC)
®

(TA Instruments, New Castle, Delaware) equipped with T-Zero technology, RSC90 automated
cooling system, auto sampler and calibrated with indium. Approximately 1-10 mg sample was
placed into an anodized aluminum hermetic DSC pan. The T-Zero® DSC pans were hermetically
sealed with the T-Zero hermetic press (TA Instruments). An empty hermetically sealed aluminum
pan was used as a reference pan for all the experiments. UHP nitrogen was used as the purging gas
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at a rate of 40 mL/min. The samples were heated from 0.00⁰C to 250.00⁰C at a scanning rate
of 5.00⁰C/min. All measurements were carried out in triplicate (n = 3).
3.2.2.6 Hot Stage Microscopy (HSM) under Cross-Polarizers
Using conditions similar to previously reported38,39,46,47, hot-stage microscopy (HSM)
studies used a Leica DMLP cross-polarized microscope (Wetzlar, Germany) equipped with a
Mettler FP 80 central processor heating unit and Mettler FP82 hot stage (Columbus, OH, USA).
Samples were mounted on glass slide and heated from 25.0⁰C to 200.0⁰C at a heating rate of
5.00⁰C/min. The images were digitally captured using a Nikon coolpix 8800 digital camera (Nikon,
Tokyo, Japan) under 10x optical objective and 10x digital zoom.
3.2.2.7 Karl Fisher Titration (KFT)
Using conditions similar to previously reported38,39,46,47, the residual water content of all
SD and co-SD powders were quantified analytically by Karl Fischer titration (KFT) coulometrically
using a TitroLine 7500 trace titrator (SI Analytics, Germany). Approximately 5-20 mg of powder was
added to the titration cell containing Hydranal® Coulomat AD reagent. The residual water content
was then calculated.
3.2.2.8 Confocal Raman Microspectroscopy (CRM), Chemical Imaging, and Mapping
Confocal Raman microspectroscopy (CRM) provides noninvasive and nondestructive
microspectroscopic component analysis of the DPI formulations. Using similar conditions
previously reported38,39,46,47, Raman spectra were obtained at 514 nm laser excitation using
Renishaw InVia Reflex (Gloucestershire, UK) at the surface using a 20x magnification objective
on a Leica DM2700 optical microscope (Wetzlar, Germany) and equipped with a Renishaw inVia
Raman system (Gloucestershire, UK). This Renishaw system has a 2400 l/mm grating, with a slit
width of 65 μm and a thermoelectrically cooled Master Renishaw CCD detector. The laser power
was adjusted to achieve 5000 counts per second for the 520 cm-1 line of the internal Si Reference.
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Raman spectral map was obtained with the stage moved in increments of 20x20 µm in each axis.
Each map point was acquired 1 accumulation using 2 s of detector exposure time per
accumulation. Spectra were subjected to baseline correction prior to further analysis.
3.2.2.9 Attenuated Total Reflectance – FTIR Spectroscopy
A Nicolet Avatar 360 FTIR spectrometer (Varian Inc., CA) equipped with a DTGS detector
and a Harrick MNP-Pro (Pleasantville, NY, USA) attenuated total reflectance (ATR) accessory
was used for all the experiments. Each spectrum was collected for 32 scans at a spectral resolution
of 8 cm-1 over the wavenumber range of 4000–400 cm-1. A background spectrum was carried
out under the same experimental conditions and was subtracted from each sample spectrum.
Spectral data were acquired with EZ-omnic software. These conditions are similar to our previous
reports38,39,46,47.
3.2.2.10 In vitro Aerosol Dispersion Performance
In accordance with USP Chapter <601> specifications49 on aerosols and using
conditions similar to previously reported38,39,46,47, the aerosol dispersion performance of SD
DMF and co-SD particles was tested using the Next Generation Impactor™ (NGI™) (MSP
Corporation, Shoreview, Minnesota, USA) with a stainless steel induction port (USP throat)
attachment (NGI Model 170; MSP Corporation) equipped with specialized stainless steel NGI
gravimetric insert cups (MSP Corporation). Three FDA approved human DPI devices Aerolizer® (Merck),
Neohaler® (Sunovion Pharmaceuticals) and HandiHaler

®

(Boehringer Ingelheim) were tested. An

airflow rate (Q) of 60 L/min (adult airflow rate) was adjusted and measured before each experiment
using a Copley DFM 2000 flow meter (Copley Scientific, Nottingham, United Kingdom). The NGI
was connected to a Copley HCP5 vacuum pump (Copley Scientific) through a Copley TPK 2000
critical flow controller (Copley Scientific). The mass of powder deposited on each stage was
quantified by gravimetric method using type A/E glass fiber filters with diameter 55mm (PALL
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Corporation, Port Washington, New York) and 75mm (Advantec, Japan). Quali-V clear HPMC
size 3 inhalation grade capsules (Qualicaps, North Carolina) were filled with about 10 mg of
powder. Three capsules were used in each experiment. In vitro aerosolization was evaluated in
triplicate (n=3) under ambient conditions.
For the NGI, Q= 60 L/min, the Da50 aerodynamic cutoff diameter for each NGI stage was
calibrated by the manufacturer and stated as: 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 emitted
dose (ED) was determined as the difference between the initial mass of powder loaded in the
capsules and the remaining mass of powder in the capsules following aerosolization. The ED (%),
Equation 3.1, was used to express the percentage of ED based on the total dose (TD) used. The fine
particle dose (FPD) was defined as the dose deposited on stages 2 to 7. The fine particle fraction
(FPF %), Equation 3.2, was expressed as the percentage of FPD to ED. The respirable fraction (RF
%), Equation 3.3, was used as the percentage of FPD to total deposited dose (DD) on all impactor
stages.
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝐸𝐸𝐸𝐸%) =

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝐹𝐹𝐹𝐹𝐹𝐹%) =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑅𝑅𝑅𝑅%) =

𝐹𝐹𝐹𝐹𝐹𝐹
𝐷𝐷𝐷𝐷

𝐸𝐸𝐸𝐸
𝑇𝑇𝑇𝑇

𝑋𝑋 100%

𝐹𝐹𝐹𝐹𝐹𝐹
𝐸𝐸𝐸𝐸

Equation 3.1

𝑋𝑋 100% Equation 3.2

𝑋𝑋 100 %

Equation 3.3

In addition, the mass median aerodynamic diameter (MMAD) of aerosol particles and geometric
standard deviation (GSD) were calculated using a Mathematica (Wolfram Research, Inc.,
Champaign, IL) program.
3.2.2.11 In vitro Cell Dose-Response Assay
Cell-based assays are often used to determine if test molecules have effects on cell
proliferation or show direct cytotoxicity effects that eventually leads to cell death. The effects of
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the drug formulations were analyzed by measuring the response of lung adenocarcinoma cells at
different concentrations of the drug. The A549 pulmonary cell line is a human alveolar epithelial
lung adenocarcinoma cell line and has been used as a model of the alveolar type II pneumocyte
cell in in vitro pulmonary drug delivery and metabolism studies. The H348 pulmonary cell line is
a human bronchoalveolar epithelial cell line similar to alveolar type II cells and express lung
surfactant associated protein A (SP-A)50. Both cell lines were grown in a growth medium
including Dulbecco’s Modified Eagle’s medium (DMEM) advanced 1x, 10% (v/v) fetal bovine
serum (FBS), Pen-Strep (100 U ml-1 penicillin, 100 µg ml-1) , Fungizone (0.5 µg ml-1
amphotericin B, 0.41 µg ml-1 sodium deoxycholate), and 2 mM L-Glutamine in a humidified
incubator at 37 ºC and 5% CO2.
As previously reported50, both cell lines were seeded in 96-well plates at 5000 cells/well
and 100 µl/well and allowed to attach for 48 hours. Then, the cells were exposed to 100 µl of the
drug formulation dissolved in media at different concentrations and incubated for 72 hours after
exposure. 20 µl of 10 µM resazurin sodium salt dissolved in 1% DMSO in media was added to
each well and incubated for 4 hours. At this point, the fluorescence intensity was detected at 544
nm (excitation) and 590 nm (emission) using a Synergy H1 multi-mode reader (BioTek
Instruments Inc., Winooski, VT). The relative viability of each sample was calculated as follow:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (%) =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑥𝑥 100% Equation 3.4

3.2.2.12 In vitro Transepithelial Electrical Resistance Analysis

Calu-3 lung epithelial cells , a human lung adenocarcinoma cell line derived from the
bronchial submucosal airway region, were grown in a growth medium including Eagle’s minimum
essential medium (EMEM), 10% (v/v) fetal bovine serum (FBS), Pen-Strep (100 U ml-1 penicillin,
100 µg ml-1), Fungizone (0.5 µg ml-1 amphotericin B, 0.41 µg ml-1 sodium deoxycholate) in

93

humidified incubator at 37˚C and 5% CO2, as previously reported 50-52. The cells were seeded at
500,000 cells/ml in Costar Transwells® (0.4 μm polyester membrane, 12 mm for a 12- well plate)
with 0.5 ml of media on the apical side and 1.5 ml of media on the basolateral side. Media was
changed every other day from the basolateral and apical side. After about 10 days of growth, when
the cells reached a TEER value of about 1000 Ω/cm2 (indicator of a confluent monolayer at liquid
covered culture (LCC)) the media was removed from both sides and 800 μl of media was added to
the basolateral side of the Transwells to facilitate air-interface culture (AIC) conditions. The TEER
responses of the cells were measured with an Endohom 12 mm Culture Cup (World Precision
Instruments, Sarasota, FL). For TEER measurement, 0.5 ml of media was added to the apical side
of the Transwell 5 min before measurement and then immediately removed to return the cells to
AIC conditions. After the TEER values reached 500 Ω/cm2 (indicating a confluent monolayer at
AIC conditions), the cells were exposed to 100 µM of the test formulation dissolved in nonsupplemented EMEM media. The liquid aerosol formulations were delivered to the Calu-3 cells at
AIC using a Penn Century MicroSprayer® Aerolizer – Model IA-1B [1]. TEER values were then
recorded for up to 7 days after aerosol treatment, as previously reported52,53.
3.2.2.13 Statistical Analysis
Design of experiments (DoEs) for in vitro aerosol performance was conducted using
Design Expert® 8.0.7.1 software (Stat Ease Corporation, Minneapolis, Minnesota). A full factorial
design of 33 for co-SD DMF: Man systems was utilized for in vitro aerosol testing. Interaction of
process parameters namely inhaler device resistance and spray drying pump rate was evaluated
using the analysis of variance (ANOVA) test performed using Design Expert®. All experiments
were performed in triplicate (n = 3). Results are expressed as mean ± standard deviation.
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3.3
3.3.1

RESULTS
Scanning Electron Microscopy (SEM)
Spray dried DMF was successfully produced at 100% pump rate. Co-SD DMF:D-Man

powders at various molar compositions with high drug loading were successfully produced at low
(25%), medium (50%) and high (100%) pump rates. The particle shape and surface morphology
were visualized by SEM for the all raw and spray dried (SD) one-component powders of DMF
and D-Man (Figure 3.2). All spray dried samples showed smooth and spherical
nanoparticles/nanospheres compared to raw DMF and Man. SD DMF at high pump rate showed
smooth and spherical particles and SD D-Man showed spherical particles at low pump rate with
slight sintering of particles at medium and high pump rate.

Figure 3. 2: SEM micrographs of raw DMF, raw D-Man, SD DMF, and SD D-Man.
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As shown in Figure 3.3, co-SD particles at DMF:D-Man 90:10 and 80:20 molar ratios
exhibited spherical particles at all pump rates with smooth surface morphology. Co-SD DMF:DMan 50:50 particles exhibited spherical particles with smooth surface morphology at low pump
rates and somewhat crinkled particles at medium & high pump rates.

Figure 3. 3: SEM micrographs of co-SD DMF: D-Man solid-state particles as a function of
composition and advanced spray drying pump rate (low, med, and high).
3.3.2

Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs
As shown in Table 3.2, all co-SD samples had projected mean geometric diameter in the

size range of 0.51 – 1.04 µm, while individually spray dried DMF had 0.76 µm and mannitol had
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0.56 – 1.08 µm. The majority of the particles had a mean geometric diameter in nanoscale range
which is in agreement with the SEM micrographs. All the SD and co-SD particles had particle size
range ≤ 5µm, which is the preferred particle size for inhalation powders.
Table 3. 2: Particle sizing using image analysis on SEM micrographs (n≥100 particles).
Powder Composition
(Molar Ratio)
SD DMF
Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
50:50
Co-SD DMF:D-MAN
50:50
Co-SD DMF:D-MAN
50:50
SD D-MAN
SD D-MAN
SD D-MAN

3.3.3

Spray Drying Pump
Rate
(%)
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)

Mean Size
(µm)

Size Range
(µm)

0.76±0.33

0.18 – 2.25

0.51±0.16

0.24 – 1.00

0.56±0.18

0.28 – 1.30

0.78±0.29

0.31 – 1.74

0.58±0.39

0.24 – 3.61

0.64±0.32

0.22 – 2.09

0.84±0.37

0.27 – 2.29

0.54±0.18

0.23 – 0.98

1.04±0.47

0.34 – 2.93

1.01±0.45

0.31 – 2.66

0.56±0.25

0.21 – 1.33

1.08±0.62

0.39 – 3.12

0.80±0.45

0.27 – 2.71

X-Ray Powder Diffraction (XRPD)
The XRPD pattern of raw DMF showed sharp and intensive peaks characteristic of long-

range molecular order (i.e. crystallinity) at 2-theta degree values of 10.94, 21.99 and 24.28, as
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shown in Figure 3.4. To the authors knowledge this is the first time powder diffraction pattern of
DMF has been reported. The observed peaks are in excellent agreement with predicted powder
diffraction pattern obtained using CCDC Cambridge database software. SD DMF had the same
pattern as raw DMF suggesting that raw and SD DMF had the same crystal structure. XRPD
pattern of D-Man has been previously reported46. Comparing with the previous report, the raw DMan used in this study was found to be beta form with prominent peaks at 18.77, 23.39, 14.65 and
20.47 2-theta degree values. However, SD D-Man exhibited peaks at different 2-theta values. The
diffraction pattern of SD D-Man is closely resembles that of alpha and delta polymorphic forms at
all three pump rates. Li et al., observed alpha (medium pump rate) and alpha and delta (high pump
rate) polymorphic forms at the same pump rate46. However, it is worth mentioning that the inlet
and outlet temperatures were different these studies. The rich diffraction pattern seen in both the
samples (DMF and D-Man) suggest that the single components possessed long range molecular
order and this was retained after spray drying.
For the co-SD DMF:D-Man powders, all XRPD diffractograms exhibited sharp peaks
which are characteristic of long-range molecular order i.e. crystallinity, as shown in Figure 3.4.
The diffraction pattern of co-SD samples (all three molar ratios) were similar to SD D-Man at low
and medium pump rates. At high pump rate, 90:10 had diffraction pattern similar to SD DMF
while other two molar ratios had mixed pattern resembling both DMF and D-Man.
All spray dried and co-spray dried samples exhibited several sharp peaks characteristic of
long range molecular order, which is consistent with highly crystalline powders. Unlike majority
of spray dried systems which forms amorphous dispersion, the presence of sharp peaks in spray
dried and co-SD samples is indicative of retention of crystallinity following organic solution closed
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mode spray drying. Retention of crystallinity by mannitol following spray drying was recently
reported by Li et al.46

Figure 3. 4: XRPD diffraction patterns for (A) Raw and SD DMF powders; (B)Co-SD
DMF:D-Man and SD D-Man powders designed at low spray drying pump rate; (C)Co-SD
DMF:D-Man and SD D-Man powders designed at medium spray drying pump rate; and (D)
Co-SD DMF:D-Man and SD D-Man designed at high spray drying pump rate.
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3.3.4

Differential Scanning Calorimetry (DSC)
Representative DSC thermograms of raw components, SD single component and co-spray

dried particles are shown in Figure 3.5. Raw and SD DMF exhibit single endothermic transition at
about 102⁰C suggesting transition from ordered to disordered phase. The presence of ordered
phase at room temperature is in good agreement with XRPD data. Raw and SD D-Man exhibited
single transition similar to previously reported results46. As can be seen from Table 3.3, an increase
in enthalpy was observed for SD D-Man samples with an increase in pump rate. There was a spray
drying pump rate effect observed on the DSC thermograms of co-SD particles. At low and medium
pump rates, there was only one endothermic transition at about 164⁰C, while at high pump rate
two endothermic transitions were observed at 102⁰C and 164⁰C. At room temperature, all co-SD
particles exhibited no transition suggesting existence of an ordered phase that is consistent with
XRPD observation. At higher heating scan rates of 20⁰C/min and 40⁰C/min, there was no
reproducible transition (glass transition) or no transition observed for all the samples (data not
shown). The two endothermic peaks observed at high pump rate suggest decreased molecular
miscibility between the two components at that pump rate (100%) while single peak at lower pump
rates suggest molecular encapsulation of the drug in the excipient (D-Man). In any case, from all
DSC data it is clear that the components exist in crystalline ordered phase before and after spray
drying suggesting absence of polymorphic interconversion.
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Table 3. 3: DSC thermal analysis (n=3, mean ± standard deviation).
Powder Composition
(Molar Ratio)

Tpeak (⁰C)

ΔH (J/g)

102.19±0.02
166.39±0.06
102.12±0.21

245.3±37.26
316.97±3.02
242.133±7.73

164.08±0.10

308.67±124.91

163.78±0.03

303.57±19.49

102.90±0.26
164.34±0.19

231.57±11.48
33.88±1.79

Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
90:10

Spray Drying
Pump Rate
(%)
N/A
N/A
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)

Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
80:20

Low
(25%)
Med
(50%)
High
(100%)

163.87±0.04

290.03±2.67

163.36±0.22

286.00±3.01

102.08±0.19
164.08±0.04

154.93±0.27
96.09±17.35

Co-SD DMF:D-MAN
50:50
Co-SD DMF:D-MAN
50:50
Co-SD DMF:D-MAN
50:50

Low
(25%)
Med
(50%)
High
(100%)

164.69±0.19

233.83±18.14

164.99±0.19

267.37±20.46

100.26±0.44
164.61±0.51

11.22±1.22
286.50±35.27

SD D-MAN

Low
(25%)
Med
(50%)
High
(100%)

164.92±0.12

251.33±6.98

163.32±0.17

285.17±27.24

164.06±0.10

366.13±57.10

Raw DMF
Raw D-MAN
SD DMF

SD D-MAN
SD D-MAN
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Figure 3. 5: Representative DSC thermograms for (A) Raw DMF; (B) SD DMF; (C) Co-SD
DMF:D-Man 50:50 designed at low spray drying pump rate; (D) Co-SD DMF:D-Man 80:20
designed at medium spray drying pump rate; and (E)Co-SD DMF:D-Man 90:10 designed at
high spray drying pump rate.
3.3.5

Hot Stage Microscopy under Cross-Polarizer Lens (HSM)
Figure 3.6 shows representative images from HSM experiment. All raw samples exhibited

birefringence suggestive of crystallinity of the particles. Raw DMF at increasing temperature
started melting at about 80⁰C and completely melted at 100⁰C. However, there was particle growth
observed for SD DMF sample from 70-102⁰C followed by melting starting at 103.7⁰C and
completely melted at 104.5⁰C. This is an unusual phenomenon observed on heating SD DMF
particles, which can be attributed to transition to a different phase. However, this needs further
investigation. Raw D-Man and SD D-Man (all pump rates) exhibited one observable transition
from solid state to liquid state at temperatures higher than 160⁰C. However, different co-SD
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particles showed thermal events on heating. All low and medium pump rate particles showed one
transition from solid state to liquid state at higher temperatures of 160-166⁰C. At high pump rate,
all co-SD samples had two observable thermal events upon heating. One was a loss of
birefringence which can be described as melting of one component at about 60-70⁰C and other
melting at 160-164⁰C. Additionally, 80:20 molar ratio particles at 100% pump rate showed a
particle growth similar to SD DMF starting at 70⁰C. The thermal activity observed with HSM is
comparable with the DSC data, where two peaks were seen at high pump rate and one peak seen
at low and medium pump rates.
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Figure 3. 6: Representative HSM images for (A) Raw DMF; (B) SD DMF; (C) Co-SD
DMF:D-D-Man 90:10 designed at high spray drying pump rate; (D) Co-SD DMF:D-Man
80:20 designed at medium spray drying pump rate; and (E) Co-SD DMF:D-Man 50:50
designed at low spray drying pump rate.
3.3.6

Karl Fisher Titration (KFT)
Table 3.4, shows the residual water content in the raw and spray dried powders. The SD

D-Man samples had low water content but higher than raw D-Man. This is similar to previously
reported residual water content results of D-mannitol before and after spray drying. It can be noted
from the Table 3.4 that all SD powder samples had residual water content ≤ 1.50 % w/w. These
values of residual water content are considered acceptable for inhalation dry powder formulation.
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Table 3. 4: Residual water content quantified by KFT (n=3, mean ± standard deviation).
Powder Composition
(Molar Ratio)
Raw DMF
Raw D-MAN
SD DMF
Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
90:10
Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
80:20
Co-SD DMF:D-MAN
50:50
Co-SD DMF:D-MAN
50:50
Co-SD DMF:D-MAN
50:50
SD D-MAN
SD D-MAN
SD D-MAN

3.3.7

Spray Drying Pump Rate
(%)
N/A
N/A
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)
Low
(25%)
Med
(50%)
High
(100%)

Residual Water content
(% w/w)
0.26±0.05
0.21±0.01
0.16±0.01
1.36±0.04
1.05±0.05
0.37±0.04
1.26±0.07
0.82±0.09
0.48±0.08
1.20±0.06
1.49±0.16
1.61±0.08
1.46±0.06
0.79±0.21
0.98±0.01

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR)
Spectroscopy
ATR-FTIR spectra in Figure 3.7, confirms the presence of the components in the co-SD

particles. The spectra of DMF obtained is similar to the spectra reported in Scifinder® and by Lopes
et al.,54. Co-SD samples at the low and medium spray drying pump rates showed O-H stretching
at 3260-3280 (cm-1) suggesting H-bonding with D-mannitol. At High pump rate, the spectra are
similar to SD DMF. Additionally, 80:20 at low and medium samples shows C-H stretch at 2940
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(cm-1).

Figure 3. 7: ATR-FTIR spectra for (A) Raw and SD DMF; (B) SD D-Man designed at three
spray drying pump rates of low, medium, and high; (C) co-SD DMF: D-Man powders
designed at low spray drying pump rate; (D) co-SD DMF:D-Man powders designed at medium
spray drying pump rate; and (E) co-SD DMF: D-Man powders designed at high spray drying
pump rate.
3.3.8

Confocal Raman Microspectroscopy (CRM), Chemical Imaging, & Mapping
Confocal Raman microscopy analysis was performed to further investigate the physical

form and homogeneity of DMF and Man in co-SD particles. A spectral scan from 100-4000 cm-1
was performed on all samples. All the samples exhibited high crystallinity before and after spray
drying with or without D-Man. Based on the spectral scan of both the components, Raman shift in
the range of 2826-3289 (cm-1) was observed during confocal Raman mapping (CRM). In general,
the spectral scan and CRM of all samples were in good agreement. As seen in Figure 3.8 and 3.9,
the spectral scan of all co-SD samples at low pump rate exhibited Raman shift that was consistent
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with D-Man. At medium pump rate, 90:10 molar ratio sample showed Raman shift of both DMF
and D-Man while other samples exhibited only that of D-Man. At high pump rate, co-SD DMF:DMan 90:10 and 80:20 powders had Raman shift consistent with that of DMF while 50:50 exhibited
that of Man. Interestingly, co-SD DMF:D-Man 50:50 powder exhibited Raman spectra similar to
that of D-Man. By CRM, all co-spray dried samples (all molar ratios and all pump rates) exhibited
homogeneity in their distribution. Figure 3.10 shows representative brightfield micrographs
obtained at 20x magnification of co-SD samples and the corresponding Raman signal obtained
from different regions of the imaged sample. The image represents an area of the powder sample
to assess the chemical composition (i.e. molecular fingerprint) and distribution of the components.
As can be seen from Figures 3.10A and 3.10B, the peaks are consistently seen in a given sample
suggesting the uniform distribution of the components. Figure 3.10 A exhibits peaks corresponding
to DMF while Figure 3.10 B shows that of D-Man. Raman spectra of co-SD samples at some pump
rates showed peaks corresponding to mannitol at different molar ratios suggesting encapsulation
of the drug by mannitol.
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A

B

Figure 3. 8: Raman spectra for one-component powders for (A) raw DMF and SD DMF; and
(B) SD D-Man designed at three spray drying pump rates (low, medium, and high).
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A

B

C

Figure 3. 9: Raman spectra of co-SD DMF: D-Man powders designed at three spray drying
pump rates as (A) low spray drying pump rate; (B) medium spray drying pump rate; and (C)
high spray drying pump rate.
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A
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B

Figure 3. 10: Representative confocal Raman microspectroscopy for chemical imaging and
mapping for co-SD DMF: D-Man powders for (A) DMF: D-Man 90:10 designed at high spray
drying pump rate showing peaks of DMF and D-Man; and (B) DMF: D-Man 80:20 designed
at medium spray drying pump rate showing peaks of D-Man.
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3.3.9

In Vitro Aerosol Dispersion Performance
The in vitro aerosol dispersion performance using NGI® and three FDA-approved inhaler

devices revealed that all SD DMF and co-SD DMF: Man systems had more than 80% of the dose
loaded emitted from the device. The aerosol dispersion of SD Man is presented in Figure 3.11 to
compare the deaggregation and dispersion behavior of D-Mannitol when spray dried. For most of
the co-SD systems with different inhaler devices, the FPF was improved compared to single
component SD DMF. Aerosol dispersion of SD DMF alone exhibited a higher fraction of particle
deposition at the earlier stages (1-3), but the inclusion of D-man had a profound effect on the stage
deposition. As can be seen from the Figures 3.12, co-SD DMF with D-Man increased the aerosol
deposition on stages 3-6 irrespective of the inhaler device used. However, there was a negligible
amount of aerosol deposition on stage 7 for all the powders.
70
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Figure 3. 11: In vitro aerosol dispersion performance of SD Mannitol as DPIs using the NGI
and the FDA-approved human DPI device HandiHaler ®.
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Figure 3. 12: In vitro aerosol dispersion performance of SD and co-SD DMF as DPIs using the NGI and the FDA-approved
human DPI devices A) Aerolizer®; B)Neohaler®; and C) HandiHaler ®.
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3.3.10 In Vitro Drug Dose-Response Assay
In vitro cell viability assay results of selected formulations are displayed in Figure 3.13.
In A549 cell line, raw DMF and co-SD DMF: Man at 90:10 molar ratio had decreased cell viability
at higher concentrations. On the contrary, DMF: Man 80:20 molar ratio and SD Man showed
increased cell viability at higher concentrations. A similar trend was observed in H358 cell line
where 80:20 DMF: Man had increased cell viability at higher concentrations.
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A

B

Figure 3. 13: In vitro cell viability of raw DMF, SD DMF and selected formulations of co-SD
DMF: Man using pulmonary cell lines A) A549 cell line; and B) H358 cell line (n=6).
*statistically significant compared to raw DMF
~statistically significant compared to Mannitol
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3.3.11 In Vitro Transepithelial Electrical Resistance Analysis
The transepithelial electrical resistance measurement across the Calu-3 cell lines showed a
similar pattern for the control (treated with cell media), raw DMF, SD DMF, SD Man and co-SD
DMF: Man at different molar ratios, as can be seen in Figure 3.14. The return of TEER values to
around 200 Ω/cm² is indicative of a temporary disruption of the monolayer.

Figure 3. 14: In vitro Transepithelial electrical resistance (TEER) analysis of Calu-3 lung
epithelial cells exposed to representative formulations in air-interface culture (AIC) conditions
using microsprayer.
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3.4

DISCUSSION
To the authors' knowledge, this is the first reported study to successfully design and

optimize DPIs of DMF and DMF: D-Man molecular mixtures by organic solution advanced closed
mode spray drying. This study is also the first to have comprehensively characterized DMF for its
physicochemical properties in the solid state. The systematic approach in this study included single
component SD drug, single component SD excipient (D-Man) and co-SD rationally chosen molar
ratios of drug: excipient. Particle engineering techniques are often used in inhalation formulation
to achieve narrow particle size distribution, small, smooth particles, hollow or encapsulated
particles which can be aerosolized without a carrier. Spray drying is the most versatile particle
engineering design technology, particularly when using dilute organic solutions in closed mode
advanced spray drying55 leading to small, spherical and dry particles that can successfully target
lower airways, as reported by us37,46,47,56-60 .
This study shows that the presence of D-Man in the solution has enabled DMF molecule
to be encapsulated into small, spherical particles at lower pump rates while DMF didn’t form
particles at these pump rates individually. This is likely due to the hydrogen bonding between
DMF and D-Man since D-Man is an H-bond donor and DMF is an H-bond acceptor. In solution
polar organic molecules tend to form hydrogen-bonded aggregates, these aggregates serve to be
the precursor for the crystal of the molecules. SEM micrographs of SD particles has shown
diameter < 2µm which is the preferred particle size for targeted delivery to deeper regions of the
lung. The size and shape of particles determine the forces that the particle will experience during
its fluid motion (i.e. aerosolization)61. By targeting in this manner, the dose of the drug that needs
to be inhaled can be reduced. This is also the rationale in choosing the DMF:D-Man molar ratios
in this study, where the ratio of Man was not to exceed that of the drug, as high drug loading is
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desired for DPI delivery. But, in this study, the DMF individually and co-SD with man retained its
crystallinity and this is evident from DSC, XRPD and Raman analysis. However, the DSC
thermograms of co-SD particles showed different miscibility among the components at different
pump rates. The single transition observed at low and medium pump rates suggest that the
components were homogenous and completely miscible on a molecular level, while two transitions
seen at high pump rates suggest molecular heterogeneity such as “nanodomains”. At low and
medium pump rates, the drying process is slower, while at higher pump rates the drying process is
faster. Increased time available to form particles at lower pump rates (low and medium) could be
the reason for complete miscibility of the components. This is verified by the HSM images where
melting of two components sequentially was noticed at only high pump rates.
This can be due to the favorable H-bonding of the two components at lower pump rates as
seen from ATR-FTIR analysis. DMF is a symmetrical molecule that can exist in several different
isomeric forms. The most stable conformer is reported to have both ester groups in cis orientation
with respect to the C=C bond54. The energy difference seen in DSC can be due to the
conformational changes of the molecule at that pump rate. All thermal analysis confirmed the
stability of the particles at room temperature and biological temperature. However, the particle
growth observed in HSM of SD DMF at higher temperature needs further investigation. Dry
powder aerosol particles are not expected to be exposed to higher temperatures (70⁰C or higher),
hence the investigation is reserved for future study. The crystalline nature of the SD particles was
further verified by the low residual water content of all the particles. The crystallinity of the particle
with low water content can lead to increased physical and chemical stability of the powder for a
prolonged period of time. Crystalline compounds possess less molecular mobility which leads to
decreased reactivity, hence increased physical and chemical stability. Additionally, decreased
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residual water can lead to better aerosol dispersion performance. The in vitro cellular studies
demonstrate the safety of SD DMF and co-SD DMF: Man particles as pulmonary drug delivery
powders. An increase in cell viability of co-SD DMF with Man was observed at higher ratios of
Man.
The in vitro aerosol performance of the spray dried and co-SD systems are tabulated in
Tables 3.5 and 3.6. The influence of spray drying pump rate and inhaler device resistance on the
engineered particles are presented in Figures 3.15 and 3.16. It was noticed that HandiHaler

®

increased the FPF, RF and decreases the MMAD of SD DMF particles. The SD DMF had a better
aerosol performance with Handhaler® device compared to the other two inhaler devices. The
aerosol performance of co-SD 90: 10 DMF: Man powder using Aerolizer® and Neohaler® were
comparable with Aerolizer® being slightly better. In this powder composition, HandiHaler ® had
the highest MMAD and lower ED, FPF, and RF. Similarly, co-SD 80:20 DMF: Man system
performed better with Aerolizer® than Neohaler® and HandiHaler ®. Overall, all the powders with
the three inhaler devices produced a very good emitted dose of more than 80%. When the spray
drying pump rates were considered, low PR showed better aerosol parameters than the medium
and high PR. This is in good agreement with the SEM micrographs where the low PR made smaller
particles relative to the medium and high PR. The trend that was observed in this study is that, SD
DMF alone was well dispersed with HandiHaler ® (high resistance device), as the molar ratio of
Mannitol increased Neohaler® (medium resistance device) and Aerolizer® (low resistance device)
performed well.
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Table 3. 5: In vitro aerosol dispersion performance of SD Mannitol as DPIs. (n=3, mean ±
standard deviation).
Spray Drying Pump Rate (%)
Emitted Dose (%)
Fine Particle Fraction (%)
Respirable Fraction (%)
MMAD (μm)
GSD

Low (25%)
89.57±4.05
29.56±3.83
43.26±6.02
7.24±1.68
2.81±0.20
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Med (50%)
81.55±8.59
26.34±3.46
37.60±4.28
8.56±1.34
2.84±0.18

High (100%)
85.89±10.38
49.46±6.93
76.15±6.01
3.89±0.34
1.98±0.32

Table 3. 6: In vitro aerosol dispersion performance of co-SD DMF as DPIs. (n=3, mean ± standard deviation).
Inhaler
device
SD Pump
Rate

25% PR

50% PR

100%PR

ED (%)
FPF (%)
RF (%)
MMAD(µm)
GSD

N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A

93.7±4.4
5.92 ± 0.86
44.68 ± 9.39
10.92±5.5
2.26±0.76

ED (%)
FPF (%)

83.80 ± 8.51
24.70 ± 6.68
80.95 ±
35.27
2.29 ± 0.10
1.92 ± 0.06

95.32 ± 0.32
24.80 ± 1.31
86.11 ±
37.32
2.56 ± 1.11
1.92 ± 0.06

96.28 ± 0.59
28.87 ±1.68

91.95 ± 1.13
34.42 ± 2.90
85.74 ±
37.12
2.65 ± 0.29
1.86 ± 0.09

95.68 ± 0.59
42.16 ± 6.44
85.59 ±
37.07
2.90 ± 0.28
1.72 ± 0.03

99.55 ± 0.21
34.85 ± 1.62

RF (%)
MMAD(µm)
GSD
ED (%)
FPF (%)
RF( %)
MMAD(µm)
GSD

Aerolizer®

Neohaler®

80.90±35.10
4.73 ± 2.05
1.96 ± 0.05

88.50±38.37
3.59 ± 0.17
2.01 ± 0.04

25%PR
50%PR
SD DMF
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
90:10 DMF:Man
95.44 ± 0.93 93.52 ±1.58
27.34 ± 0.52 29.36 ± 3.86
56.98 ±
27.11
62.37 ± 27.3
4.5 ± 2.05
4.86 ± 2.16
2.22 ± 0.15
2.16 ± 0.07
80:20 DMF:Man
94.57 ± 1.16 96.45 ± 1.70
29.72 ± 5.55 41.20 ± 2.74
72.24 ±
77.95 ±
31.43
33.88
3.28 ± 0.25
3.62 ± 0.28
2.03 ± 0.1
1.86 ± 0.03
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HandiHaler ®
100%PR

25%PR

50%PR

100%PR

96.71±0.75
9.39 ± 0.28
46.92 ±20.33
8.36±0.02
1.86±0.08

N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A

85.18±5.51
17.07±4.72
61.28±21.61
7.59±1.55
1.89±0.16

89.88 ± 6.15
35.14 ± 3.95

85.17±5.61
23.15±1.76

87.74±6.30
24.12±2.43

87.01±7.58
24.15±0.83

32.89±3.83

45.23±3.79

51.70±0.77

11.15±1.84
3.09±0.15

7.85±0.92
2.65±0.14

7.86±0.33
2.34±0.07

84.08±10.30 88.70±3.10
22.63±0.82 29.82±4.53

95.66±4.69
34.48±1.42

32.10±1.19

48.96±8.11

62.70±0.81

10.92±0.74
3.69±0.18

6.86±1.25
2.46±0.17

5.56±0.26
2.38±0.05

67.71 ± 29.38
6.12 ± 2.65
2.05 ± 0.01
92.07 ± 2.62
30.68 ± 2.82
84. 68 ± 36.67
4.03 ± 0.28
2.2 ± 0.38

Figure 3. 15: Process parameter interaction graphs showing the influence of spray drying
pump rate and inhaler device resistance on in vitro aerosol dispersion performance for co-SD
90:10 DMF: Man powder as DPIs for A) ED; B) FPF; C) RF; and D) MMAD.
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Figure 3. 16: Process parameter interaction graphs showing the influence of spray drying
pump rate and inhaler device resistance on in vitro aerosol dispersion performance for co-SD
80:20 DMF: Man powder as DPIs for A) ED; B) FPF; C) RF; and D) MMAD.
The process parameter interaction plot and 3-D surface response graphs generated for SD
and co-SD powders from Design Expert® software are shown in Figures 3.17 and 3.18
123

respectively. The interaction between spray drying pump rate and inhaler device resistance was
studied using one-way ANOVA analysis. This statistical test identified that both pump rate and
device resistance play a crucial role in influencing ED, FPF, RF, and MMAD of SD DMF with
and without Man.
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Figure 3. 17:3-D surface response plots showing the influence of spray drying pump rate and
inhaler device resistance on in vitro aerosol dispersion performance for co-SD 90:10 DMF:
Man powder as DPIs for A) ED; B) FPF; C) RF; and D) MMAD.
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Figure 3. 18:3-D surface response plots showing the influence of spray drying pump rate and
inhaler device resistance on in vitro aerosol dispersion performance for co-SD 80:20 DMF:
Man powder as DPIs for A) ED; B) FPF; C) RF; and D) MMAD.
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The aerosol stage deposition profile of engineered DMF demonstrated that the formulation
possesses the capability to reach lower airways of the lung. The deposition of the aerosol particles
in this region is characterized by sedimentation and Brownian diffusion in addition to the low air
velocity62.

Inflammatory diseases such as asthma and COPD are characterized by airway

remodeling and the pathological process involves both larger and smaller airways. However, the
difference between these two diseases lies in the cells that are involved in the process. In COPD,
CD8+, T-lymphocytes, and macrophages are the predominant cells involved63. Hence, targeted
delivery of DMF to this respiratory region will be advantageous in treating inflammation because
it possesses both anti-inflammatory and anti-oxidant properties. Additionally, the hydrophobicity
of DMF will increase the lung residence of the drug due to favorable hydrophobic interaction with
the lung cellular membranes. This effect can favor decreased dosing frequency of the drug. The
hydrophobicity will also minimize translocation of the drug which is expected to decrease the offtarget systemic side effect.
3.5

CONCLUSION
This systematic and comprehensive study reports for the first time on the successful design

of advanced inhalable dry powders containing dimethyl fumarate, a first-in-class Nrf2-activator
drug to treat pulmonary inflammation, using particle engineering design technology for targeted
delivery to the lungs as advanced spray dried one-component DPIs. In addition, two-component
co-spray dried (co-SD) DMF:D-Man DPIs with high drug loading were successfully designed for
targeted lung delivery as advanced DPIs using organic solution advanced spray drying in the
closed mode. Regionally targeted deposition using in vitro predictive lung modeling based on
aerodynamic properties was tailored based on composition and spray drying parameters. These
findings indicate the significant potential of using D-Man in spray drying to improve particle
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formation and aerosol performance of small molecule with a relatively low melting point. These
respirable microparticles/nanoparticles in the solid-state exhibited excellent aerosol dispersion
performance with the human DPI device. Using in vitro predictive lung deposition modeling, the
aerosol deposition patterns of these particles show the capability to reach lower airways to treat
inflammation in this region in pulmonary diseases such as acute lung injury (ALI), chronic
obstructive pulmonary disease (COPD), pulmonary hypertension (PH), and pulmonary endothelial
disease.
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CHAPTER 4
DRY POWDER AEROSOL DESIGN, DEVELOPMENT AND SOLID STATE
CHARACTERIZATION OF TETRAMETHYLPYRAZINE TO TREAT PULMONARY
HYPERTENSION
This chapter has been prepared for manuscript submission
4.1

INTRODUCTION
Pulmonary hypertension (PH) is a serious life-threatening disease of the pulmonary and

cardiovascular system. The pulmonary circulation is the circulation of de-oxygenated blood from
the right ventricles of the heart to the lungs and return of oxygenated blood from lungs to the left
atrium of the heart. The deoxygenated blood is carried from the right ventricle through two
pulmonary arteries – left and right, the only arteries in the body that carries deoxygenated blood.
Each pulmonary artery further branches into two to supply the respective lungs. When there is a
blockage or narrowing of any of these branches of the pulmonary artery, it causes increased
pressure in the vessels – hypertension, in the pulmonary circulation. This, in turn, can lead to
increased stress on the right ventricles of the heart that can eventually lead to cardiac failure and
death. The normal pressure in the pulmonary artery is 25mmHg when the pressure increases higher
than 25mmHg it is classified as PH. There are five types of PH based of the etiology of the disease.
Except for idiopathic pulmonary hypertension, all the other types are caused due to other comorbidity such as left heart disease, pulmonary diseases, and diseases of the blood vessel. The
treatment of PH includes treating hypertension and managing the co-morbidity. FDA-approved
drugs used to treat PH include calcium channel blockers (nifedipine, diltiazem), prostacyclin
analogues and receptor agonists (beraprost, epoprostenol, iloprost, and treprostinil), endothelin
receptor antagonists (ambrisentan, bosentan, macitentan), phosphodiesterase type 5 inhibitors and
guanylate cyclase stimulators (sildenafil, tadalafil, vardenafil, riociguat) or combination therapy1.
All of these pharmaceutical agents administered either orally or intravenously have systemic side
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effects, iloprost and treprostinil are also inhaled therapies. It may also be noted that some of these
drugs are the choice to decrease the blood pressure in systemic hypertension. So, understandably
they cause undesired systemic hypotension when prescribed for pulmonary hypertension. Hence,
the main objective of this study is to administer the novel drug locally to the pulmonary circulation
thereby decreasing the systemic side effects.
Tetramethylpyrazine (TMP) also known as Ligustrazine is an alkaloid derived from the
roots of the Chinese herb Ligusticum chuanxiong also known as Ligusticum wallichii, is approved
in China and Japan to treat occlusive cerebral arteriolar disease and pulmonary arterial
hypertension2,3. It is used in combination with other traditional Chinese herbs. TMP has been
studied for its effects in several different diseases occurring in the brain, liver, and lungs. It is
shown to possess neuroprotective effects4,5. The anti-inflammatory effect of TMP has been
explored to reveal its effects in alleviating asthma in rats6,7. The vasodilator effect of TMP on
pulmonary arteries has been known for a long time8. The inhibitory effect of TMP on the
RhoA/ROCK pathway is an added advantage in using it to treat PH9,10. The role of RhoA/ROCK
pathway is responsible for vasospasm and hypertension as described in chapters 1 & 5.
This study intends to develop a dry powder aerosol formulation of TMP targeting the
pulmonary vasculature. The local delivery of the drug targeted to the airways is important because
TMP is shown to be effective in decreasing the pressure of the pulmonary artery and some systemic
arteries like the bronchial artery8. Therefore, this approach can circumvent any potential systemic
side effects such as systemic hypotension. Currently, Iloprost (Ventavis®) and Treprostinil
(Tyvaso®) are inhaled nebulization solutions of the drugs available to treat PH. The advantages of
a dry powder inhaler are explained in detail in chapter 1. In this study, the most popular particle
engineering technique – spray drying was utilized to produce the dry powder aerosol of TMP. This
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has been an area of interest where some studies have successfully used the spray drying technique
to produce aerosol particles of Tacrolimus11,12, Bosentan13, Sildenafil14 to treat PH. This study also
comprehensively characterized the solid state physicochemical properties of the spray dried TMP
aerosol particles. The in vitro aerosol efficacy and suitability as a pulmonary drug delivery were
tested using inertial impactor and in vitro cellular studies using pulmonary cell lines, respectively.
The efficacy of the spray dried formulation in reducing the pulmonary arterial pressure was tested
in monocrotaline (MCT) rat model that was treated with TMP for two weeks.

4.2

EXPERIMENTAL: MATERIALS AND METHODS

4.2.1

Materials
TMP [≥98% purity] [C8H12N2; molecular weight (MW): 136.19], shown in Figure 4.1

(ChemDraw Ultra Ver. 10.0; CambridgeSoft, Cambridge, MA), was obtained from Sigma-Aldrich
(St. Louis, MS). Methanol (HPLC grade, ACS –certified grade, purity 99.9%) was obtained from
Fisher Scientific (Fair Lawn, NJ). Hydranal®-Coulomat AD was from Sigma-Aldrich. Resazurin
sodium salt was obtained from ACROS Organics. DMSO LC-MS grade was from Thermo
Scientific. The nitrogen gas used was ultra-high purity (UHP) (Cryogenics and gas facility, The
University of Arizona, Tucson, Arizona).Pulmonary cell lines for cellular studies were purchased
from the American type culture collection ATCC® A549 (ATCC® CCL-185™), H358 (ATCC®
CRL-5807™) and Calu-3 (ATCC

®

HTB-55™). A549 and H358 were grown in Dulbecco’s

modified eagle’s medium (DMEM) Advanced 1X supplemented with fetal bovine serum (FBS),
Pen-Strep, Fungizone®, and L-glutamine obtained from Gibco® by Life Technologies (Thermo
Fisher Scientific Inc, USA). Calu-3 cell line was grown in Eagle’s minimum essential medium
(EMEM) obtained from ATCC supplemented with FBS, Pen-Strep and Fungizone® obtained from
Gibco® by Life Technologies (Thermo Fisher Scientific Inc, USA).
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Figure 4. 1: Chemical Structure of tetramethylpyrazine.
4.2.2

Methods

4.2.2.1 Advanced Close Mode Spray Drying from Organic Solution
Spray drying (SD) was carried out using a B-290 Buchi mini spray dryer coupled with a
B-295 inert loop and high-performance cyclone (Buchi Labortechnik AG, Switzerland) in a closed
mode using compressed UHP dry nitrogen as the atomizing gas. The feed solution was prepared
by dissolving 1%w/v drug in methanol. A stainless steel nozzle with a diameter of 0.7 mm was
used to atomize the drug solution. All spray dried particles were separated from the highperformance cyclone and collected into glass sample collector. The following conditions were
used: atomization gas flow rate 670 l h-1 (55 mm), aspirator rate of 38 m3 h-1 (100%), the inlet
temperature of 100°C and feed rate of 27ml min-1, also listed in Table 4.1. Spray dried powder was
stored in desiccated condition at -20°C until further analysis.
Table 4. 1: Advanced spray drying parameters for spray dried (SD) TMP powders using
methanol (MeOH).
Feed Concentration
(%w/v)
1

Pump Rate
(%/ml min-1)
90 / 27

Inlet T(⁰C)

Outlet T (⁰C)

149-152

18-25
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4.2.2.2 Scanning Electron Microscopy (SEM)
Using similar conditions reported in previous studies15,16, the shape and surface
morphology of particles were evaluated by scanning electron microscopy (SEM), using a SEM
FEI Inspect S (Brno, Czech Republic). Samples were placed on a double coated carbon conductive
adhesive Pelco tabsTM (TedPella Inc., Redding, CA, USA), which were adhered to aluminum stubs
(TedPella Inc., Redding, CA, USA). Samples were coated with a gold thin film using a Hummer
6.2 sputtering system from Anatech (Union City, CA). The coating process was operated at 15 AC
milliAmperes with about 7 kV of voltage for 1.5 minutes. The electron beam with an accelerating
voltage of 30 kV was used at a working distance of 9-12.5 mm. Several magnification levels were
used for image capture.
4.2.2.3 Laser diffraction particle sizing and size distribution
Particle size and size distributions of the particles were determined by laser diffraction with
the SALD-7101 (Shimadzu Scientific Instruments, Japan) using conditions previously reported1720

for measurement of the mean size and size distribution of SD particles in aqueous suspension.

Samples were dispersed in ultrapure water and ultrasonicated for 10 s in a water bath ultrasonicator
(Branson 7500) before measuring particle size. The sample particle dispersion was immediately
transferred to particle size measuring cell and kept stirring during measurement in nanoparticle
size analyzer. The low refractive index of 1.50–0.00i was used. Volume-based measurements
obtained DV10, DV50, and DV90 were used as particle size characterization parameters. The span
value was calculated using the equation defined as
Span = [(DV90 - DV10)/DV50] Equation 4.1
4.2.2.4 X-Ray Powder Diffraction (XRPD)
Using similar conditions reported by previous studies

15,16

, X-ray powder diffraction

(XRPD) patterns of samples were collected at room temperature with a PanAnalytical X'pert
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diffractometer (PANalytical Inc., Westborough, MA, USA) with Cu Kα radiation (45 kV, 40 mA,
and λ=1.5406 Å) between 8.0° and 80.0° (2θ) with a scan rate of 2.00° per minute at ambient
temperature. The powder samples were loaded on the zero-background silicon wafer sample
holder and diffraction was measured with X’celerator detector.
4.2.2.5 Differential Scanning Calorimetry (DSC)
Thermal analysis and phase transitions measurements were performed using a TA Q2000
differential scanning calorimeter (DSC) (TA Instruments, New Castle, Delaware) equipped with
T-Zero® technology, and RSC90 automated cooling system. A mass of approximately 1-3 mg of
powder was weighed into a hermetic anodized aluminum T-Zero® DSC pan. These were
hermetically sealed with a T-Zero hermetic press (TA Instruments). An empty hermetically sealed
pan was used as a reference pan. UHP nitrogen gas was used at a rate of 50 mL min-1. All samples
were heated starting at 0°C to 150°C at a scanning rate of 5.00 °C min-1. All measurements were
made in triplicate.
4.2.2.6 Hot-Stage Microscopy (HSM) Under Cross-polarizers
Using similar conditions reported previously15,16, hot-stage microscopy (HSM) was
performed using a Leica DMLP cross-polarized microscope (Wetzlar, Germany) equipped with a
Mettler FP 80 central processor heating unit and Mettler FP82 hot stage (Columbus, OH, USA).
Samples were mounted on a cover glass slide and heated from 25.0 °C to 100 .0 °C at a heating
rate of 5.00 °C min-1. The images were digitally captured using a Nikon Coolpix 8800 digital
camera (Nikon, Tokyo, Japan) under 10x optical objective and 10x digital zoom.
4.2.2.7 Karl Fisher Coulometric Titration
The residual water content of spray dried powder was analytically quantified by Karl
Fischer (KF) coulometric titration, using a TitroLine® 7500 KF trace coupled with a TM 235 (SI
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Analytics GmbH, Mainz, Germany). Approximately 1-10 mg of powder was added directly into
the reaction cell that contained Hydranal® coulomat AD reagent.
4.2.2.8 Confocal Raman Microspectroscopy (CRM) and Chemical Imaging
Microspectroscopic component analysis of DPI formulations was carried by the
noninvasive and nondestructive Raman spectroscopy. Using similar conditions previously
reported 15,16,21,22, Raman spectra were obtained at 514 nm laser excitation using Renishaw InVia
Reflex (Gloucestershire, UK) at the surface using a 20x magnification objective on a Leica
DM2700 optical microscope (Wetzlar, Germany) and equipped with a Renishaw inVia Raman
system (Gloucestershire, UK). This Renishaw system has a 2400 l/mm grating, with a slit width
of 65 μm and a thermoelectrically cooled Master Renishaw CCD detector. The laser power was
adjusted to achieve 5000 counts per second for the 520 cm-1 line of the internal Si Reference.
Raman spectra were achieved using varying laser power (10-100%), and 10 seconds of exposure
time.
4.2.2.9 In vitro Aerosol Dispersion Performance
In accordance with US Pharmacopeia (USP) Chapter <601> specification on aerosols and
using conditions similar to those previously reported 15,16, the in vitro aerosol dispersion properties
of the dry powder particles were determined using the Next Generation Impactor® (NGI®) with a
stainless steel induction port (USP throat) attachment (NGI® Model 170), equipped with
specialized stainless steel gravimetric insert cups (MSP Corporation, Shoreview, MD, USA). The
NGI® was coupled with a Copley TPK 2000 critical flow controller connected to a Copley HCP5
vacuum pump, and the airflow rate (Q), was measured and adjusted prior to each experiment using
a Copley DFM 200 flow meter (Copley Scientific, UK).
The mass of powder deposited on each stage was quantified by a gravimetric method using
type A/E glass fiber filters with diameter 55mm (PALL Corporation, Port Washington, New York)
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and 75 mm (Advance, Japan). Quali-V clear HPMC size 3 inhalation grade capsules (Qualicaps,
NC) were filled with about 10 mg of powder. Three capsules were used in each experiment. In
vitro aerosolization was done in triplicate (n=3) under ambient conditions. The NGI® was operated
at a flow rate of 60 l min-1 with an actuation time of 10 s through the inhaler. The glass fiber filter
was measured gravimetrically before and after actuation, on each stage, to determine the particle
stage deposition. The fine particle dose (FPD), fine particle fraction (FPF), a respirable fraction
(RF), and emitted dose (ED) were calculated using the following equations:
Fine particle dose (FPD) = Mass of particles deposited on stage 2 through 7
Fine particle fraction (FPF) =

Respirable fraction (RF) =

𝐸𝐸mitted dose (ED) =

Fine particle dose

Initial particle mass loaded in capsules
Fine particle dose

Total particle mass on all stages

Initial mass in capsules − Final mass remaining in capsules
Initial mass in capsules

Equation 4.2

x 100% Equation 4.3
x 100% Equation 4.4
x 100% Equation 4.5

The mass mean aerodynamic diameter (MMAD) and geometric standard deviation (GSD)

of aerosol dispersion profiles were determined using a Mathematica (Wolfram Research Inc.,
Champaign, IL) program
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. The aerosol dispersion performance was tested using three FDA

approved inhalers HandiHaler ®, Aerolizer®, and Neohaler®.
4.2.2.10

In vitro Cell Dose Response Assay

Cell-based assays are often used to determine if test molecules have effects on cell
proliferation or show direct cytotoxicity effects that eventually leads to cell death. The effects of
TMP formulations were analyzed by measuring the response of lung adenocarcinoma cells at
different concentrations of the drug. The A549 pulmonary cell line is a human alveolar epithelial
lung adenocarcinoma cell line and has been used as a model of the alveolar type II pneumocyte
cell in in vitro pulmonary drug delivery and metabolism studies. The H348 pulmonary cell line is
a human bronchoalveolar epithelial cell line similar to alveolar type II cells and express lung
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surfactant-associated protein A (SP-A)24. Both cell lines were grown in a growth medium
including Dulbecco’s modified eagle’s medium (DMEM) advanced 1x, 10% (v/v) fetal bovine
serum (FBS), Pen-Strep (100 U ml-1 penicillin, 100 µg ml-1) , Fungizone (0.5 µg ml-1 amphotericin
B, 0.41 µg ml-1 sodium deoxycholate), and 2 mM L-Glutamine in a humidified incubator at 37 ºC
and 5% CO2.
As previously reported24, both cell lines were seeded in 96-well plates at 5000 cells/well
and 100 µl/well and allowed to attach for 48 hours. Then, the cells were exposed to 100 µl of TMP
dissolved in media at different concentrations and incubated for 72 hours after exposure.
Continuously, 20 µl of 10 µM resazurin sodium salt dissolved in 1% DMSO in media was added
to each well and incubated for 4 hours. At this point, the fluorescence intensity was detected at
544 nm (excitation) and 590 nm (emission) using a Synergy H1 Multi-Mode Reader (BioTek
Instruments Inc., Winooski, VT). The relative viability of each sample was calculated as follow:

4.2.2.11

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (%) =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

In vitro Transepithelial Electrical Resistance Analysis

𝑥𝑥 100% Equation 4.6

Calu-3 lung epithelial cells , a human lung adenocarcinoma cell line derived from the
bronchial submucosal airway region, were grown in a growth medium including Eagle’s minimum
essential medium (EMEM), 10% (v/v) fetal bovine serum (FBS), Pen-Strep (100 U ml-1 penicillin,
100 µg ml-1), Fungizone (0.5 µg ml-1 amphotericin B, 0.41 µg ml-1 sodium deoxycholate) in a
humidified incubator at 37˚C and 5% CO2, as previously reported 15,22,24. The cells were seeded at
500,000 cells/ml in Costar Transwells® (0.4 μm polyester membrane, 12 mm for a 12- well plate)
with 0.5 ml of media on the apical side and 1.5 ml of media on the basolateral side. Media was
changed every other day from the basolateral and apical side. After 10 days of growth, when the
cells reached a TEER value of about 1000 Ω/cm2 which is an indicator of a confluent monolayer
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at liquid covered culture (LCC) the media was removed from both sides and 800 μl of media was
added to the basolateral side of the transwells to facilitate air-interface culture (AIC) conditions.
The TEER responses of the cells were measured with an Endohom 12 mm Culture Cup (World
Precision Instruments, Sarasota, FL). For TEER measurement, 0.5 ml of media was added to the
apical side of the Transwell 5 min before measurement and then immediately removed to return
the cells to AIC conditions. After the TEER values reached 500 Ω/cm2 (indicating a confluent
monolayer at AIC conditions), the cells were exposed to 100 µM of SD TMP and representative
co-SD formulations dissolved in non-supplemented EMEM media. The liquid aerosol
formulations were delivered to the Calu-3 cells at AIC by using a Penn Century MicroSprayer®
Aerolizer – Model IA-1B [1]. TEER values were then recorded for up to 7 days after aerosol
treatment, as previously reported15,25.
4.2.2.12

In Vivo Hemodynamic Efficacy Studies in PH Induced Rats

In vivo studies were conducted in a monocrotaline (MCT) rat model with the purpose of
testing the efficacy of TMP in decreasing PH. A total of 30 male Sprague Dawley rats (280-350g)
were used in this study. Rats were purchased from Charles River Laboratories International Inc.
(Wilmington, MA). Rats were weighed weekly to monitor their health. PH was induced by
injecting 60 mg/kg of MCT intraperitoneally. The animals were divided into 5 groups (n=5) into
the following categories: 1) Naïve (control), 2) Naïve + TMP, 3) MCT (PH induced) 4) MCT+
treated with vehicle (air), 5) MCT + treated with TMP. Two weeks after MCT administration, the
rats started to get the treatment via aerosolization of a dry powder formulation of SD TMP
(10mg/kg) using a Penn Century Dry Powder Insufflator™ – Model DP-4M for 14 days. Right
ventricle systolic pressure (RVSP) hemodynamics were performed after 2 weeks and 4 weeks after
MCT administration by inserting a customized pressure transducer catheter (SPR-513, Millar
Instruments, Houston, TX), into the right ventricle (RV) via the right jugular vein and right atrium.
143

The transducer was connected to a Millar Transducer Control Unit TC-510 and PL3504 PowerLab
4/35 data acquisition system (ADInstruments, Inc., Colorado Springs, CO). At the end of pressure
recording, the animals were euthanized.
All animal studies were performed in accordance with Institutional Animal Care & Use
Committee (IACUC) guidelines for the care and use of laboratory animals under the protocol
approved by University of Arizona Institutional Animal Care & Use Committee.
4.2.2.13

Statistical Analysis

All experiments were performed in at least triplicate (n = 3) unless otherwise mentioned.
All data were statistically analyzed using Sigma Plot 13.0 (Systat Software Inc., San Jose, CA).
Unpaired student t-test and one-way analysis of variance (ANOVA) were performed to compare
the statistical significance of the test groups. P value ≤ 0.050 was considered to be statistically
significant.
4.3

RESULTS

4.3.1

Scanning Electron Microscopy (SEM)
The particle shape and surface morphology were visualized by SEM as shown in Figure

4.2 for raw TMP and SD TMP. SD TMP exhibited oblong and pitted morphology compared to
raw TMP.
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Figure 4. 2: Scanning Electron Micrograph of A) raw TMP and B) SD TMP.
4.3.2

Laser Diffraction Particle Sizing
The particles size distribution from the laser diffraction was found to be between 4-14µm.

The average values of Dv10, Dv50 and Dv90 were found to be 4.186±0.701, 6.156±1.47 and
14.552±4.928µm respectively. The span value was calculated to be 1.684±0.645.
4.3.3

X-Ray Powder Diffraction (XRPD)
The XRPD pattern of raw TMP showed sharp and intensive peaks at 2θ values of 16.36⁰,

24.78⁰, 36.35⁰, 37.37⁰, 40.75⁰, 45.03⁰, 48.58⁰ and 50.89⁰ characteristic of long-range molecular
order (i.e. crystallinity) as shown in Figure 4.3. SD TMP had intensive peaks at 16.56⁰, 19.00⁰,
24.83⁰, and 27.56⁰ indicative of the retention of crystallinity following spray drying. It is notable
that the SD TMP particles, unlike raw TMP, didn’t exhibit any peak in the 2θ region of 30-60⁰.
This is suggestive of a polymorphic conversion of the spray dried TMP from the initial form that
was spray dried.
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Figure 4. 3: X-ray Powder Diffractogram of Raw TMP and SD TMP.
4.3.4

Differential Scanning Calorimetry (DSC)
DSC of the raw TMP and spray dried TMP showed in Figure 4.4 has a single transition at

around 85⁰C. The single endotherm seen in this thermal analysis suggests that the compound is
crystalline with a melting point around 85⁰C.

A

B

Figure 4. 4: DSC thermogram of A) Raw TMP and B) SD TMP.
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4.3.5

Hot-Stage Microscopy under Cross-Polarizer Lens (HSM)
The raw TMP and SD TMP visualized under the cross-polarized light, Figure 4.5, exhibits

birefringence, which is typical of crystals. Upon heating the particles at a constant rate, raw TMP
particles started melting around 62 °C and completely melted at ~86°C. While the SD TMP
particles started melting around 60°C and completely melted around 86°C.The difference in the
melting observed could be due to the difference in the surface property of the particles which is
known to be affected following spray drying process. The difference in the polymorphic form of
the two particles can contribute to this as well.
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A

B

Figure 4. 5: Hot Stage Micrograph of A) Raw TMP and B) SD TMP.
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4.3.6

Karl Fischer Titration (KFT)
The residual water content using Karl Fischer titration was quantified as 0.633±0.251

%w/w for raw TMP. However, the SD TMP had a little lower water content which was measured
as 0.368±0.103%w/w. Table 4.2 lists the characterization data for Raw and SD TMP.
Table 4. 2: Physical properties of raw TMP and spray dried TMP
Property Measured

Raw TMP

SD TMP

Particle sizing Dv10

-

4.186 ± 0.701 µm

Particle sizing Dv50

-

6.156 ± 1.147 µm

Particle sizing Dv90

-

14.552 ± 4.928 µm

Particle sizing span value

-

1.684 ± 0.645

DSC Endotherm (peak value)
DSC Endotherm Enthalpy

85.93 ± 0.71 ⁰ C
152.5 ± 5.27 J/g

85.11 ± 0.36 ⁰ C

Residual water content

0.633 ± 0.251 % w/w

0.368 ± 0.103 % w/w

4.3.7

149.2 ± 7.91 J/g

Confocal Raman Microspectroscopy (CRM) & Chemical Imaging
From Figure 4.6, the raw TMP and SD TMP have similar spectra suggesting that the TMP

molecule remained the same before and after spray drying. Prominent peaks were seen at 714 cm1

, 1286 cm-1, 1547 cm-1 and between 2900-3000 cm-1 wavenumbers. The sharp peaks seen in this

spectra concurs with the inference of TMP crystallinity before and after spray drying.
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Figure 4. 6: Raman spectra of Raw TMP and SD TMP.
4.3.8

In Vitro Aerosol Dispersion Performance
The aerosol dispersion performance of SD TMP using the three inhaler devices is listed in

Table 4.3. The NGI stage deposition using different DPI devices is exhibited in Figure 4.7. The
emitted dose from the high resistance HandiHaler® device was 100%, while the other two devices
emitted 88% of the loaded powder from the capsules. The fine particle fractions (FPF) were 1.41,
4.36 and 3.33 % for the Aerolizer®, Neohaler® and HandiHaler® respectively. Mass median
aerodynamic diameter (MMAD) was found to be 15.23, 43.73 and 68.4 µm using the Aerolizer®,
Neohaler® and HandiHaler®, respectively. In general, the MMAD was better with the lower
resistance device Aerolizer®.
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Table 4. 3: Aerosol dispersion performance of spray dried TMP particles using Aerolizer®,
Neohaler®, and HandiHaler ®
Inhaler
device

Emitted
dose (mg)

Fine Particle
Dose (mg)

Respirable
Dose (mg)

Emitted
Fraction
(%)
86.92

Fine Particle
Fraction
(%)
3.33

Respirable
Fraction
(%)
37.24

HandiHaler®
100±2.03

3.83±0.42

8.9±3.87

79.28

3.48

25.19

88.41±6.70

4.36±0.65

14.87±7.30

79.98

1.15

8.16

88.76±7.27

1.41±0.57

14.86±8.0

Neohaler®

Aerolizer

®

MMAD
(µm)

GSD

68.4±49.63

5.28

43.73±38.67

42.40

15.23±12.44

2.88

Figure 4. 7: Aerosol Stage Deposition of SD TMP using NGI® at 60L min-1 flow rate.
4.3.9

In Vitro Drug Dose-Response Assay
In vitro cell viability assay was performed on pulmonary cell lines A549 and H358. Molar

concentrations of 1, 10, 100 and 1000µM of raw TMP and SD TMP were tested. The relative cell
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viability of A549 cell line was found to be almost 100% for both raw TMP and SD TMP at all
concentrations. The relative viability of H358 cell line was 100% for SD TMP, however, at higher
concentrations, the viability was decreased. The cell viability using different concentrations is
shown in Figure 4.8.
A

B

Figure 4. 8: Cell viability of A) A549; and B) H358 pulmonary cell lines. *pvalue <0.001,
**pvalue 0.010, ***pvalue 0.015.
4.3.10 In Vitro Transepithelial Electrical Resistance Analysis
It can be seen from the Figure 4.9 that three hours after treatment of the cells with 100µM of
SD TMP using a microsprayer, the electrical resistance decreases drastically, however on
continuous culturing for seven days following the treatment, the resistance was regained. Calu-3
cells treated with the vehicle (10% ethanol + 90% EMEM non-supplemented media) had a similar
trend of decreased resistance three hours after treatment, followed by gradual increase in the
resistance over a period of time.
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Figure 4. 9: In vitro Transepithelial electrical resistance (TEER) analysis of Calu-3 lung
epithelial cells exposed to representative formulations in air-interface culture (AIC) conditions
using microsprayer.
4.3.11 In Vivo Efficacy Study
The rat's body weight plots in Figure 4.10 clearly show a significant loss of weight with
time for the groups 4 and 5 that received MCT. In contrast, the group 1 (Naive) rats showed a
steady increase in body weight with time (Figure 4.10 ). As it is presented in Figure 4.11 and Table
4.4, the RVSP measurements in groups 1 (Naïve) and 2 (Naïve+ TMP) are ranging between 20-25
mmHg (normal RV pressure in rats). Two weeks after MCT administration, the RVSP
considerably increased to ˜40-50 mmHg, as can be seen in Figure 4.11 B. Four weeks after MCT
administration, the RVSP increased even more to ˜80-100 mmHg in the untreated group 3. It is
evident from the Figure 4.11 B that after two weeks of aerosol treatment with SD TMP (group 5)
the RVSP significantly decreased by ˜20-30 units of mmHg relative to group 3 (4 weeks). It is
worth mentioning that the insufflator device used to administer the powder had no effect on the
RVSP of group 4 rats (data not shown).
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Table 4. 4: In vivo Right Ventricle Systolic Pressure (RVSP) Measurements made in rats
Group 1(Naïve)
22.5330
21.9020
20.9950
19.3520
22.3220
23.6890

Group 2(Naïve
+ TMP)
20.8110
24.2410
23.8990
24.7030
26.0550
19.6940

Group 3 (MCT
for 2 weeks)
39.4080
52.0390
38.4880
41.0640
40.3810
-

Group 3 (MCT
for 4 weeks)
97.6720
95.7920
90.0360
95.1610
79.8910
78.3780

Group 5 (MCT
+ TMP)
78.2010
70.5310
58.6830
62.4200
43.3890
59.8200
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Figure 4. 10: Body Weights of Rats Measured Weekly for A) group 1; B) group 4; and C) group 5.
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Figure 4. 11: In vivo right ventricle systolic pressure (RVSP) Measurements of A) Groups 1&2; B) groups 3 &5 and C) pressure
measurement comparison between different groups.
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4.4

DISCUSSION
This is the first time tetramethylpyrazine was developed and formulated as dry powder

aerosol using advanced organic closed mode spray drying process. The spray dried particles were
comprehensively characterized to test their suitability for pulmonary drug delivery. From the
results obtained in the cellular studies, it is can be noted that the spray dried TMP formulation is
safe for administration of the lower respiratory tract. However, the spray drying process has
changed the physical property of the drug by causing a polymorphic conversion of the raw
(unprocessed) compound. This is evident from the missing peaks in the XRPD diffractogram
between 2θ values of 30-50⁰. Previously Zhang et al., reported the X-ray diffraction pattern of
Ligustrazine that is similar to the raw TMP diffraction pattern26. When the drug was formulated
with a PLGA carrier, the crystallinity changed with the difference in its miscibility with PLGA.
Spray drying generally causes disruption to the crystallinity of a compound rendering it
amorphous. However, our group has seen some drug compounds retaining crystallinity with or
without polymorphic interconversion following spray drying. This is particularly true for drugs
having a low melting point. Hence, a systematic characterization of the spray dried particles will
reveal its physical, chemical and biological suitability. Yet, spray drying is a popular method for
dry powder aerosol preparation because it can engineer the particles to the desired size range, shape
and surface property13,27,28. The particle sizing using laser diffraction shows the size range of SD
TMP particles to be between 4-14µm, which is relatively too large to reach the vasculature in the
lower respiratory track. But, it must be noted that the microscopic appearance of TMP in SEM
micrographs suggests that the particles don’t form spherical particles, it is also possible that the
particles aggregate to different extents to form different sized aggregate/agglomerates. Hence, the
aerosol dispersion of such particles will be greatly influenced by the DPI device that is used to
generate the aerosol29.
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There are several studies that describe the influence of DPI devices on the dry powder
aerosol formulation dispersion. From these studies, it can be observed that the device design,
specific resistance and shear stress caused by the device have a great impact on the improved or
diminished performance of the aerosol formulation30. The characterization of dry powder particles
generally shed some light on the aerosol performance prediction but there is no simple method to
predict which device would improve the performance of a given powder aerosol. Hence, this study
ventured to test three different DPI devices to find their influence on the aerosol performance of
SD TMP particles. From the NGI impaction data, it can be seen that the particle deposition in the
early stages of NGI is higher than the later stages. However, one-way ANOVA tests showed
statistical significance between the FPF of Aerolizer® versus HandiHaler® (P=0.006) and
Aerolizer® versus Neohaler® (P=0.010). But the same test suggests no statistical significance
between the FPF of Neohaler® when compared with HandiHaler® (P=0.378). Similarly, the emitted
dose from the three devices had no statistical significance (P=0.103).
It can be inferred from the mass deposition data that the maximum fine particle dose that
can be achieved using this formulation will be 3.48mg using Neohaler®. It is an interesting
observation that neither the high shear stress device nor the low shear stress device achieved higher
fine particle dose. This suggests that in addition to the turbulence created in the dry powder inhaler
there are other confounding factors that predominates in the aerosolization and deaggregation of
the SD TMP particles.
The feasibility of using TMP for pulmonary drug delivery was tested at the different molar
concentrations of raw TMP and SD TMP formulations and show that SD TMP didn’t affect the
cell viability of both A549 and H358 pulmonary cell lines. The observed decrease in H358 viability
in raw TMP could be due to the different polymorph. This means that up to 7mg of the spray dried
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drug was found not to be toxic to pulmonary cell lines that were tested. It is worth mentioning that
local delivery to the lungs requires less mass of the drug, generally in the range of few micrograms.
Hence, the safety of this drug can be considered safe for pulmonary delivery. On the other hand,
the TEER analysis showed that the drug treated calu-3 cells regained resistance in the same fashion
as the cells treated with the vehicle. At any point in time, there was no statistical difference between
the vehicle and the SD TMP. This suggests that the drop in the resistance could be an effect of the
vehicle in which the drug was administered. After 7 days, the final resistance reached by all
untreated (naïve), vehicle-treated and SDTMP treated cells were statistically the same. This
finding ensured that the monolayer recovery happens as early as six days. The loss of electrical
resistance and recovery suggests a reversible disruption of the monolayer which in turn ensures
the integrity of the cellular barrier.A potential future exploration can be in spray drying TMP with
suitable excipients for optimization of TMP aerosol for pulmonary delivery.
The in vivo data showed that the MCT model successfully achieved PH in the rodent after
two weeks of administration via the intraperitoneal route. The RVSP significantly increased after
four weeks of MCT administration as it is been reported previously31. The body weight plots are
in good agreement with the development of the disease as can be seen in Figure 4.10, where group
3 (MCT) rats lost weight with time. In contrast, group 1 (naïve) rats gained weight with time and
maintained the weight as it was expected. Regarding the RVSP, it was noticed that groups 1 and 2
rats with and without drug (TMP) treatment maintained a pressure of ˜25 mmHg after four weeks,
which is normal in naïve rats. After two weeks of the MCT injection, we can see an increase in the
RVSP pressure but it was after four weeks that the increase in the RVSP reveals severe PH. It can
be noticed that the treatment of the rats with SD TMP (group 5) for 2 weeks has a noticeable impact
on the decrease of RVSP pressure. Therefore, the results from this study suggest that TMP when
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administered as dry powder aerosol, has the ability to prevent the progression of PH in the MCT
induced PH rat model.
4.5

CONCLUSION
We have demonstrated a viable method to develop TMP particles for local delivery to the

lungs as DPI. The systematic physicochemical characterization indicates that spray drying caused
a polymorphic conversion of TMP, which didn’t affect the biological response. The outcome from
in vitro aerosol performance study shows the possibility to enhance the aerosol dispersion of TMP
by modifying the dry powder formulation. The in vitro cellular studies serve as a proof for the
safety of this spray dried formulation. The in vivo rodent study confirmed that TMP is a good
candidate for the attenuation of PH. In conclusion, the study identifies spray dried TMP as a
suitable dry powder aerosol formulation for pulmonary drug delivery.
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CHAPTER 4 - SECTION 2
DESIGN AND DEVELOPMENT OF CO-SPRAY DRIED DRY POWDER INHALER
FORMULATION OF TETRAMETHYLPYRAZINE TO TREAT PULMONARY
HYPERTENSION
The following section of this chapter has been prepared for manuscript submission.

This section of the chapter describes the design and development of a co-spray dried (coSD) formulation of tetramethylpyrazine (TMP) with D-Mannitol as an excipient. The previous
section described the formulation development of spray dried TMP alone. However, it was difficult
to particle engineer TMP reproducibly using any other conditions than the one described
previously. It is also important to mention that in the past Mannitol has been used to improve the
aerosol performance of spray dried formulations of tobramycin, azithromycin 32, and a novel antiinflammatory formulation of dimethyl fumarate

16

. The incorporation of D-Man has shown

enhance aerosol properties with improved in vitro deposition for deep lung penetration 33,34. Hence,
this part of the study ventured to develop and optimize a co-SD formulation of TMP with mannitol
that would exhibit a superior aerosol performance. The co-SD was achieved by spray drying the
drug and the excipient combination in different molar ratios using different spray drying
conditions.
4.6

MATERIALS AND METHODS

4.6.1

Materials
Raw D-Man (C6H14O6; MW: 182.17 g mol-1) (Figure 4.12) was obtained from ACROS

Organics (New Jersey, USA). Other chemicals were same as section 4.2.1.
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Figure 4. 12: Chemical Structure of D-Mannitol.
4.6.2

Methods

4.6.2.1 Advanced Closed Mode Spray Drying from Organic Solution
The feed solutions were prepared by dissolving in methanol D-Man and TMP at rationally
selected molar ratios. Table 4.5, lists the spray drying conditions that were utilized during the
process for each co-SD formulation. The following SD conditions were used: atomization gas flow
rate 670 l h-1 (55 mm), aspiration rate of 38 m3 h-1 (100%), the inlet temperature of 80°C. The
spray drying pump rates used were high, medium-high, and medium which corresponds to 30
ml/min (100%), 22.5 ml/min (75%), and 15 ml/min (50%), respectively. All co-SD powders were
stored in desiccated conditions at -20°C until further analysis. Other conditions were similar to
those in section 4.2.2.1.
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Table 4. 5: Advanced spray-drying conditions for co-spray dried (co-SD) TMP: Man powders.
Powder
composition
Co-SD TMP:
Man
Co-SD TMP:
Man
Co-SD TMP:
Man
Co-SD TMP:
Man
Co-SD TMP:
Man
Co-SD TMP:
Man
Co-SD TMP:
Man
Co-SD TMP:
Man
Co-SD TMP:
Man

Molar ratio
(TMP:D-Man)
75:25
75:25
75:25
50:50
50:50
50:50
25:75
25:75
25:75

Feed concentration Pump rate
(%w/v)
(%)
0.4
High
(100%)
0.4
Med-high
(75%)
0.4
Med
(50%)
0.18
High
(100%)
0.18
Med-high
(75%)
0.18
Med
(50%)
0.1
High
(100%)
0.1
Med-high
(75%)
0.1
Med
(50%)

Inlet T
(°C)
80

Outlet T
(°C)
10-13

80

13-14

80

24

80

9-12

80

15-18

80

14-17

80

7-9

80

14-16

80

25-27

4.6.2.2 Scanning Electron Microscopy
An experiment performed using conditions similar to those in section 4.2.2.2.
4.6.2.3 Particle Sizing and Size Distribution using SEM Micrographs
The mean size, standard deviation and size range of the particles were determined digitally
using SigmaScan Pro 5 (Systat, San Jose, CA, USA), using similar conditions previously reported
16

. Representative micrographs for each sample at 10,000x magnification were analyzed by

measuring the diameter of at least 100 particles per sample. In addition, number weighted size
distributions were defined to calculate Dn10, Dn50, and Dn90 parameters. The span value was
calculated using the equation 4.7 defined as:
Span =

Dn90−Dn10
Dn50
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Equation 4.7

4.6.2.4 X-Ray Powder Diffraction (XRPD)
Experiment performed using conditions similar to those in section 4.2.2.4.
4.6.2.5 Differential Scanning Calorimetry (DSC)
Experiment performed using conditions similar to those in section 4.2.2.5.
4.6.2.6 Hot-Stage Microscopy (HSM) Under Cross-polarizers
Experiment performed using conditions similar to those in section 4.2.2.6.
4.6.2.7 Karl Fisher Coulometric Titration
Experiment performed using conditions similar to those in section 4.2.2.7.
4.6.2.8 Confocal Raman Microspectroscopy (CRM) and Chemical Imaging
Experiment performed using conditions similar to those in section 4.2.2.8.
4.6.2.9 Attenuated Total Reflectance-Fourier-Transform Infrared Spectroscopy (ATRFTIR)
Attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR) was
performed using a Nicolet Avatar 360 FTIR spectrometer (Varian Inc., CA) equipped with a DTGS
attenuated total reflectance accessory. All the experiments were performed using similar
conditions reported by the authors 15,16. The powder was placed on a diamond ATR silicon crystal
and held in place with a specialized clamp. Each spectrum was collected for 32 scans at a spectral
resolution of 8 cm-1 over the wavenumber range of 4000-400 cm-1. The data were collected and
analyzed using the EZ-omnic software.
4.6.2.10
Tetramethylpyrazine Drug Content Analysis by High-Performance Liquid
Chromatography (HPLC)
High-performance liquid chromatography (HPLC) was used to quantify the amount of
TMP content in the co-SD formulated powders. This method was performed under similar
conditions reported by previous authors

35

. This was performed with an LC-2010AHT HPLC

system, with autosampler fitted to a 20 µl sampling loop and UV-Vis detector. Integration of the
peaks was performed with the LabSolutions Postrun Analysis software. Compounds were
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separated on a 250 x 4.6 mm, 5µm particle size (Altima C18 5µ, Grace, Illinois, USA) C18 reversephase column. The mobile phase consisted of methanol-water (50:50, v/v, pH 3.0 adjusted by
orthophosphoric acid) delivered at a flow rate of 1.0 ml min-1. TMP was monitored at a wavelength
of 280 nm throughout the experiments. The total chromatographic run time was 10 min. Under
these conditions, the relative retention time of TMP was approximately 5.9 min. All calibration
curves were required to have a correlation value at least 0.995. Calibration standard solutions were
diluted in methanol at 0.001, 0.01, 0.1, 0.25, 0.5, 1 mg/ml. All calibration standards and unknowns
were analyzed in triplicate (n=3). The TMP loading content was calculated as follow with equation
4.8:

4.6.2.11

Drug loading =

Actual mass of TMP
Mass of particles

Equation 4.8

In vitro Aerosol Dispersion Performance

An experiment performed using instruments and conditions similar to those in section
4.2.2.9. The mass of powder deposited on each stage was quantified by a gravimetric method using
type A/E glass fiber filters with diameter 55mm (PALL Corporation, Port Washington, New York)
and 75 mm (Advance, Japan). Quali-V clear HPMC size 3 inhalation grade capsules (Qualicaps,
North Carolina) filled with about 10 mg of powder. Three capsules were used in each experiment.
In vitro aerosolization was done in triplicate (n=3) under ambient conditions. The NGI® was
operated at a flow rate of 60 l min-1 with a delay time of 10 s before actuation of the FDA approved
HandiHaler ® inhaler, followed by 10 s of airflow through the inhaler. The glass fiber filter was
measured gravimetrically before and after actuation, on each stage, to determine the particle stage
deposition. The fine particle dose (FPD), fine particle fraction (FPF), respirable fraction (RF), and
emitted dose (ED) were calculated using the equations from section 4.2.9.
4.6.2.12

In vitro Cell Dose-Response Assay

Experiment performed using conditions similar to those in section 4.2.2.10.
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4.6.2.13

In vitro Transepithelial Electrical Resistance Analysis

Experiment performed using conditions similar to those in section 4.2.2.2.
4.6.2.14

Statistical Analysis

All experiments were performed in at least triplicate (n = 3) unless mentioned. All data
were plotted and statistically analyzed using Sigma Plot 13.0 (Systat Software Inc., San Jose, CA).
Post-analysis of in vitro aerosol performance, interaction of excipient and process parameter on the
performance of the formulation was performed using the 3-D surface plot generated from Design
Expert® 8.0.7.1 software (Stat Ease Corporation, Minneapolis, Minnesota). The results are
expressed as mean ± standard deviation.
4.7

RESULTS

4.7.1

Scanning Electron Microscopy (SEM)
The particle shape and surface morphology were visualized by SEM as shown in Figure

4.13 for the co-SD TMP: Man systems. In general, co-SD particles made at medium spray drying
pump rate (med P), exhibited smooth and spherical shape with slight sintering and agglomeration.
Particles made at medium-high (med-high P) and high spray drying pump rate (high P) exhibited
spherical and fairly crinkled surface morphology. It can also be observed that increasing TMP
molar ratio concentration decreased the uniformity of the particles.
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Figure 4. 13: SEM micrographs of co-spay dried (co-SD) tetramethylpyrazine: D-mannitol
(TMP: Man) particles (A) TMP: Man 75:25 (med P); (B) TMP: Man 75:25 (med-high P); (C)
TMP: Man 75:25 (high P); (D) TMP: Man 50:50 (med P); (E) TMP: Man 50:50 (med-high
P); (F) TMP: Man 50:50 (high P); (G) TMP: Man 25:75 (med P); (H) TMP: Man 25:75
(med-high P); and (I) TMP: Man 25:75 (high P).
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4.7.2

Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs
The primary particle sizing and size distribution data of co-SD TMP: Man is summarized

in Table 4.6. While all samples had a projected mean geometric diameter in the size range of 0.8121.456 µm, there was a slight difference in the size distribution according to TMP content. However,
only co-SD TMP: Man 25:75 med P showed significantly (P<0.001) smaller mean geometric
diameter of 0.812 µm compared to all the other samples. The Dn50 values were in the range of
~0.741-1.264 µm. The Dn10 values were in the range of ~0.534-0.929 µm. The span values were
between 0.726 µm and 1.671 µm. All co-SD particles had particle size range < 5µm, which is
favored for inhalation powders 16.
Table 4. 6: Particle sizing using image analysis on scanning electron microscopy (SEM)
micrographs (N>100 Particles).
Powder
composition
(molar ratio)
Co-SD TMP:
Man 75:25
Co-SD TMP:
Man 75:25
Co-SD TMP:
Man 75:25
Co-SD TMP:
Man 50:50
Co-SD TMP:
Man 50:50
Co-SD TMP:
Man 50:50
Co-SD TMP:
Man 25:75
Co-SD TMP:
Man 25:75
Co-SD TMP:
Man 25:75

Pump rate

Mean size
(µm)

Range (µm)

Dn10
(µm)

High
(100%)
Med-high
(75%)
Med
(50%)
High
(100%)
Med-high
(75%)
Med
(50%)
High
(100%)
Med-high
(75%)
Med
(50%)

1.146±0.552

0.414-3.416

0.629 0.983 1.953 1.346

1.456±0.621

0.552-4.071

0.929 1.264 2.308 1.092

1.024±0.332

0.411-2.064

0.633 0.949 1.459 0.870

1.016±0.369

0.377-2.590

0.642 0.953 1.528 0.930

1.308±0.627

0.487-3.469

0.665 1.141 2.296 1.430

1.170±0.585

0.388-3.587

0.608 1.010 1.822 1.671

1.269±0.445

0.496-3.015

0.831 1.172 1.856 0.874

1.166±0.338

0.092-1.985

0.807 1.107 1.611 0.726

0.812±0.318

0.065-2.829

0.534 0.741 1.143 0.773
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Dn50
(µm)

Dn90
(µm)

Span
(µm)

4.7.3

X-Ray Powder Diffraction (XRPD)
The XRPD pattern of co-SD TMP: Man powders showed sharp peaks which are

characteristics of long-range molecular order, as shown in Figure 4.14. The peaks of co-SD
powders resembled that of both TMP and Man. The molar ratio had no apparent effect on XRPD
data for all co-SD TMP: Man powders.

Figure 4. 14: X-ray powder diffractograms of co-spray dried tetramethylpyrazine:D-mannitol
(co-SD TMP:Man) powders.
4.7.4

Differential Scanning Calorimetry (DSC)
DSC thermograms of all co-SD TMP: Man particles are shown in Figure 4.15. The co-SD

TMP: Man particles showed a single sharp peak at ~165 °C irrespective of TMP molar ratio or
spray drying pump rate. This may suggest molecular miscibility of the drug in the excipient due to
the presence of a single peak in a two component system (drug & excipient) 16. As can been seen
in Table 4.7, there was an increase in heat of fusion of the co-SD systems suggesting some level
of molecular miscibility between the two components. There is also no phase transition at room
temperature and body temperature seen in any of the samples.
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Table 4. 7: Differential scanning calorimetry (DSC) thermal analysis (n=3, mean±SD).
Powder composition
(molar ratio)
Raw TMP
SD TMP
Co-SD TMP: Man 75:25
Co-SD TMP:Man 75:25
Co-SD TMP: Man 75:25
Co-SD TMP: Man 50:50
Co-SD TMP: Man 50:50
Co-SD TMP: Man 50:50
Co-SD TMP: Man 25:75
Co-SD TMP: Man 25:75
Co-SD TMP: Man 25:75

Spray drying
pump rate (%)
N/A
N/A
High (100%)
Med-high (75%)
Med (50%)
High (100%)
Med-high (75%)
med (50%)
High (100%)
Med-high (75%)
Med (50%)

Tonset (°C)

Tpeak (°C)

ΔH (W g-1)

84.53±0.33
83.41±0.19
163.96±0.11
162.28±0.82
164.23±0.96
163.38±0.27
163.77±0.09
164.05±0.20
163.73±0.28
163.62±0.28
163.74±0.27

85.60±0.16
84.85±0.15
165.20±0.04
164.20±0.34
165.43±0.66
165.08±0.19
164.90±0.41
165.59±0.17
165.33±0.17
165.44±0.48
165.08±0.09

152.8±5.7
179.6±3.6
238.6±33.7
177.0±44.2
236.1±40.4
226.3±12.3
226.0±54.4
237.8±66.0
214.7±32.5
214.8±18.7
225.7±37.1

C

Figure 4. 15: Representative DSC thermographs of A) co-SD TMP: Man 75:25; B) co-SD
TMP: Man 50:50; and C) co-SD TMP: Man 25:75.
4.7.5

Hot-Stage Microscopy under Cross-Polarizer Lens (HSM)
Figure 4.16 shows illustrative images for the HSM experiment. All samples including co-

SD samples exhibited birefringence which is consistent for crystalline powders. All co-SD TMP:
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Man samples exhibited only one observable transition from solid state to liquid state at higher
temperatures of ~162-168 °C. The same behavior was observed for high and medium pump rate
co-SD samples (data not shown). There were no observable differences at room temperature
(25°C) and body temperature (37°C) for any of the samples.

Figure 4. 16: Representative hot-stage microscopy (HSM) images at different temperatures of
A) co-SD TMP: Man 75:25; B) co-SD TMP: Man 50:50; and C) co-SD TMP: Man 25:75.
Scale bar is 3 mm in length.
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4.7.6

Karl Fisher Titration (KFT)
The residual water content of the co-SD powders are listed in Table 4.8. For all the co-SD

powders it can be noted that the residual water content values were ≤1.75% w/w, which is
considered acceptable for inhalable dry powder formulation.
Table 4. 8: Residual water content for co-SD TMP powders. (n=3, ave±SD).
Powder composition
(molar ratio)
Co-SD TMP: Man 75:25
Co-SD TMP: Man 75:25
Co-SD TMP: Man 75:25
Co-SD TMP: Man 50:50
Co-SD TMP: Man 50:50
Co-SD TMP: Man 50:50
Co-SD TMP: Man 25:75
Co-SD TMP: Man 25:75
Co-SD TMP: Man 25:75

4.7.7

Attenuated
Total
Spectroscopy

Spray drying pump
rate (%)
High (100%)
Med-high (75%)
Med (50%)
High (100%)
Med-high (75%)
Med (50%)
High (100%)
Med-high (75%)
Med (50%)

Reflectance-Fourier-Transform

Residual water
content (% w/w)
1.236±0.519
1.357±0.174
1.169±0.176
1.384±0.414
1.758±0.358
0.872±0.039
0.844±0.056
0.864±0.058
1.096±0.218

Infrared

(ATR-FTIR)

ATR-FTIR spectra of the formulated co-SD particles are shown in Figure 4.17. In
particular, strong peaks were present due to C-H stretching (2986 cm-1), -CH3 asymmetrical
bending (1408 cm-1), C-H3 symmetrical bending (1358 cm-1), C-N stretching (1223 cm-1), -CH3
rocking (988 cm-1), and C-CH3 stretching (800 cm-1). With respect to the co-SD systems, all of
them showed O-H stretching at 3260-3280 cm-1, suggesting the O-H bonding that is present in
Man.
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A

B

C

Figure 4. 17: Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra for
A) co-SD TMP:Man powders designed at med spray drying pump rate; B) co-SD TMP: Man
powders designed at med-high spray drying pump rate; C) co-SD TMP: Man powders
designed at high spray drying pump rate.
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4.7.8

Confocal Raman Microspectroscopy (CRM) & Chemical Imaging
On confocal Raman microspectroscopy, as shown in Figure 4.18, co-SD powders at all

molar ratios and all pump rates showed peaks consistent with TMP and Man suggesting the
presence of both components. The sharp peaks in co-SD particles are suggestive of crystallinity.

Figure 4. 18: Raman Spectra of A) co-SD TMP: Man powders designed at high spray drying
pump rate; B) co-SD TMP: Man powders designed at med-high spray drying pump rate; C)
co-SD TMP: Man powders designed at med spray drying pump rate.
4.7.9

Quantification of Tetramethylpyrazine
Chromatography (HPLC)

using

High

Performance

Liquid

Figure 4.19 is a representative HPLC chromatogram showing the retention time of TMP at
around 6 minutes while, Table 4.9 shows TMP loading of the formulated co-SD particles analyzed
via high-performance liquid chromatography. There was a spray drying pump rate effect,
indicating that medium-high spray drying pump rate produced the highest drug loading
irrespective of the molar ratio of the components. The co-SD TMP:Man 75:25 (med-high P)
showed the highest TMP loading value of 0.1419 mg per milligram of powder.
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Table 4. 9: Quantification of TMP content in co-SD formulations (n=3, ave±SD).
Powder composition
(molar ratio)
Co-SD TMP: Man 75:25
Co-SD TMP: Man 75:25
Co-SD TMP: Man 75:25
Co-SD TMP: Man 50:50
Co-SD TMP: Man 50:50
Co-SD TMP: Man 50:50
Co-SD TMP: Man 25:75
Co-SD TMP: Man 25:75
Co-SD TMP: Man 25:75

Pump rate

TMP loading (mg/mg)

High (100%)
Med-high (75%)
Med (50%)
High (100%)
Med-high (75%)
Med (50%)
High (100%)
Med-high (75%)
Med (50%)

0.0491±0.0065
0.1419±0.0196
0.0051±0.0004
0.0014±0.0005
0.0126±0.0013
0.0014±0.0008
0.0016±0.0002
0.0045±0.0002
0.0028±0.0003

Figure 4. 19: HPLC chromatogram of TMP using UV-detector at 280nm.
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4.7.10 In Vitro Aerosol Dispersion Performance
The aerosol properties of all co-SD TMP: Man powders were assessed using an NGI®
actuated with a HandiHaler ® human DPI device. As seen in Table 4.10, MMAD and GSD values
decreased with the addition of Man for all the co-SD systems. The FPF and RF values also
increased significantly with the addition of Man with FPF values ranging from 39.2% to 66.8%
and RF values ranging from 69.5% to 84.3%. The ED values ranged from 89.6% to 98.4% for the
co-SD systems but no significant difference was observed. Figure 4.20 shows the actual aerosol
dispersion performance of the formulated dry powder aerosols by presenting the percentage
deposition of the particles on each of the NGI® stages. In particular, high deposition on the lower
stages from stage 2 to stage 7 (which is desirable) was observed for formulated co-SD powders.
Table 4. 10: In vitro aerosol dispersion performance using the Next Generation Impactor® for
SD and co-SD aerosol systems including mass median aerodynamic diameter (MMAD),
geometric standard deviation (GSD), fine particle fraction (FPF), respirable fraction (RF),
and emitted dose (ED).
Powder
composition
(molar ratio)
Co-SD TMP: Man
75:25
Co-SD TMP: Man
75:25
Co-SD TMP: Man
75:25
Co-SD TMP: Man
50:50
Co-SD TMP: Man
50:50
Co-SD TMP: Man
50:50
Co-SD TMP: Man
25:75
Co-SD TMP: Man
25:75
Co-SD TMP: Man
25:75

Pump
rate
High
(100%)
Med-high
(75%)
Med
(50%)
High
(100%)
Med-high
(75%)
Med
(50%)
High
(100%)
Med-high
(75%)
Med
(50%)

ED (%)

FPF (%)

RF (%)

MMAD
(µm)

GSD
(µm)

89.6±1.8

48.4±1.2

78.7±3.4

3.8±0.3

1.9±0.1

93.1±4.6

39.2±2.5

69.5±3.7

4.4±0.5

2.0±0.1

98.7±0.9

50.5±3.4

78.4±12.9

4.1±1.2

1.9±0.2

94.3±4.5 66.8±16.1

84.3±4.4

3.8±0.8

1.9±0.2

98.4±0.5

60.0±4.1

84.3±7.9

3.1±0.6

1.9±0.1

97.4±4.0

51.0±3.1

76.9±97.4

4.1±0.5
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Figure 4. 20: Aerosol dispersion performance using the Next Generation Impactor® (NGI®)
under an airflow rate (Q) of 60 L/min with the HandiHaler ® DPI device for co-spray dried
tetramethylpyrazine:D-mannitol (co-SD TMP: Man) powders (n=3, mean ±SD).
4.7.11 In Vitro Drug Dose-Response Analysis
In vitro cell viability was analyzed by exposing H358 and A549 pulmonary cells to
different concentrations of representative co-SD TMP: Man powders (at med P). Figure 4.21
shows the dose response which indicates that formulated TMP particles are safe for pulmonary
drug delivery 72 h after exposure. For A549 there was no significant change in relative viability
when they were exposed to different concentrations of TMP. After exposing H358 cells to different
concentration of the various formulations there was no significant decrease in cell viability at
concentrations of 1 µM to 100 µM. However, the cells exposed to 1000 µM of the representative
formulations showed a significant decrease in cell viability.
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A

B

Figure 4. 21: In vitro drug dose-response for A) A549 cell dose-response to co-SD TMP: Man
Powders; B) H358 cell dose-response to co-SD TMP: Man Powders. *P < 0.05 and **P<0.01
vs. control. (n=6, mean±SD).
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4.7.12 In Vitro Transepithelial Electrical Resistance Analysis
Calu-3 cells were exposed to 100 µM of representative co-SD formulations of TMP: Man
(med P) in order to determine the effect of these powders on the epithelial cells. A TEER value of
at least 500 Ω/cm2 and the visualization via light microscopy of the surface of the transwell inserts
(data not shown) confirmed the presence of a complete monolayer of the epithelial cells. After 3
hours of exposure, as it can be seen in Figure 4.22 there was a significant decrease in the TEER
values, suggesting a partial disruption of the monolayer. However, after continuous culturing of
the cells it can be seen that in all the formulations there was an increase in the TEER values.
Finally, after seven days of culturing, it can be considered that there was a complete recovery of
the monolayer. A statistical t-test, it can be concluded that there is no statistically significant
difference between the TEER values before the drug exposure and after seven days of cell culturing
on each of the formulations (p values > 0.05).

Figure 4. 22: In vitro Transepithelial electrical resistance (TEER) analysis of Calu-3 lung
epithelial cells exposed to representative formulations in air-interface culture (AIC) conditions
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using microsprayer. (n=3, mean ± SD). Control/no treatment, co-SD TMP: Man 25:75 (med
P), co-SD TMP: Man 50:50 (med P), co-SD TMP: Man 75:25 (med P).
4.8

DISCUSSION
To the author’s knowledge, this is the first report of a comprehensive study that illustrates

rationally designed co-spray dried tetramethylpyrazine-loaded Mannitol particles via organic
solution advanced closed mode spray drying. With this technique, it was possible to produce solid
state particles within the narrow size distribution and surface properties desirable for pulmonary
inhalation. Furthermore, these particles were specially designed to target the smaller airways and
peripheral lung regions. Targeted aerosols lead to lower therapeutic dose and reduced adverse side
effects; consequently, they improve the therapeutic outcome. A more exhaustive description of
these inhalable particulate systems follows.
The systematic experimental design resulted in solid aerosol formulations of co-SD drug
with D-Mannitol as excipient. All designed particles with corresponding spray drying conditions
are listed in Table 4.5. Notably, this study revealed that the presence of Man in spray drying
solution has enabled TMP molecules to be encapsulated into small spherical particles at different
pump rates. Additionally, a significant increase in particle yield (data not shown) during
production was observed with the addition of Man. This can be due to the hydrogen bonding
between TMP and Man, since Man is a hydrogen bond donor/acceptor and TMP is a hydrogen
bond acceptor. Similar behavior was also observed with previously designed dimethyl fumarate
loaded Man particles using similar spray drying conditions 16.
SEM micrographs have shown that the majority of co-SD TMP: Man particles were in the
nanoparticle/microparticle size range of 0.8-1.5 µm (Tale 4.5). This is desirable for targeted
delivery to the deeper regions of the lung since small diameter particles are characteristically
deposited in to these regions due to gravitational particle transport mechanisms such as
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sedimentation and Brownian diffusion 36. SEM micrographs also show that majority of the co-SD
particles possesses spherical and practically smooth surface compared to raw and SD TMP
particles (Figure 4.2). This can be attributed to the presence of Man which has been shown to
improve the surface properties on co-spray drying

32

. This is advantageous since, during

aerosolization of dry powder, particles should possess less interparticulate interactions (ie., van
der Waals forces, capillary forces, electrostatic forces, and mechanical interlocking) which can be
reduced by particles with these characteristics 37.
XRPD, Raman, and DSC data showed that SD and co-SD particles retained its crystallinity
even after spray drying. This was further verified by the birefringence observed during HSM
analysis and low residual water content. Crystalline particles with low water content can lead to
better physical and chemical stability of the powder for an extended period of time compared to
amorphous particles 38. XRPD sharp and intense peaks are characteristic of long-range molecular
order and these can be observed for all the powders. For all co-SD powders, an intense peak at 2θ
value of 9.7 is present in the XRPD, representing the presence of Man in delta form 32.
DSC and HSM analysis demonstrate the stability of the powders at room temperature
(25°C) and body temperature (37°C) due to absence of phase transitions at these temperatures.
The only observable phase transition from solid to liquid state was observed in HSM at the highest
temperature of 165 °C for co-SD TMP: Man. Similarly, there was only a single phase transition
observed in DSC analysis of co-SD particles, suggesting molecular miscibility of the drug with
the excipient. Although the melting of TMP molecules could not be established by DSC analysis,
its presence was successfully verified in HPLC quantification, resulting in drug loading as high as
0.14 mg per milligram of particles. In addition to the XRPD data, the presence of Man is further
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verified by ATR-FTIR spectra showing O-H bonding at 3260-3280 cm-1 range which is
particularly expressed for Man molecules.
Aerosol dispersion performance was performed at Q of 60 L min-1 (adult airflow rate) using
a HandiHaler® (a high shear stress DPI device). Figure 4.23 is a 3-D plot of the aerosol
performance of the co-SD TMP: Man powders. Although there is no significant change in ED
values with the addition of Man, it is clearly seen from Table 4.10 and Figure 4.23 that it increases
FPF and RF for co-SD systems, independently of the pump rate used during spray drying.
Furthermore, it is clear that Man helps the production of smaller particles with resulted MMAD
values lower than 5 µm which is essential for targeted delivery to the deeper regions of the lung
39

. This is in a good agreement with what is seen on SEM micrographs. A change in SD pump rate

and Man concentration had little to no effect on the MMAD values. The in vitro aerosol stage
deposition shows that most of the single component SD TMP particles deposited on the first stage
(above 90%), which would be correlated to deposition in the larger airways in vivo 40. On the other
hand, co-SD TMP: Man particles achieved deposition from stage 2 to stage 7, which predicts
deposition in the smaller airways or even the bronchoalveolar region 40. Part of this can also be
due to the low residual water content present in these particles, reducing capillary forces that
eventually would lead to a better aerosol dispersion performance 16. In addition, small hydrophobic
drugs like TMP would be predicted to increase retention of the drug inside the lungs due to
favorable interactions with lung cellular membranes 41. Hydrophobic drugs are also expected to
have lower drug translocation out of the lung, therefore decreasing systemic side effects 41.
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Figure 4. 23: 3-D surface response plots showing the effect of spray drying pump rate (a
pharmaceutical processing property) and chemical composition (a molecular property) on in
vitro aerosol dispersion performance of TMP A) Fine Particle Fraction (FPF); B) Emitted
Dose (ED); C) Mass Median Aerodynamic Diameter (MMAD).

In vitro pulmonary cellular viability analysis showed very important findings of co-SD
TMP powders cytotoxic activity. The dose-response indicates that all formulated powders are safe
for pulmonary therapy 72 hours after exposure. The statistical analysis of TEER values (p value >
0.05) suggests that Calu-3 epithelial cells are capable of recovering after 7 days of exposure to the
drug particles, indicating the safety of these formulations in pulmonary epithelial cells.
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4.9

CONCLUSION
This comprehensive and systemic study reports for the first time the design and

development of inhalable dry particles consisting of single component TMP and dual component
TMP: Man for the treatment of pulmonary arterial hypertension. These were successfully designed
for targeted pulmonary delivery using organic solution advanced spray drying in the closed mode.
Findings indicate the potential of using Man for the enhancement of particle formation and aerosol
performance. These micro/nano particles showed excellent in vitro aerosol dispersion performance
using a human DPI device, demonstrating their capability of reaching the lower airways.
Furthermore, the in vitro pulmonary cellular studies confirmed that these particles can be delivered
through the pulmonary route at high concentrations without causing cytotoxicity.
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CHAPTER 5
SOLID-STATE PARTICLE ENGINEERING DESIGN, CHARACTERIZATION, AND
IN VITRO AEROSOL DISPERSION PERFORMANCE OF
MICROPARTICULATE/NANOPARTICULATE DRY POWDERS OF A SELECTIVE
RHOA/RHO KINASE (ROCK) INHIBITOR
This chapter has been prepared for manuscript submission

5.1

INTRODUCTION
Pulmonary hypertension (PH) is a progressive disease that leads to increased intra-arterial

pressure in the pulmonary vasculature leading to heart failure. PH is categorized into several types
based on its etiology1. The pathogenesis of PH is not well established, however, clinical
manifestations include pulmonary vasoconstriction, proliferation of smooth muscle cells,
migration of inflammatory cells and pulmonary vascular remodeling2,3. PH can also be a serious
co-morbidity that exist with other diseases such as idiopathic pulmonary fibrosis4,5, chronic
obstructive lung disease (COPD)6. Currently, specific drug therapy for PH includes calcium
channel blockers (nifedipine, diltiazem – oral administration), prostacyclin analogues and receptor
agonists (beraprost- oral, epoprostenol- iv infusion, iloprost - oral,i.v, inhaled, treprostinil - i.v ,
oral, subcutaneous and inhaled), endothelin receptor antagonists (ambrisentan, bosentan,
macitentan - oral), phosphodiesterase type-5 inhibitors and guanylate cyclase stimulators
(sildenafil, tadalafil, vardenafil, riociguat –oral) or combination therapy1. However, it is also
unclear if the current therapy serves to prevent the progression of the disease.
Rho-associated protein kinase, also known as Rho-kinase or ROCK, an enzyme that
belongs to the kinase family of serine-threonine kinases AGC, is a downstream effector of Rho
GTPase

7,8

. There are two isoforms, ROCK-1 and ROCK-2, which are expressed in multiple

tissues, although ROCK 1 is found predominantly in liver, lung, and testis. Rho-kinase has several
functions including regulation of cellular contraction, motility, morphology, polarity, cell division
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and gene expression7,8. The Rho kinase inhibitor, Fasudil competitively binds to the ATP binding
site in Rho kinase and regulates the phosphorylation of myosin light chain leading to the
vasodilation of constricted vessels3. Its metabolite, hydroxyfasudil, is also biologically active. Its
effect in an animal model has shown its role in vascular remodeling2,3. Fasudil is an approved drug
in Japan for cerebral vasospasm. The Rho/ROCK signaling pathway has been implicated in many
pulmonary diseases. It has been shown that a decrease in pulmonary arterial pressure also
decreases the progression of COPD. Liu et al., studied the effect of Fasudil on a selected number
of COPD patients with PAH9. They observed that the pulmonary artery pressure was significantly
reduced in Fasudil-treated patients compared to a control group. An increase in the number of
endothelial progenitor cells, which can play a key role in repairing damaged pulmonary arterial
endothelium to reduce pulmonary artery pressure, was noted. Thus, Fasudil reduced the damage
and improved reconstruction of pulmonary vascular endothelium9.

The involvement of

Rho/ROCK signaling in the ozone induced airway hyper-responsiveness and inflammation has
also been studied10,11. Fasudil has also been shown to decrease inflammatory cells and the
inflammation index in lung12. Further, Fasudil decreases allergen-induced mucus hypersection by
down regulating NFκB and STAT612. Rho/ROCK signaling is also involved in hypoxia-induced
pulmonary fibrosis and Fasudil blocked the development of the fibrosis13. Additionally, the
inhibition of Rho kinase with Fasudil reduced the induction of inflammatory mediators and
attenuated septic lung injury14. Thus, there is interest in using Fasudil, the only Rho/ROCK
inhibitor currently in clinical trials, to treat PH and other diseases
Ease of administration with decreased off-target effects such as peripheral vascular dilation
is an important challenge in drug delivery in the targeted treatment of PH. This is where an
inhalable formulation of Fasudil could assist in improving therapy.
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Chemically, Fasudil

hydrochloride (Fas) is an acid salt of 1-(5-isoquinolinesulfonyl) homopiperazine with a molecular
weight of 291.36 g/mol. Fasudil is water soluble with a pKa of 9.73. Fasudil can have hydrates
ranging from hemihydrate to trihydrate15. There have been a few successful studies conducted in
the past in formulating fasudil for pulmonary delivery including liposomes for local delivery and
sustained release16,17, peptide-micelle18, and surface modified liposomes with homing peptide to
target the pulmonary vasculature 19, magnetic liposomes for preferential accumulation20, and cell
based nanoerythrocyte formulations21. However, this comprehensive and systematic study reports
an inhalable dry powder of Fasudil comprised of engineered nanoparticles and microparticles in
the solid-state for targeted pulmonary delivery to the deep lung region and smaller airways.
5.2
5.2.1

EXPERIMENTAL: MATERIALS AND METHODS
Materials
Fasudil monohydrochloride hemihydrate salt (Fas) [C14H17N3O2S; molecular weight

(MW): 291.36 g/mol], shown in Figure 5.1 (ChemDraw Ultra Ver. 10.0.; CambridgeSoft,
Cambridge, Massachusetts), was obtained from LC laboratories (Woburn, MA, USA). Methanol
(HPLC grade, ACS-certified grade, purity 99.9%) was obtained from Fisher Scientific (Fair Lawn,
New Jersey). Hydranal® -Coulomat AD was obtained from Sigma–Aldrich. The nitrogen gas
used was ultra-high purity (UHP) nitrogen gas (Cryogenics and gas facility, The University of
Arizona, Tucson, Arizona). Raw Fas was stored in sealed glass desiccators over Indicating
TM

Drierite

desiccant at temperature below -20⁰C. Other chemicals were stored under room

conditions.
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B

A

Figure 5. 1: Fasudil A) Chemical structure; and B) 3-D structure model.
5.2.2

Methods

5.2.2.1 Preparation of Spray Dried particles by Organic Solution Advanced Spray Drying
in Closed Mode
Organic solution advanced spray drying process in the absence of water was performed in
closed mode using a Büchi B-290 Mini Spray Dryer with a high performance cyclone in closed mode
using UHP dry nitrogen gas as the atomizing drying gas and connected to the B-295 Inert Loop
(Büchi Labortechnik AG, Flawil, Switzerland). The feed solution was prepared by dissolving
0.5%w/v of the drug in methanol using Branson 7500 ultrasonicator to aid in dissolution. Table
5.1 lists the spray drying conditions for Fas powders. The drying gas atomization rate (670
L/h at 55mmHg) and aspiration rate (35 m3/h at 100% rate) were maintained constant during all
the experiments. Four feed-input rates were employed to obtained particles using pump rates of
7.5mL/min (25%), 15mL/min (50%), 22.5mL/min (75%) and 30mL/min (100%). The stainless
steel two-fluid nozzle tip diameter was 0.7 mm with 1.5mm gas cap. The SD particles were
separated from the nitrogen drying gas in the high-performance cyclone (HPC) and collected in the
small sample collector. All spray dried (SD) powders were carefully stored in sealed glass vials stored
TM

in sealed glass desiccators over indicating Drierite
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desiccant at −20◦C under ambient pressure.

Table 5. 1: Advanced spray drying parameters for spray dried (SD) Fasudil powders at a feed
concentration of 0.5%w/v from methanol (MeOH) solution.
Spray Drying
Pump Rate (%)

Inlet T(⁰C)

Outlet T(⁰ C)

25

149-152

76-88

50

150-151

67-68

75

150-151

55-65

100

150-152

43-56

5.2.2.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
Spectrometry
Using conditions similar to previously reported22-24, visual imaging and analysis of
particle size, morphology, and surface morphology was achieved by scanning electron microscopy
(SEM). The powder samples were placed on double coated carbon conductive adhesive Pelco
tabsTM (TedPella, Inc. Redding CA), which were adhered to aluminum stubs (Ted- Pella, Inc.)
Subsequently, the powder sample in the stub was sputter coated with thin film of gold using
Anatech Hummer 6.2 (Union city, CA, USA) system at 20µA for 90secs under Argon plasma. The
electron beam with an accelerating voltage of 30 kV was used at a working distance of 1010.4mm. SEM images were captured by SEM FEI Inspect S (Brno, Czech Republic) at several
magnification levels. EDX was performed using ThermoNoran systems Six (Thermo Scientific,
Waltham, MA, USA) at accumulation voltage of 30,000 eV, the spot size was increased until a
dead time of 20-30 was obtained.
5.2.2.3 Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs
The mean size, standard deviation and size range of the particles were determined digitally
using Sigma Scan Pro 5.0.0 (Systat, San Jose, CA, USA), using similar conditions that have been
previously reported25,26. Representative micrographs for each particle sample at 15,000x
magnification was analyzed by measuring the diameter of at least 100 particles per sample.
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5.2.2.4 X-Ray Powder Diffraction (XRPD)
Using conditions similar to previously reported22-24, X-ray powder diffraction (XRPD)
patterns of samples were collected at room temperature with a PanAnalytical X’pert
diffractometer (PANalytical Inc., Westborough, MA, USA) with Cu Kα radiation (45 kV, 40mA,
and λ =1.5406 Å) between 5.0° and 50.0° (2θ) with a scan rate of 2.00°/ minute at ambient
temperature. The powder samples were filled into glass capillary that was placed on the zero
background silicon wafer sample holder and the diffraction was measured with an X’celerator
detector.
5.2.2.5 Differential Scanning Calorimetry (DSC)
Using conditions similar to previously reported22-24, thermal analysis and phase transition
measurements were performed on a TA Q1000 differential scanning calorimeter (DSC) (TA
®

Instruments, New Castle, Delaware) equipped with T-Zero technology, RSC90 automated
cooling system, auto sampler and calibrated with indium. Approximately 1-10 mg sample was
placed into an anodized aluminum hermetic DSC pan. The T-Zero® DSC pans were hermetically
sealed with the T-Zero hermetic press (TA Instruments). An empty hermetically sealed aluminum
pan was used as a reference pan for all the experiments. UHP nitrogen was used as the purging gas
at a rate of 40 mL/min. The samples were heated from 0.00⁰C to 250.00⁰C at a scanning rate
of 5.00⁰C/min. All measurements were carried out in triplicate (n = 3).
5.2.2.6 Hot Stage Microscopy (HSM) under Cross-Polarizers
Using conditions similar to previously reported22-24, hot-stage microscopy (HSM)
studies used a Leica DMLP cross-polarized microscope (Wetzlar, Germany) equipped with a
Mettler FP 80 central processor heating unit and Mettler FP82 hot stage (Columbus, OH, USA).
Samples were mounted on glass slide and heated from 25.0⁰C to 250.0⁰C at a heating rate of
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5.00⁰C/min. The images were digitally captured using a Nikon coolpix 8800 digital camera (Nikon,
Tokyo, Japan) under 10x optical objective and 10x digital zoom.
5.2.2.7 Karl Fisher Titration (KFT)
Using conditions similar to previously reported22-24, the residual water content of all SD
powders were quantified analytically by Karl Fischer titration (KFT) coulometrically using a
TitroLine 7500 trace titrator (SI Analytics, Germany). Approximately 2-10 mg of powder was added
to the titration cell containing Hydranal® Coulomat AD reagent. The residual water content was
measured at the end of titration.
5.2.2.8 Confocal Raman Microspectroscopy (CRM), and Chemical Imaging
Confocal Raman microspectroscopy (CRM) provides noninvasive and nondestructive
microspectroscopic component analysis of DPI formulations. Using similar conditions as
previously reported22-24, Raman spectra were obtained at 514 nm and 785nm laser excitations using
Renishaw InVia Reflex (Gloucestershire, UK) at the surface using a 20x magnification objective
on a Leica DM2700 optical microscope (Wetzlar, Germany) and equipped with a Renishaw inVia
Raman system (Gloucestershire, UK). This Renishaw system has a 2400 l/mm grating, with a slit
width of 65 μm and a thermoelectrically cooled Master Renishaw CCD detector. All spectra were
subjected to baseline correction prior to further analysis.
5.2.2.9 Attenuated Total Reflectance – FTIR Spectroscopy
A Nicolet 6700 FTIR spectrometer (Thermo electron corporation, Madison, WI, USA) fitted
with smart performer (Thermo scientific, Waltham, MA, USA) attenuated total reflectance (ATR)
accessory was used for all the experiments. Each spectrum was collected for 32 scans at a spectral
resolution of 8 cm-1 over the wavenumber range of 4000–400 cm-1. A background spectrum was
carried out under the same experimental conditions and was subtracted from each sample spectrum.
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Spectral data were acquired with EZ-omnic software. These conditions are similar to our previous
reports22-24.
5.2.2.10 In vitro Aerosol Dispersion Performance
In accordance with USP Chapter <601> specifications27 on aerosols and using
conditions similar to previously reported22-24, the aerosol dispersion performance of SD Fas
particles was tested using the Next Generation Impactor™ (NGI™) (MSP Corporation,
Shoreview, Minnesota, USA) with a stainless steel induction port (USP throat) attachment (NGI
Model 170; MSP Corporation) equipped with specialized stainless steel NGI gravimetric insert
cups (MSP Corporation). Three FDA approved human DPI devices Aerolizer® (Merck), Neohaler®
(Sunovion Pharmaceuticals) and HandiHaler

®

(Boehringer Ingelheim) were used for aerosol

dispersion analysis. An airflow rate (Q) of 60 L/min (DPI airflow rate) was adjusted and measured
before each experiment using a Copley DFM 2000 flow meter (Copley Scientific, Nottingham,
United Kingdom). The NGI was connected to a Copley HCP5 vacuum pump (Copley Scientific)
through a Copley TPK 2000 critical flow controller (Copley Scientific). The mass of powder
deposited on each stage was quantified by gravimetric method using type A/E glass fiber filters
with diameter 55mm (PALL Corporation, Port Washington, New York) and 75mm (Advantec,
Japan). Quali-V-I clear HPMC size 3 inhalation grade capsules (Qualicaps, North Carolina) were
filled with about 10 mg of powder. Three capsules were used in each experiment. In vitro
aerosolization was evaluated (n=3) under ambient conditions.
For the NGI, Q= 60 L/min, the Da50 aerodynamic cutoff diameter for each NGI stage was
calibrated by the manufacturer and stated as: 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 emitted
dose (ED) was determined as the difference between the initial mass of powder loaded in the
capsules and the remaining mass of powder in the capsules following aerosolization. The ED (%)
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Equation 5.1 was used to express the percentage of ED based on the total dose (TD) used. The fine
particle dose (FPD) was defined as the dose deposited on stages 2 to 7. The fine particle fraction
(FPF %) Equation 5.2 was expressed as the percentage of FPD to ED. The respirable fraction (RF
%) Equation 5.3 was used as the percentage of FPD to total deposited dose (DD) on all impactor
stages.
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝐸𝐸𝐸𝐸%) =

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝐹𝐹𝐹𝐹𝐹𝐹%) =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑅𝑅𝑅𝑅%) =

5.2.2.11 In vitro Cell Dose-Response Assay

𝐹𝐹𝐹𝐹𝐹𝐹
𝐷𝐷𝐷𝐷

𝐸𝐸𝐸𝐸
𝑇𝑇𝑇𝑇

𝑋𝑋 100%

𝐹𝐹𝐹𝐹𝐹𝐹
𝐸𝐸𝐸𝐸

Equation 5.1

𝑋𝑋 100% Equation 5.2

𝑋𝑋 100 %

Equation 5.3

Cell-based assays are often used to determine if test molecules have effects on cell
proliferation or show direct cytotoxicity effects that eventually leads to cell death. The effects of
the drug formulations were analyzed by measuring the response of lung adenocarcinoma cells at
different concentrations of the drug. The A549 pulmonary cell line is a human alveolar epithelial
lung adenocarcinoma cell line and has been used as a model of the alveolar type II pneumocyte
cell in in vitro pulmonary drug delivery and metabolism studies. The H348 pulmonary cell line is
a human bronchoalveolar epithelial cell line similar to alveolar type II cells and express lung
surfactant associated protein A (SP-A)28. Both cell lines were grown in a growth medium
including Dulbecco’s modified Eagle’s medium (DMEM) advanced 1x, 10% (v/v) fetal bovine
serum (FBS), Pen-Strep (100 U ml-1 penicillin, 100 µg ml-1) , Fungizone (0.5 µg ml-1
amphotericin B, 0.41 µg ml-1 sodium deoxycholate), and 2 mM L-Glutamine in a humidified
incubator at 37 ºC and 5% CO2.
As previously reported28, both cell lines were seeded in 96-well plates at 5000 cells/well
and 100 µl/well and allowed to attach for 48 hours. Then, the cells were exposed to 100 µl of Fas
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dissolved in media at different concentrations and incubated for 72 hours after exposure. 20 µl of
10 µM resazurin sodium salt dissolved in 1% DMSO in media was added to each well and
incubated for 4 hours. At this point, the fluorescence intensity was detected at 544 nm
(excitation) and 590 nm (emission) using a Synergy H1 Multi-Mode Reader (BioTek Instruments
Inc., Winooski, VT). The relative viability of each sample was calculated as follow:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (%) =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑥𝑥 100%

Equation 5.4

5.2.2.12 In vitro Transepithelial Electrical Resistance Analysis

Calu-3 lung epithelial cells , a human lung adenocarcinoma cell line derived from the
bronchial submucosal airway region, were grown in a growth medium including Eagle’s minimum
essential medium (EMEM), 10% (v/v) fetal bovine serum (FBS), Pen-Strep (100 U ml-1 penicillin,
100 µg ml-1), Fungizone (0.5 µg ml-1 amphotericin B, 0.41 µg ml-1 sodium deoxycholate) in
humidified incubator at 37˚C and 5% CO2, as previously reported 28-30. The cells were seeded at
500,000 cells/ml in Costar Transwells® (0.4 μm polyester membrane, 12 mm for a 12- well plate)
with 0.5 ml of media on the apical side and 1.5 ml of media on the basolateral side. Media was
changed every other day from the basolateral and apical side. After 10 days of growth, when the
cells reached a TEER value of about 1000 Ω/cm2 which is an indicator of a confluent monolayer
at liquid covered culture (LCC), the media was removed from both sides and 800 μl of media was
added to the basolateral side of the Transwells to facilitate air-interface culture (AIC) conditions.
The TEER responses of the cells were measured with an Endohom 12 mm Culture Cup (World
Precision Instruments, Sarasota, FL). For TEER measurement, 0.5 ml of media was added to the
apical side of the Transwell 5 min before measurement and then immediately removed to return
the cells to AIC conditions. After the TEER values reached 500 Ω/cm2 which is an indication of a
confluent monolayer at AIC conditions, the cells were exposed to 100 µM of representative

201

formulations dissolved in non-supplemented EMEM media. The liquid aerosol formulations were
delivered to the Calu-3 cells at AIC using a Penn Century MicroSprayer® Aerolizer – Model IA1B [1]. TEER values were then recorded for up to 7 days after aerosol treatment, as previously
reported30,31.
5.2.2.13 Statistical Analysis
The Design of experiments (DoEs) for in vitro aerosol performance was conducted using
Design Expert® 8.0.7.1 software (Stat Ease Corporation, Minneapolis, Minnesota). A full factorial
multi-level design was used for in vitro aerosol performance experiment randomization and postrun analysis. Interaction of process parameter on the performance of the SD formulations was
evaluated with analysis power of 99.1 and 93 for device resistance and pump rate using Design
Expert®. All experiments were performed in triplicate (n = 3) unless otherwise mentioned. Results
are expressed as mean ± standard deviation.
5.3

RESULTS
5.1.2

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX)

At all pump rates, SEM micrographs of SD Fas alone revealed small, spherical particles.
The morphology of all SD Fas particles was found to be smooth, as shown in Figure 5.2. A
pump rate effect was noticed where an increase in pump rate from 25% to 100% caused the
shape of the particles to be less spherical. At higher pump rates of 75% and 100%, solid sintering
between the spray dried particles were observed.
The energy dispersive X-ray (EDX) spectra of the powders are shown in Figure 5.3. For
chemical identification of Fas, the characteristic Kα line (peaks) of sulphur (S) is seen at 2.3keV
and the Kα line of chlorine (Cl) is seen at 2.63keV. The Kα lines of carbon (C) at 0.257keV and
oxygen (O) at 0.526 keV obscure the peaks of nitrogen (N) which is usually seen at 0.392keV.
The peaks corresponding to S and Cl are representative of Fas. All SD (Figure 5.3) Fas powders
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possess these peaks in their EDX spectrum, suggesting the presence of Fas as an acid salt before
and after spray drying.

Figure 5. 2: SEM micrographs of SD Fas at A) SD 25% PR; B) SD 50% PR; C) SD 75% PR;
and D) SD 100% PR.
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Figure 5. 3: EDX spectra of raw Fas and SD Fas showing characteristic peaks. C-Carbon, OOxygen, S- sulfur and Cl- chlorine atoms.
5.1.3

Particle Sizing and Size Distribution Using SEM Micrographs

Table 5.2 lists the particle size range, mean particle size and standard deviation of the SD
Fas particles sized from SEM micrographs using Sigma Scan Pro software. As can be seen from
Table 5.2, SD Fas alone formed particles in the nanometer range. Specifically, 25% pump rate
formed particles in the range of 270nm-1.67 µm, 50% pump rate formed 343nm-1.94µm, 75%
pump rate formed 346nm-3.20µm and 100% pump rate formed 454nm-2.78µm.
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Table 5. 2: Particle sizing using image analysis on SEM micrographs (n≥100 particles)

Spray Drying Pump Rate (%)

Size Range (µm)

Mean Size (µm)

25

0.27-1.677

0.068±0.023

50

0.343-1.938

0.855±0.302

75

0.346-3.199

1.075±0.510

100

0.454-2.778

1.168±0.507

5.1.4

X-Ray Powder Diffraction (XRPD)

The several diffraction peaks of raw Fas in Figure 5.4 are suggestive of the presence of
long-range molecular order in the raw sample. Raw Fas had rich and intense X-ray diffraction
peaks from about 8⁰- 28⁰ 2θ. The characteristic peaks and other diffraction peaks seen including
8.4⁰, 14.1⁰, 16.2⁰, 16.8⁰, 18.3⁰, 19.6⁰, 21.2⁰, 22.4⁰, 25.6⁰ and 25.9⁰ 2θ degree are similar to
previously reported X-ray diffraction of Fasusil hemihydrate32. On the other hand, SD Fas particles
at all pump rates exhibited no diffraction peak (Figure 5.4), unlike the raw drug, which is
interpreted as the lack of long- range molecular order in SD Fas particles.
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Figure 5. 4: XRPD diffraction patterns of Raw Fas and SD Fas powders at different spray
drying pump rates.
5.1.5

Differential Scanning Calorimetry (DSC)

As shown in Figure 5.5, raw Fas exhibited three endothermic transitions at 137⁰, 160⁰
and 215⁰ C with no signs of amorphous character. The melting at 137⁰C is possibly dehydration
of the hemihydrate followed by melting of the anhydrous form. On spray drying, all particles
showed only endothermic transitions. The glass transition (Tg) temperature of SD Fas was
evident and was found to be between 47⁰ - 52⁰ C. The SD Fas particles at all pump rates also
possessed an exotherm between 75⁰ -108⁰C suggesting a phase transition from disordered to
ordered phase at this temperature range. However, 25% PR exhibited a single endotherm around
209⁰C after the transition, while other pump rates exhibited, at least, two endotherms. The exact
transition temperatures are listed in Table 5.3. The predicted melting point of Fas is around
220⁰C.
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Table 5. 3: DSC thermal analysis. (n=3, mean ± standard deviation)
Powder
Identification

Spray
Drying
Pump Rate
(%)

Tpeak (⁰C)

ΔH (W/g)

Tg (peak)
(⁰C)

ΔCp (J/g
⁰C)

55.06±3.29
16.93±3.62
105.5-±2.89

N/A

N/A

Raw Fas

N/A

137.19±0.19
159.86±4.94
215.01±0.30

SD Fas

25

86.10±1.91
209.28±0.71

45.35±3.09
88.18±12.69

50

106.66±0.79
209.47±0.37
215.79±0.36

41.54±11.58
8.54±2.04
44.26±14.19

47.07±0.44 1.15±0.44

75

108.13±0.99
210.52±0.54
216.61±0.42

41.50±5.76
45.81±7.8
23.59±1.60

49.47±3.42 0.49±0.17

100

76.25±3.26
186.84±20.81
211.51±2.07

39.13±8.46
16.66±0.22
34.48±5.49

51.80±1.34 0.50±0.22

SD Fas

SD Fas

SD Fas

207

46.91±1.05 1.33±0.17

Figure 5. 5: DSC thermograms of Fasudil A) Raw Fas; B) SD Fas 25% pump rate; C) SD
Fas 50% pump rate; D) SD Fas 75% pump rate; and E) SD Fas 100% pump rate.
5.1.6

Hot Stage Microscopy under Cross-Polarizer Lens (HSM)

As visualized by cross polarized light microscopy, raw Fas exhibits no change in
birefringence until 150°C, where there was a change in birefringence followed by the start of
melting at 208°C with a cloudy appearance as shown in Figure 5.6. The particles possessed
birefringence while melting and the melting completed at around 222⁰C. SD Fas (25%)
birefringence remained unchanged until 95°C (Figure 5.6). After that a change in particle size
similar to particle shrinkage was seen followed by the appearance of birefringence around 110°C,
then change in birefringence around 120° and 130°C and finally melting from 200°C to 220°C.
Similarly, SD Fas at 50% and 75% pump rate showed particle shrinkage and several changes in
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birefringence after 93°C and 43°C respectively before they melted around 220-223⁰C. SD Fas at
100% showed no changes in birefringence until 210°C, where melting started and ended at 221°C.

Figure 5. 6: Representative HSM images of A) Raw Fas; B) SD Fas 25% pump rate; and
C)SD Fas 100% pump rate.
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5.1.7

Karl Fisher Titration (KFT)

The measured residual water content of raw Fas, SD Fas powders are tabulated in Table
5.4. As seen from the table, raw Fas had a water content of 2.97% w/w, while SD Fas particles
had residual water in the range of 2.45-3.22% w/w.
Table 5. 4: Residual water content quantified by KFT. (n=3, mean ± standard deviation)
Powder Identification

Spray Drying Pump Rate

Residual Water

(%)

content (%w/w)

Raw Fas

N/A

2.97±0.06

SD Fas

25

3.22±0.56

SD Fas

50

2.57±0.36

SD Fas

75

2.45±0.49

SD Fas

100

2.73±0.57

5.1.8

Confocal Raman Microspectroscopy (CRM) and Chemical Imaging

Initially, Raman spectral scanning was performed using various laser power. The powder
sample exhibited an enormous amount of fluorescence, where the Raman peaks were obscured
by fluorescence of the samples. Hence, 785nm laser was used to obtain the Raman signals of
selected formulations. Raman peaks of Raw Fas were seen at 112, 841, 1366, 1382 and 1566
Raman shift/cm-1. The Raman peaks seen in Figure 5.7 were obtained using 785nm laser,
representative SD Fas powder shows that the Raman shift didn’t change after spray drying.
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Figure 5. 7: Representative Raman spectra of selected SD Fas formulations obtained using
785nm laser.
5.1.9

Attenuated Total Reflectance – Fourier Transform Infrared (ATR-FTIR)
Spectroscopy

Assigning groups to every peak in IR spectrum is difficult since there are many overlaps
in bands. However, some characteristic peaks of Fas were identified in the ATR-FTIR spectrum
in Figure 5.8 at approximately 1159cm-1 (SO2 symmetric stretching) low energy for symmetric
stretch and slightly more energy for an anti-symmetric stretch at 1332 cm-1(SO2 antisymmetric
stretch) characteristics of sulfonamide group. The slight peak seen around 1620 cm-1 (stretching
of aromatic ring) is indicative of isoquinoline. These are similar to previous reports of Fas
hemihydrate32. The spectral pattern seen at fingerprint region (<1500 wavenumber) was
consistently observed in all SD Fas and raw Fas samples where the peaks were found at
approximately 710, 836, 892, 1012, 1136 and 1325cm-1.

211

Figure 5. 8: ATR-FTIR spectrum of Raw and SD Fas at different spray drying conditions.
5.1.10 In Vitro Aerosol Dispersion Performance
The in vitro aerosol stage deposition profiles of the SD Fas particles are presented in Figure
5.9. The SD Fas particles had diverse deposition profile when different inhaler devices were used.
Aerolizer® and Neohaler® had more deposition on lower stages compared to HandiHaler ®. When
comparing the aerosol properties from Table 5.5 all the devices had 80% or more of ED for all the
SD Fas powders. The lowest MMAD that was less than between 6.5-7µm was obtained using
Aerolizer® with 50%, 75%, and 100% SD Fas powders. Neohaler®, when used with 75%SD Fas,
produced the highest FPF of ~38%, followed by Aerolizer® with 50% SD Fas.
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Table 5. 5: In vitro aerosol dispersion performance of SD Fas powders at four different pump
rates using the FDA-approved human DPI devices, Aerolizer®, Neohaler® and HandiHaler ®
(n=3, mean ± standard deviation)
Aerolizer®
FPF (%)
RF (%)
ED (%)
MMAD(µm)
GSD

17.79±3.78
42.28±22.14
97.16±2.86
10.18±5.26
2.38±0.36

FPF (%)
RF (%)
ED (%)
MMAD(µm)
GSD

30.16±3.74
50.79±22.19
103.71±2.76
6.53±2.87
2.2±0.22

FPF (%)
RF (%)
ED (%)
MMAD(µm)
GSD

21.35±7.05
61.15±27.24
94.52±10.42
6.62±2.98
2.38±0.31

FPF (%)
RF (%)
ED (%)
MMAD(µm)
GSD

15.32±1.44
67.27±29.31
78.07±1.52
6.77±3.11
1.86±0.33

Neohaler®
SD Fas 25%
16.63±4.78
36.82±17.75
103.49±1.26
11.07±5.25
2.78±0.26
SD Fas 50%
21.83±5.94
47.78±22.94
106.29±3.17
9.00±4.49
2.37±0.38
SD Fas 75%
38.21±10.42
48.59±21.79
102.59±1.52
8.84±3.86
2.12±0.477
SD Fas 100%
26.65±7.83
55.74±24.88
103.12±0.98
7.22±3.15
2.15±0.18
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HandiHaler®
16.65±1.76
22.17±2.67
98.56±2.49
22.33±7.06
3.58±0.57
16.53±3.06
23.36±2.15
99.58±0.44
17.83±1.60
3.27±0.05
15.2±0.59
20.07±4.05
92.64±6.62
18.77±0.44
3.15±0.20
21.082±1.40
30.83±2.23
80.57±8.97
12.54±1.11
3.04±0.41

Figure 5. 9: In vitro aerosol dispersion performance of SD Fas powders at all pump rates using the NGI and the FDA-approved
human DPI devices; A)Aerolizer®, B) Neohaler®, and C) HandiHaler ®.
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5.1.11 In Vitro Cell Dose-Response Assay
In vitro cell viability assay was performed on two pulmonary cell lines: A549, and H358.
Molar concentrations of 0.1,1,10,100 and 1000 µM raw and selected SD Fas powders were tested
(Figure 5.10). Viability of both A549 and H358 cell lines was higher at lower concentrations of
Fas. At higher concentrations of 100µm and 1000µm, the cell viability was significantly different
from that of the control (treated with the media).
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A

B

Figure 5. 10: In vitro Cell Viability of raw Fas and selected SD Fas formulations in A) A549;
and B) H358 pulmonary cell lines (n=6).
5.1.12 In Vitro Transepithelial Electrical Resistance Analysis
Figure 5.11 displays the result of TEER measurement of Calu-3 cell line for seven days
after treating with selected formulations of Fas. A concentration of 100µm of the selected
formulations were tested. All tested formulations had an acute reduction of transepithelial
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electrical resistance a few hours after treatment. However, in the following days, the electrical
resistance increased gradually similar to the control value which was treated with the cell culture
media.

Figure 5. 11: In vitro Transepithelial electrical resistance (TEER) analysis of Calu-3 lung
epithelial cells exposed to representative formulations in air-interface culture (AIC) conditions
using microsprayer.
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5.2 DISCUSSION
This study clearly demonstrates the ability to particle engineer Fasudil to an inhalable
powder to treat pulmonary diseases. To the authors’ knowledge, this is the first study that has
successfully spray dried Fasudil into microparticles/nanoparticles for inhalation using advanced
organic solution closed mode. This study utilized a dilute solution of Fas in methanol which caused
the formation of small spherical particles as seen from the SEM micrographs. There have been
previous studies that demonstrated similar results where dilute organic solution was able to form
small particles on spray drying33-35. As seen from the SEM micrographs, individually spray dried
Fas formed small nanoaggregates/nanospheres 36. There was a pump rate effect noticed on the size
and shape of these particles. At lower pump rates of 25% and 50%, the particles were smaller and
spherical compared to the particles at higher pump rates of 75% and 100%. The sphericity of the
particles changed as the pump rate increased, this pattern could be due to the difference in the feed
rate of the solution which in turn affects the residence time of the particles in the primary spray
drying chamber. Thus, it is possible that the increased residence time with lower feed rate allowed
spherical particles to form.
As for the thermal property of the powder, DSC data and HSM images are in general
agreement for all samples except the SD Fas at 100% pump rate, where DSC showed a glass
transition before melting that was not observed in HSM with a corresponding change in
birefringence. From Table 5.3, it can be noted that the change in the heat capacity decreases with
increasing spray drying pump rate. The minimal change in heat capacity at 100%PR can be a
reason that the change in birefringence was not observed during HSM. It should also be noted that
the conditions are not the same for DSC and HSM, DSC is performed under a hermetically sealed
pan while HSM is performed under an open atmosphere. Previously, it has been reported that Fas
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has several polymorphic phases including a hemihydrate and a trihydrate15, where the hemihydrate
was found to be the stable form. It is possible that the compound underwent transitions from one
form to the other during these observed stages. Overall, all SD particles didn’t possess
birefringence before the transition, suggesting amorphous character which is consistent with the
DSC and XRPD results. It is conceiveable that spray drying has led to conversion of crystalline
Fas to an amorphous form. Chemical characterization of Fas in the spray dried sample was
confirmed by elemental analysis (EDX) where the distinctive peaks corresponding to S, O, and Cl
were seen. ATR-FTIR and Raman analysis further supported this by showing the characteristic
absorption bands in the fingerprint region. An important characteristic for inhalable powders is the
residual water content. It was found that the water content was less than 3.5% for all spray dried
samples. The reduced water content in inhalation powder can increase the shelf-life and aerosol
performance of the particles.
From Figure 5.9, it can be seen that the deposition of the spray dried powders at the stages
of NGI changed with different DPI devices. It can be noted that the lower resistance device
Aerolzier® decreased the deposition on stage 1 and increased the mass deposition on the stages 25 compared to HandiHaler ®. Powder deposition of Neohaler® was similar to that of Aerolizer®.
Among the three DPI devices, Aerolizer® has the lowest resistance, followed by Neohaler® and
HandiHaler ® possess the highest resistance to airflow. It is difficult to thoroughly characterize the
airflow pattern in an inhaler device. This makes it difficult to predict the energy generated and in
turn, makes it hard to predict an efficient aerosol de-aggregation. Hence, a correlation between the
particle image and the deposition on the impactor stages helps to understand if sufficient deaggregation was achieved.
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The factors interaction plots seen in Figures 5.12 and 5.13 show the interaction of spray
drying pump rate and the DPI devices resistance influence on the aerosol dispersion of the SD Fas
particles. From these graphs, it can be seen that all the SD Fas at different pump rates had the
same or lower FPF when HandiHaler® was used. However, the FPF value is increased for some
pump rates with low resistance device while for the other pump rates with medium resistance
device. This clearly explains that the de-aggregation of the particles depends on the combination
of formulation and the device properties. The RF of all the SD Fas particles decreased with high
resistance inhaler, suggesting insufficient detachment of the primary particles. The MMAD of the
SD Fas particles was the least (desired property) when used with low resistance device. One-way
ANOVA test results suggest that the device resistance and pump rate had significant effects on the
FPF, RF and MMAD values. However, these two parameters didn’t affect the ED value. This
predictive model serves as a pre-screening tool to choose the right combination of SD particles
and the corresponding inhaler device to achieve superior aerosol performance. For example, 75%
SD Fas performs better with Neohaler®, while 25% SD Fas performs well with Aerolizer®.
At the sizes that are presented in this study (in the scale of nanometer and micrometer),
the surface forces of the particles dominate the gravitational forces and hence there is increased
interparticular interaction37. Another aspect that contributes to interparticular interaction is the
particle shape and morphology, elongated shape will have more contact area and increased
interparticular interaction particularly that of van der Waals, electrostatic and capillary forces
leading to more aggregation and poor dispersion38. The deaggregation of DPI formulation also
depends on the airflow pattern and resistance of the DPI device39. Some strategies to improve
aerosol efficiency include modifying the physicochemical properties such as size, shape,
morphology, decreased surface energy, or blending with a carrier that can decrease the drug-drug
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cohesive energy39. Powder dispersibility is also improved in particles with a certain degree of
corrugation due to reduced cohesion forces40 as opposed to particles with completely smooth
surface. In the current study, all SD particles had smooth surface and exist as nanoaggregates,
where the aerosol performance was influenced by particle shape and dispersibility41,42. Aerosol
performance can also be attributed to other parameters such as surface amorphous content that can
lead to water sorption and capillary forces, surface hydrophobicity, electrostatics of the
powder43,44.
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Figure 5. 12: Design of Experiments interaction plot comparing the effect of spray drying
pump rate and inhaler device resistance on the aerosol performance.
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Figure 5. 13: Design of Experiments 3-D surface plots showing the effect of spray drying
pump rate and inhaler device resistance on the aerosol performance.
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The in vitro cellular studies shows that the Fas formulation is safe to the pulmonary cell
lines at selected concentrations. After 7 days the TEER values reached the same value as naïve
cells (data not shown), suggesting a reversible disruption of the monolayer of the cells treated with
the drug.
5.3 CONCLUSION
This systematic study reports for the first time an advanced solid-state particle engineering
design to develop dry powders for inhalation of Fas, a potent and selective RhoA kinase inhibitor.
This comprehensive study on Fasusil reports an inhalable nanoparticles and microparticles in the
solid-state that have the properties suitable for dry powder inhalation delivery using a currently
FDA-approved human DPI device. The rationally chosen spray drying pump rates (low to high
range) did not appear to affect the final aerosol dispersion performance of the particles as DPIs.
However, the spray drying pump rate did have an effect on surface morphology, particle shape,
and particle size of the primary particles. SD fasudil using our advanced spray drying conditions
formed smooth nanoparticles in the solid-state with the ability to be aerosolized with predictive
lung deposition modeling. These nanoparticles could be useful in the treatment of a number of
pulmonary diseases such as PH, asthma, and fibrosis.
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CHAPTER 6
DRY POWDER INHALER FORMULATION DESIGN AND DEVELOPMENT OF A
NOVEL CHALCONE DERIVATIVE AND A KNOWN NRF2 AGONIST
This chapter has been prepared for a manuscript submission

6.1

INTRODUCTION
Airways are continuously exposed to environmental insults that trigger inflammation since,

it is body’s natural response to stimulus such as smoke, infection, pollutants, allergens, etc. Hence,
inflammation is a main characteristic of many respiratory diseases such as pneumonia, acute lung
injury/acute respiratory distress syndrome (ALI/ARDS), asthma, chronic obstructive pulmonary
disease (COPD), fibrosis. The innate defense mechanism of the respiratory system includes
mechanical barrier, mucus production, and ciliary movement to remove the pathogen,
phagocytosis, and inflammatory response. Pulmonary inflammation can be acute as seen in
ALI/ARDS or it can be chronic such as in asthma and COPD. In acute lung inflammation, the
body fights the trigger immediately to resolve and restore homeostasis, if this fails it leads to
chronic inflammation1. The inflammatory cells involved in acute and chronic inflammation are
different. Neutrophils, eosinophils, are more active in acute cases where as lymphocytes and
macrophages play dominant role in chronic inflammation1,2. There are several cellular and
molecular mechanisms involved in repair and resolution of lung inflammation2, among those the
anti-oxidant signaling pathways are of growing interest. Nuclear factor (erythroid – derived 2) –
like 2 (Nrf2) genetic pathway is an anti-oxidant signaling pathway that controls the anti-oxidant
and anti-inflammatory response against oxidative stress. In many lung diseases there is an inherent
risk for oxidative stress due to the high oxygen burden in the organ as reported in chronic
obstructive pulmonary disease (COPD), pulmonary hypertension3-7. In the recent times, the
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involvement of Nrf2 in pulmonary diseases like COPD, lung injury, pulmonary fibrosis and
targeting with Nrf2 activators are of great interest8-15.
Recently, some co-authors of this manuscript reported the Nrf2 activity of a novel chalcone
derivative compound – TMC16. They synthesized about 59 derivatives of chalcone and
systematically screened their Nrf2 activity by testing in normal pulmonary epithelial cell line and
mouse model. Among the synthesized derivatives, TMC (chemical structure shown in Figure 6.1)
emerged as a potential lead compound possessing Nrf2 pathway activator properties. Chalcone
also known as 1,3-diaryl-2-propen-1-ones is an aromatic ketone that exists as either cis (Z) or trans
(E) isomeric form. It belongs to the flavonoid family naturally occurring in fruits, vegetables and
other plants. There are numerous derivatives of chalcone studied for their biological activities as
anti-inflammatory17-19, anti-histaminic20, anti-oxidant21,22, anti-cancer23-26, antituberculosis27,
nitric oxide inhibitor28, and antifungal29. The anti-inflammatory effect of chalcones is
demonstrated through the NF-κB pathway inhibition30-32. Also reported is the Nrf2/ARE cellular
pathway activation efficacy of chalcone and its derivatives in different cell lines such as mouse
embryonic fibroblast cells33, neural and microglial cells34,35, AREc32 cells36, gastric epithelial
cells37, lung epithelial cells16, and colon cells38. More importantly, the Nrf2 activation and antifibrotic effect of TMC molecule was recently demonstrated in in vitro human skin fibroblasts and
in vivo skin fibrosis mice model.
The main objective of the current study is to design and develop a dry powder inhaler
formulation of TMC to treat inflammatory and fibrotic lung diseases. The aerosol formulations
were thoroughly characterized and tested in vitro for its suitability as pulmonary drug delivery.
The influence of different inhaler devices on the aerosol property of the formulation was also
studied using an inertial impactor.
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Figure 6. 1: Chemical structure of TMC.
6.2
6.2.1

EXPERIMENTAL: MATERIALS AND METHODS
Materials
TMC (Cureveda LLC, Halethorpe, MD), (E)-1-(2-Methoxyphenyl)-3-[2-(trifluoromethyl)

phenyl]prop-2-en-1-one with a molecular formula of C17H13F3O2; molecular weight (MW): 306.28
g/mol. Raw Man (C6H14O6; MW: 182.17 g/mol) was obtained from Acros Organics (New
Jersey,USA). Methanol (HPLC grade, ACS-certified grade, purity 99.9%) was obtained from Fisher
Scientific (Fair Lawn, New Jersey). Hydranal® -Coulomat AD was obtained from Sigma–Aldrich.
The nitrogen gas used was ultra-high purity (UHP) nitrogen gas (Cryogenics and gas facility, The
University of Arizona, Tucson, Arizona). Raw TMC was stored in sealed glass desiccators over
TM

Indicating Drierite

desiccant at -80⁰C. Raw D-Man was used as received and stored under room

conditions. Other chemicals were stored under room conditions.
6.2.2

Methods

6.2.2.1 Preparation of co-SD particles by Organic Solution Advanced Spray Drying in Closed
Mode
Organic solution advanced spray drying process in the absence of water was performed in
closed mode using a Büchi B-290 Mini spray dryer with a high performance cyclone in closed mode
using UHP dry nitrogen gas as the atomizing drying gas and connected to the B-295 Inert Loop
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(Büchi Labortechnik AG, Flawil, Switzerland). The feed solution was prepared by dissolving the
component/s in methanol using Branson 7500 ultrasonicator to aid in dissolution. For the twocomponent system, the components were dissolved successively in the solvent consisting of drug
with Man in rationally selected molar ratios in methanol. Table 6.1 lists the spray drying
conditions used for the dry powder aerosol formulation development. The drying gas
atomization rate (670 L/h at 35mmHg) and aspiration rate (35 m3/h at 100% rate) was maintained
constant during all the experiments. Three feed pump rates were employed to obtain particles
using pump rates of 7.5mL/min (low, 25%), 22.5mL/min (medium-high, 75%), and 30mL/min
(high, 100%). The stainless steel two-fluid nozzle tip diameter was 0.7 mm with 1.5mm gas cap.
The co-SD particles were separated from the nitrogen drying gas in the high-performance cyclone
and collected in the small sample collector. All co-SD powders were carefully stored in sealed glass
vials stored in sealed glass desiccators over indicating Drierite

TM

desiccant at −20◦C under ambient

pressure.
Table 6. 1: Advanced spray drying parameters for co-spray dried (co-SD) powders from
methanol (MeOH) solution using organic solution advanced closed mode spray drying particle
engineering design.
Powder
Composition
(Molar Ratio)

Molar Ratio
Composition
(TMC: Man)

Feed
concentration
in MeOH
(% w/v)

Pump Rate
(%)

Inlet T
(⁰C)

Outlet T
(⁰ C)

Co-SD TMC: Man

25:75

0.156

25%

89-90

50-51

Co-SD TMC: Man

25:75

0.156

50%*

90

40-44

Co-SD TMC: Man

25:75

0.156

75%

90

29-36

100%

90-91

18-23

Co-SD TMC: Man
25:75
0.156
*Not used for further experiments due to insufficient mass.
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6.2.2.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX)
Using conditions similar to those previously reported39-42, visual imaging and analysis of
particle size, morphology, and surface morphology was achieved by scanning electron microscopy
(SEM). The powder samples were placed on double coated carbon conductive adhesive Pelco
tabsTM (TedPella, Inc. Redding CA), which were adhered to aluminum stubs (Ted- Pella, Inc.)
Subsequently, the powder sample in the stub was sputter coated with thin film of gold using
Anatech Hummer 6.2 (Union city, CA, USA) system at 20µA for 90secs under Argon plasma. The
electron beam with an accelerating voltage of 30 kV was used at a working distance of 1010.4mm. SEM images were captured by SEM FEI Inspect S (Brno, Czech republic) at several
magnification levels.
6.2.2.3 Particle Sizing and Size Distribution Using SEM Micrographs
The mean size, standard deviation and size range of the particles were determined digitally
using SigmaScan pro 5 (Systat, San Jose, CA, USA), using similar conditions that have been
previously reported43. Representative micrographs for each particle sample at 10,000x
magnification was analyzed by measuring the diameter of at least 100 particles per sample.
6.2.2.4 X-Ray Powder Diffraction (XRPD)
Using conditions similar to previously reported39-42, X-ray powder diffraction (XRPD)
patterns of samples were collected at room temperature with a PanAnalytical X’pert
diffractometer (PANalytical Inc., Westborough, MA, USA) with Cu Kα radiation (45 kV, 40mA,
and λ =1.5406 Å) between 5.0° and 70.0° (2θ) for raw TMC and 5.0° and 50.0° (2θ) for co-SD
powders at a scan rate of 2.00°/ minute at ambient temperature. The powder samples were loaded
on zero background silicon wafer sample holder and diffraction measured with an X’celerator
detector.
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6.2.2.5 Differential Scanning Calorimetry (DSC)
Using conditions similar to previously reported39-42, thermal analysis and phase transition
measurements were performed on a TA Q1000 differential scanning calorimeter (DSC) (TA
®

Instruments, New Castle, Delaware) equipped with T-Zero technology, RSC90 automated
cooling system, auto sampler and calibrated with indium. Approximately 1-10 mg sample was
placed into an anodized aluminum hermetic DSC pan. The T-Zero® DSC pans were hermetically
sealed with the T-Zero hermetic press (TA Instruments). An empty hermetically sealed aluminum
pan was used as reference pan for all the experiments. UHP nitrogen was used as the purging gas
at a rate of 40 mL/min. The samples were heated from 0.00⁰C to 250.00⁰C at a scanning rate
of 5.00⁰C/min. All measurements were carried out in triplicate (n = 3).
6.2.2.6 Confocal Raman Microspectroscopy (CRM), and Chemical Imaging
Confocal Raman microspectroscopy (CRM) provides noninvasive and nondestructive
microspectroscopic component analysis of DPI formulations. Using similar conditions previously
reported39-42, Raman spectra was obtained at 514 nm laser excitation using Renishaw InVia Reflex
(Gloucestershire, UK) at the surface using a 20x magnification objective on a Leica DM2700
optical microscope (Wetzlar, Germany) and equipped with a Renishaw inVia Raman system
(Gloucestershire, UK). This Renishaw system has a 2400 l/mm grating, with a slit width of 65
μm and a thermoelectrically cooled Master Renishaw CCD detector. The laser power was adjusted
to achieve 5000 counts per second for the 520 cm-1 line of the internal Si Reference. Raman
spectral map was obtained with the stage moved in increments of 20x20 µm in each axis. Each map
point was acquired 1 accumulation using 2 seconds of detector exposure time per accumulation.
Spectra were subjected to baseline correction prior to further analysis.
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6.2.2.7 Attenuated Total Reflectance – FTIR Spectroscopy
A Nicolet Avatar 360 FTIR spectrometer (Varian Inc., CA) equipped with a DTGS detector
and a Harrick MNP-Pro (Pleasantville, NY,USA) attenuated total reflectance (ATR) accessory
was used for all the experiments. Each spectrum was collected for 32 scans at a spectral resolution
of 8 cm-1 over the wavenumber range of 4000–400 cm-1. A background spectrum was carried
out under the same experimental conditions and was subtracted from each sample spectrum.
Spectral data were acquired with EZ-omnic software. These conditions are similar to those in our
previous reports39-42.
6.2.2.8 In vitro Aerosol Dispersion Performance
In accordance with USP Chapter <601> specifications44 on aerosols and using
conditions similar to previously reported39-42, the aerosol dispersion performance of co-SD
particles was tested using the Next Generation Impactor™ (NGI™) (MSP Corporation,
Shoreview, Minnesota, USA) with a stainless steel induction port (USP throat) attachment (NGI
Model 170; MSP Corporation) equipped with specialized stainless steel NGI gravimetric insert
cups (MSP Corporation). Three FDA approved human DPI devices Aerolizer® (Merck), Neohaler®
(Sunovion Pharmaceuticals) and HandiHaler ® (Boehringer Ingelheim) were used. An airflow rate (Q)
of 60 L/min (adult airflow rate) was adjusted and measured before each experiment using a Copley
DFM 2000 flow meter (Copley Scientific, Nottingham, United Kingdom). The NGI was connected
to a Copley HCP5 vacuum pump (Copley Scientific) through a Copley TPK 2000 critical flow
controller (Copley Scientific). The mass of powder deposited on each stage was quantified by
gravimetric method using type A/E glass fiber filters with diameter 55mm (Pall Corporation,
Port Washington, NY) and 75mm (Advantec, Japan). Quali-V clear HPMC size 3 inhalation grade
capsules (Qualicaps, NC) were filled with about 10 mg of powder was used. Three capsules were
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used in each experiment. In vitro aerosolization was evaluated in triplicate (n=3) under ambient
conditions.
For the NGI, Q= 60 L/min, the Da50 aerodynamic cutoff diameter for each NGI stage was
calibrated by the manufacturer and stated as: 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 emitted
dose (ED) was determined as the difference between the initial mass of powder loaded in the
capsules and the remaining mass of powder in the capsules following aerosolization. The ED (%)
Equation 3.1 was used to express the percentage of ED based on the total dose (TD) used. The fine
particle dose (FPD) was defined as the dose deposited on stages 2 to 7. The fine particle fraction
(FPF %) Equation 3.2 was expressed as the percentage of FPD to ED. The respirable fraction (RF
%) Equation 3.3 was used as the percentage of FPD to total deposited dose (DD) on all impactor
stages.
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝐸𝐸𝐸𝐸%) =

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝐹𝐹𝐹𝐹𝐹𝐹%) =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑅𝑅𝑅𝑅%) =

𝐹𝐹𝐹𝐹𝐹𝐹
𝐷𝐷𝐷𝐷

𝐸𝐸𝐸𝐸
𝑇𝑇𝑇𝑇

𝑋𝑋 100%

𝐹𝐹𝐹𝐹𝐹𝐹
𝐸𝐸𝐸𝐸

Equation 6.1

𝑋𝑋 100% Equation 6.2

𝑋𝑋 100 %

Equation 6.3

In addition, the mass median aerodynamic diameter (MMAD) of aerosol particles and geometric
standard deviation (GSD) were calculated using a Mathematica (Wolfram Research, Inc.,
Champaign, IL) program.
6.2.2.9 In vitro Transepithelial Electrical Resistance Analysis
Calu-3 lung epithelial cells , a human lung adenocarcinoma cell line derived from the
bronchial submucosal airway region, were grown in a growth medium including Eagle’s minimum
essential medium (EMEM), 10% (v/v) fetal bovine serum (FBS), Pen-Strep (100 U ml-1 penicillin,
100 µg ml-1), Fungizone (0.5 µg ml-1 amphotericin B, 0.41 µg ml-1 sodium deoxycholate) in
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humidified incubator at 37˚C and 5% CO2, as previously reported 45-47. The cells were seeded at
500,000 cells/ml in Costar Transwells® (0.4 μm polyester membrane, 12 mm for a 12- well plate)
with 0.5 ml of media on the apical side and 1.5 ml of media on the basolateral side. Media was
changed every other day from the basolateral and apical side. After about 10 days of growth, when
the cells reached a TEER value of about 1000 Ω/cm2 (indicator of a confluent monolayer at liquid
covered culture (LCC)) the media was removed from both sides and 800 μl of media was added to
the basolateral side of the Transwells to facilitate air-interface culture (AIC) conditions. The TEER
responses of the cells were measured with an Endohom 12 mm Culture Cup (World Precision
Instruments, Sarasota, FL). For TEER measurement, 0.5 ml of media was added to the apical side
of the Transwell 5 min before measurement and then immediately removed to return the cells to
AIC conditions. After the TEER values reached 500 Ω/cm2 (indicating a confluent monolayer at
AIC conditions), the cells were exposed to 100 µM of the test formulation dissolved in nonsupplemented EMEM media. The liquid aerosol formulations were delivered to the Calu-3 cells at
AIC by using a Penn Century MicroSprayer® Aerolizer – Model IA-1B [1]. TEER values were
then recorded for up to 7 days after aerosol treatment, as previously reported 47,48.
6.2.2.10

Statistical Analysis

Design of experiments (DoEs) for in vitro aerosol performance was conducted using
Design Expert® 8.0.7.1 software (Stat Ease Corporation, Minneapolis, Minnesota). A full factorial
design of 32 for co-SD TMC: Man systems was utilized for in vitro aerosol testing. Aerosol
performance and process parameters interaction were evaluated using the Analysis of Variance
(ANOVA) test performed using SigmaPlot11 and Design Expert® respectively. All experiments
were performed in triplicate (n = 3). Results are expressed as mean ± standard deviation.
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6.3
6.3.1

RESULTS
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX)
Figure 6.2 displays the scanning electron micrograph of raw TMC and co-SD TMC: Man

particles at different pump rates. The raw TMC particles were elongated and tubular while
exhibiting a varied size range. The particle engineering technique of co-spray drying TMC with
Man has made the particles into small and equivalent spheres. The particles made at 25% PR were
shown to be porous with almost smooth surface morphology. Similarly 100% PR particles had
smooth surface morphology with equivalent spheres. The particles SD at 75% PR had a different
appearance compared to that of 25% and 100% PR particles. The particles were large where more
solid sintering was observed.
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Figure 6. 2: SEM micrographs of A) Raw TMC AT 1000X; B) co-SD TMC: Man at 25% PR;
C) co-SD TMC: Man at 75% PR; D) co-SD TMC: Man at 100% PR AT 20,000X.
The EDX spectrum of the raw and co-SD particles are displayed in Figure 6.3. The
elemental analysis of raw TMC and co-SD TMC: Man particles show peaks of carbon, oxygen,
fluorine and gold at 0.269, 0.520, 0.678, and 2.148 respectively. Presence of fluorine atom at 0.678
keV energy is elemental proof of the presence of TMC molecule in the co-SD particles at all the
three pump rates.
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Figure 6. 3: Energy dispersive spectrum of Raw TMC and co-SD TMC: Man particles.
6.3.2

Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs
The SEM micrographs shows discrete particles of co-SD TMC: Man which were measured

using imaging software SigmaScan Pro. The measurement data is shown in Table 6.2. The average
particle size of 25% PR, 75% PR and 100% PR were found to be 746nm, 1.37nm and 962nm
respectively. The number based diameters measured ranged from Dn10 – 0.52, 0.79 & 0.60µm, Dn90
– 0.98, 2.26, & 1.40µm for 25%, 75% & 100% PR respectively.
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Table 6. 2: Particle sizing using image analysis on SEM micrographs (n≥100 particles)
Powder Composition
(Molar Ratio)

Spray Drying
Pump Rate
(%)

Dn10
(µm)

Dn90
(µm)

Average
Size
(µm)

Span

Co-SD TMC: Man
25:75

25

0.52

0.98

0.74

0.63

Co-SD TMC: Man
25:75

75

0.79

2.26

1.37

1.27

Co-SD TMC: Man
25:75

100

0.60

1.40

0.96

0.96

6.3.3

X-Ray Powder Diffraction (XRPD)
The X-ray diffraction of raw TMC shows several sharp and intense peaks as evident from

Figure 6.4 A. This is suggestive of long range molecular order in turn, crystallinity of the
compound. Prominent peaks of crystalline TMC was seen at 12.8, 13.5, 14.9, 16.1, 17.1, 18.3,
22.0, 23.0, 24.9, 25.7, 26.9 and 28.4 2θ degrees. The co-SD TMC: Man particles also showed
several sharp, intense peaks as seen in Figure 6.4 B suggestive of crystallinity and the peaks
correspond to that of both the components. It has been previously noted that D-Mannitol exists as
crystal following spray drying40.
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Figure 6. 4: XRPD diffraction patterns of A) Raw TMC; and B) co-SD TMC: Man particles.
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6.3.4

Differential Scanning Calorimetry (DSC)
Figure 6.5 shows representative thermograms of raw TMC and co-SD TMC: Man particles

with the corresponding thermodynamic measurements in Table 6.3. As is evident from the figure,
the raw TMC had single endothermic transition from solid to liquid state at 58⁰C. Hence, it can be
inferred that the melting point of TMC is 58⁰C. On the other hand, the co-SD TMC: Man particles
at all the three pump rates showed two endothermic transitions around 57⁰C and 164⁰C. The first
transition belongs to TMC while the second transitions is that of Man as previously observed40.
Table 6. 3: DSC thermal analysis. (n=3, mean ± standard deviation)
Powder Composition
(Molar Ratio)
Raw TMC

Spray Drying
Pump Rate
(%)
N/A

Tpeak (⁰C)

ΔH (W/g)

58.15±0.38

90.65±7.37

Co-SD TMC: Man
25:75

25%

57.9±0.01
164.71±0.31

21.79±0.09
186.93±2.02

Co-SD TMC: Man
25:75

75%

57.65±0.03
164.62±0.18

26.41±2.43
185.37±12.68

Co-SD TMC: Man
25:75

100%

57.42±0.06
164.52±0.02

20.18±3.00
156.97±19.85
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Figure 6. 5: Representative DSC thermograms of Raw TMC and co-SD TMC: Man particles.
6.3.5

Attenuated Total Reflectance – Fourier Transform Infrared (ATR-

FTIR) Spectroscopy
The ATR-FTIR spectra of raw TMC and all co-SD TMC: Man particles showed similar
absorption bands in the fingerprint region, as seen in Figure 6.6. The distinctive peaks seen at 749
cm-1 (CH-out of plane deformation in ortho-disubstituted benzene), 1615 cm-1 (benzene ring
stretch seen in aromatic compounds), and 1314 cm-1 (CF3 antisym stretch seen in CF3 attached
benzene ring) serve to be the characteristic bands of TMC molecule. These bands are also seen in
the co-SD formulations in addition to the band seen around 3200 cm-1 in 75% and 100% PR
particles. This is suggestive of H-bonding between TMC and Man particles.
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Figure 6. 6: ATR-FTIR spectra of Raw TMC and co-SD TMC: Man particles.
6.3.6

Confocal Raman Microspectroscopy (CRM), Chemical Imaging, & Mapping
The Raman spectra obtained using 512nm laser is seen in Figure 6.7. The spectra obtained

compliments the absorption bands seen in ATR-FTIR. Moreover, the Raman spectra of raw TMC
and the co-SD TMC: Man particles at all pump rates looks similar to each other suggesting that
the co-SD formulations of TMC: Man at all pump rates didn’t affect the intermolecular interaction
of the two compounds.
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Figure 6. 7: Raman spectra of Raw TMC and co-SD TMC: Man particles.
6.3.7

In Vitro Aerosol Dispersion Performance
The aerosol dispersion performance of co-SD TMC: Man particles are shown in Figure 6.8

and Table 6.4. Figure 6.8 shows the aerosol deposition on individual stages of the NGI when the
three DPI devices were used. Table 6.4 lists the ED, FPF, RF, MMAD and GSD of the co-SD
TMC: Man particles at the three pump rates. It can be seen that the highest ED was obtained with
the Aerolizer® and Neohaler® devices. The emitted dose recorded with the HandiHaler ® device
was in the range of 91-98%. The highest FPF obtained was with 100% PR particles with
HandiHaler

®

device which was 38.75% followed by same particles with Neohaler® device –

36.12%. The smallest MMAD of 3.56µm (desired aerosol property) was obtained with 25% PR
particles when used with Aerolizer® device followed by 4.56µm of 25% PR particles with
Neohaler® device. The MMAD of Co-SD TMC: Man particles at 100% PR was calculated to be
in the range of 5-5.5µm using all the inhaler devices.
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Table 6. 4: In vitro aerosol dispersion performance of co-SD TMC: Man as DPIs. (n=3, mean
± standard deviation)
Inhaler Device
SD Pump
Rate
ED (%)
FPF (%)
RF (%)
MMAD (µm)
GSD
Inhaler Device
SD Pump
Rate
ED (%)
FPF (%)
RF (%)
MMAD (µm)
GSD
Inhaler Device
SD Pump
Rate
ED (%)
FPF (%)
RF (%)
MMAD (µm)
GSD

Aerolizer®
25%
96.36±0.78
28.20±4.31
74.38±33.08
3.56±0.51
2.15±0.10

75%
100.42±2.17
5.61±4.05
38.57±16.78
11.74±0.70
3.00±0.62
Neohaler®

100%
101.68±2.07
26.28±3.64
79.40±34.44
5.31±0.51
2.61±1.03

25%
102.03±0.45
32.63±3.82
71.30±30.96
4.56±0.56
1.87±0.24

75%
89.56±13.30
7.32±1.28
25.99±11.32
14.99±1.96
2.49±0.26
HandiHaler®

100%
100.18±1.98
36.12±1.67
79.38±34.48
5.07±0.26
1.95±0.07

25%
91.43±9.26
28.54±1.51
50.27±21.82
6.93±0.63
2.69±0.08

75%
97.69±0.79
15.57±0.62
41.43±17.96
9.44±0.14
2.03±0.02

100%
92.53±2.70
38.75±2.33
66.61±28.88
5.47±0.10
2.08±0.03
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Figure 6. 8: In vitro aerosol dispersion performance of co-SD TMC: Man particles as DPIs using the NGI and the FDA-approved human DPI
devices A) Aerolizer®; B) Neohaler®; and C) HandiHaler ®.
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6.3.8

In Vitro Transepithelial Electrical Resistance Analysis (TEER)
The TEER values for the raw TMC and co-SD TMC: Man particles are displayed in

Figure 6.9. The control value represents the cells treated with the vehicle in which the test
formulations were dissolved, in this case 10% ethanol + 90% EMEM cell media. The raw TMC
and representative co-SD TMC: Man particles had decreased TEER value right after treatment
which gradually recovered. It can be seen that the control cells recovered faster than the drug
treated cells.

Figure 6.9: In vitro Transepithelial electrical resistance (TEER) analysis of Calu-3 lung
epithelial cells exposed to representative formulations in air-interface culture (AIC) conditions
using microsprayer.
6.4

DISCUSSION
This is the first time a dry powder inhaler formulation of TMC was made for pulmonary

drug delivery. This study has identified mannitol to be a suitable excipient to formulate TMC in to
small, spherical particles in the size range of a few hundred nanometers to a few micrometers. The
particle size presented in this study is the desired range for delivery of particles to the lower
airways. Spray drying was successfully used with methanol as solvent to obtained engineered
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particles for dry powder aerosol formulation. Initially, TMC was spray dried individually using
methanol and isopropanol at various concentrations using different spray drying conditions.
Despite the change in concentrations and solvent, TMC particles were not formed. A similar
observation was made when another Nrf2-activator drug dimethyl fumarate (DMF) was spray
dried. In that study, mannitol was used to help in particle formation by hydrogen bonding with
DMF. Hence, in this study a similar approach was adopted and Man was used as an excipient to
form TMC particles. Several different molar ratios of TMC and Man were tested to form co-SD
particles at different spray drying conditions. The three selective formulations were chosen for
characterization and development based on the a preliminary aerosol performance and the higher
particle yield during spray drying.
From the SEM images it can be seen that the co-SD TMC: Man particles formed small,
spherical and smooth particles at 25% and 100% PR. The 75% PR particles were relatively larger
with some degree of particle coalescence happening, nonetheless the discrete particles that were
measureable were small with slightly corrugated surface. The particle coalescence observed could
also be due to the smearing on to the SEM stub for imaging purpose. This could have caused the
primary particles to break or sinter. In any case, co-SD particles were sized and the average
particles size and size distribution were calculated. The co-SD TMC: Man particles at 25% and
100% PR had relatively smaller particles compared to the 75% PR. The span value which is an
indication of the size distribution width, in other words this value suggests how far is the 90% and
10% percentile particles from the median diameter. In this study the span values of 0.63, 1.27 &
0.89 suggest that the particle size distribution is narrow, which can be correlated to the particles
seen in SEM images.
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Thermal analytical technique, DSC identified the transition of the raw TMC at around 58⁰C
and the change in enthalpy (ΔH) was calculated to be around 90 kJ/mol. This transition temperature
could be the melting of the drug, since the melting point of the parent compound chalcone is
reported to be 55-57⁰C in ChemSpider and PubChem. This the only transition observed during
the thermal analysis, suggesting that the compound was crystalline. The co-SD TMC: Man
particles at all the three pump rates also exhibited the same transition around 57-58⁰C, which
indicates the presence of same polymorph. This was further confirmed using XRPD diffractogram
peaks of raw and co-SD TMC: Man. All the prominent peaks of raw TMC seen at 12.8, 13.5, 14.9,
16.1, 17.1, 18.3, 22.0, 23.0, 24.9, 25.7, 26.9 and 28.4 2θ degrees were also seen in the co-SD TMC:
Man particles at all pump rates further confirming the that TMC exists in the same crystalline form
before and after spray drying. In other words, there was no polymorphic interconversion seen as
evident from both XRPD and DSC results. It is worth mentioning that there is no previous report
on the crystal form/s of TMC, this is the first time the X-ray diffraction of TMC is reported from
a powder form.
The elemental analysis using EDX provides confirmation of the chemical presence of
fluorine atom at 0.68 keV which is from the CF3 group attached to the benzene ring. The gold
atoms seen in the spectra are the M lines from the gold coating and does not represent the molecular
composition. Supplementary to this result, the vibrational spectroscopy using ATR-FTIR and
Raman also shows the peaks of CF3. The peaks seen in the region between 700-1700 cm-1
wavenumbers matches in both raw TMC and co-SD samples, which serves as molecular
fingerprint of the compound. However, there were additional peaks around 3200 cm-1 seen in some
co-SD TMC: Man powders suggesting H-bonding between the TMC and mannitol molecules.
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From the TEER results it can be seen that the co-SD TMC: Man formulations disrupted
the monolayer of the Calu-3 cells in the transwell inserts for a brief period of time. The
transepithelial electrical resistance of the cell line started to recover not too long after. The recovery
of drug treated cells was slower than that of the control cells which was treated with the cell culture
media. This is probably because the formulation composition is affecting the cellular barrier
property of Calu-3 cell lines, which needs further investigation. Hence, this measurement of TEER
for this drug must be performed at a lower concentration than 100µM.
The NGI deposition profile seen in Figure 6.8 A and B using Aerolizer® and Neohaler®
showed that the 75% PR particles had higher deposition on stage 1 compared to the lower stages,
while 25% and 100% PR particles had less deposition on stage 1. However, with HandiHaler® all
the three co-SD powders had higher deposition on stage 1. Looking at Figure 6.8 it can be inferred
that the co-SD TMC: Man 75% PR powder deposition was considerably different from that of the
other two PR powders. Even though, the 25% and 100% PR powders NGI deposition profile look
similar, there was a statistically significant difference between the deposition profiles when
Neohaler® and HandiHaler® were used. On the other hand, if the inhaler devices were considered
based on the spray drying parameters, for 25% and 100% PR there was no significant difference
between Aerolizer® and Neohaler® but 75% PR showed no statistical difference between the
Aerolizer® and HandiHaler® devices. From the particle sizing data it was seen that the particles
measured a few hundred nanometers to a few micrometers, in fact less than 3 micrometers. Yet,
the MMAD of the particles was calculated from the NGI results was found to be in the range of
3.5-15 µm. This can be due to few reasons, firstly the formulation aspect where the small particles
with increased surface area has higher surface forces that could cause increased interparticular
interaction leading to cohesive forces. On the other hand, the energy generated from the devices

253

could have been insufficient to disperse the particles. The co-SD TMC: Man particles at 25% PR
which had a particles size range of 0.52-0.98µm was better dispersed by the lower resistance device
Aerolizer®, while the 75% PR particles with a size range of 0.79 – 2.26 µm. Other factor that could
affect the aerodynamic diameter is the density of the particles. The interaction correlation between
spray drying inlet feed pump rate and the inhaler device’s inherent specific resistance was analyzed
using Expert Design®. Figure 6.10 shows the 3-D surface and interaction plots where ED, FPF,
RF and MMAD were considered as design response terms. The ED (p value =0.2647) was not a
significant term, in other words the neither the pump rate nor the device resistance affected the
fraction of powder emitted from the inhaler device. The overlapping error bars in the interaction
plot in Figure 6.10-A demonstrates the same. However, the opposite was true for FPF, RF and
MMAD (p <0.0001), which were affected by both pump rate and device resistance. From the
Figure it can be seen that co-SD TMC: Man 75% PR particles had the lowest FPF, RF and highest
MMAD. However, 25% and 100% PR particles had comparable results with respect to FPF, RF
and MMAD. At lower (25%) and higher (100%) spray drying pump rates TMC: Man formed
relatively smaller and spherical particles that dispersed well with low and low-medium resistance
inhaler devices. The mediocre performance of the 75% spray drying pump rate particles can be
related to the physicochemical properties of the powder.
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Figure 6. 10: Process parameter interaction graphs showing the influence of spray drying
pump rate and inhaler device resistance on in vitro aerosol dispersion performance for co-SD
TMC Man powder as DPIs for A) ED; B) FPF; C) RF; and D) MMAD.
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6.5

CONCLUSION
This systematic and comprehensive study presents, for the first time, dry powder inhaler

formulation of the novel Nrf2-agonist drug TMC with a mucolytic agent (D-Mannitol). The study
also successfully demonstrated the manufacture of TMC particles with D-Mannitol as an excipient
using advanced organic closed mode spray drying technique in three rationally chosen pump rates.
All these microparticulate/nanoparticulate powders possessed properties suitable for dry powder
aerosol. The aerosol dispersion efficiency of the spray dried particles was compared using three
inhaler devices with different specific resistance to airflow. The correlation between spray drying
process parameter and inhaler device resistance was analyzed.
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CHAPTER 7
GENERAL CONCLUSIONS AND FUTURE WORK
2.1

GENERAL CONCLUSIONS
The research work presented in this dissertation examined and characterized the design,

development and optimization of advanced microparticulate/nanoparticulate formulations of dry
powder inhalers to treat chronic respiratory diseases. For the first time dry powder aerosol
formulations of four novel drugs dimethyl fumarate (DMF), Tetremethylpyrazine (TMP), Fasudil
and chalcone derivative- TMC were successfully produced utilizing advanced spray drying
technique. These novel drug formulations are solid state molecular mixtures that are free of lactose
carrier particles. The optimum spray drying conditions, from a dilute organic solution, to produce
the drug with/without an excipient has been identified individually for each drug compound. For
some of the drugs, particle formation was made possible only with an excipient during the spray
drying conditions. This can be attributed to several physical and chemical properties of the
compound such as melting point, molecular weight, hydrogen bonding motifs etc. The spray dried
and co-spray dried formulations were comprehensively characterized utilizing multiple thermal,
microscopic and spectroscopic techniques. The characterization techniques revealed that the high
shear and temperatures experienced during spray drying technique didn’t affect the critical quality
attributes of the drug that would degrade or otherwise render the drug unusable. Hence, spray
drying has been found to be a suitable technique in manufacturing dry powder inhaler
formulations. All the formulated powders were tested for their safety in vitro using human
pulmonary cell lines. These analysis revealed the safe concentration range of each drug
formulation and their feasibility for pulmonary drug delivery. The preliminary in vivo efficacy
study shows promising results in treating chronic respiratory diseases with these superior aerosol
formulations. The in vitro aerosol performance experiments conducted using the pharmacopeial
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compendial standards suggested that these novel formulations are high performing aerosols
suitable as dry powder inhaler. This predictive correlation study emphasized the interaction
between the spray drying design parameters, microscopic molecular properties, and the subsequent
aerosol dispersion performance. Furthermore, the comparison of the spray dried aerosol
formulations with the three FDA-approved inhaler devices served to identify the right combination
of drug formulation and dry powder inhaler device. In conclusion, this systematic and
comprehensive study has successfully produced high performing microparticulate/nanoparticulate
dry powder aerosols to treat chronic respiratory diseases.
2.2
RECOMMENDED FUTURE WORK
Although this study is comprehensive, it might benefit from some further stability and
thermodynamic studies in the future.
1. Binary phase diagram for the molecular miscibility of the drug and excipient.
It will be beneficial to understand the miscibility of the two phase/s present components, used in
this study, as a function of temperature. It will shed light on the equilibrium at the given
temperature and composition. This in turn will help us understand the distribution of the drug
molecules in the excipient which is vital in determining the stability of the solid-state formulation.
2. Storage stability and vapor sorption property of the formulation.
The stability of these particles during storage is critical to assess, since the physical and chemical
properties of the drugs can be affected by storage conditions such as light, temperature, and
humidity. Hence, it is recommended to test these particles under the FDA-approved storage
conditions – long-term conditions 25±2⁰C, 60±5% relative humidity (RH); intermediate
conditions 30±2⁰C, 60±5% RH; and accelerated conditions 40±2⁰C, 70±5% RH. The effect of
these conditions can be tested by performing thermal analysis such as DSC, XRPD, chemical
analysis such as HPLC to determine any solid state transition and degradation respectively.
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Considering the size of the particles presented in this study, it is likely that capillary forces can
play a critical role in the particles dispersion phenomenon. Hence, it will be useful to study the
sorption behavior of the particles at different relative humidity. Some of the drugs considered in
this study are new molecular entities, little is known about their polymorphic forms. Hence, a study
like this will help us to see if there is any polymorphic interconversion during storage.
3. Dissolution and in vitro release characteristics using simulated lung fluid (SLF).
DPI delivers solid drug particles to the airway where undissolved particles can be eliminated via
mucociliary clearance in the conducting airway or alveolar macrophage update in the lower
respiratory airways. For a DPI formulation to exert its pharmacological effect, it should first
dissolve in the available amount of the lung fluid. The relationship between dissolution studies and
therapeutic efficacy of the aerosol is not well understood yet. Nonetheless, the drug release study
in a simulated lung environment will be useful to identify how much of the drug is released from
the formulation and the duration of release leading to sustained release activity. This will help
understand and predict the dissolution profile of the drug in a simulated lung fluid.
4. In vivo animal studies using the healthy and diseased rodent models.
Testing the novel aerosol formulations in healthy and diseased in vivo animal model(s) will
enable safety and efficacy assessment of these novel formulations. Some of these drugs have
already been tested as an oral formulation, however it must be noted that the pharmacokinetics of
the drug might vary when the route of administration is changed. Hence, these formulations must
be administered to the test animals using specialized instruments that will deliver a powder aerosol.
One such instrument is the Penn Century™ dry powder insufflator for mice and rats. This device
allows delivery of a known amount of dry powder aerosol into the airway of the animal under
anesthesia. It can be used in healthy and diseased animals. There are some previously established
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disease models like monocrotaline model for PH, bleomycin model for fibrosis, lipopolysaccharide
model for lung injury etc. that can used to assess the efficacy of these novel dry powder aerosol
formulations.
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APPENDIX A
SUPPLEMENTAL INFORMATION TO CHAPTER 3
SPRAY DRYING AND CHARACTERIZATION OF DMF USING DIFFERENT
ORGANIC SOLVENTS
MATERIALS AND METHODS
DMF was spray dried using advanced organic mode spray drying system as described in
chapter 3 section 3.2.2.1 from ethanol and isopropanol solvents. The physicochemical properties
of the spray dried (SD) formulations were characterized to determine the presence or absence of
crystallinity using differential scanning calorimetry (DSC), X-ray powder diffraction (XRPD)
using the conditions mentioned in chapter 3, sections 3.2.2.5 and 3.2.2.4 respectively. Microscopic
imaging was performed to visualize the particle shape and morphology using scanning electron
microscopy (SEM) and the conditions mentioned in chapter 3, section 3.2.2.2. The residual water
content was measured using the methods described in chapter 3, section 3.2.2.7. The in vitro
aerosol dispersion performance was quantified by inertial impaction (pharmaceutical next
generation impactor, NGI) under USP approved conditions and using an FDA-approved human
inhaler device, HandiHaler

®

at an airflow rate (Q) of 60L/min and the conditions mentioned in

chapter 3, section 3.2.2.10.
RESULTS
Table A. 1: Spray drying conditions of DMF from dilute solutions of ethanol (EtOH) and
isopropanol (IPA)

Solvent

Feed conc. Feed Pump rate
(%w/v)
(%)/ (ml/min)

Inlet T
(°C)

Outlet T
(°C)

Gas flow
(mm)/
(L/hr)

Aspirator
rate (%)/
(m³/hr)

Ethanol

1

100/30

80

19-33

55/ 670

100/ 35

IPA

1

100/30

80

37-36

55/ 670

100/ 35
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SCANNING ELECTRON MICROSCOPY (SEM)
The SEM images in Figure A.1 shows aggregates of small particles of the SD DMF from
ethanol and IPA. The particles spray dried from ethanol was seen to be larger than the particles
spray dried from IPA and methanol as observed in chapter 3, section 3.3.1. Unlike the particles
from methanol, it was difficult to distinguish the discrete particles.

A

B

Figure A. 1: SEM images of particles produced by spray drying DMF from A) ethanol; and B)
isopropanol solutions.
Karl Fisher Titration
The residual water content measured in the SD DMF particles from ethanol and
isopropanol is displayed in Table A.2. It was found to be less than 1.5%w/v. The residual water
content in these particles were slightly higher than the DMF particles sprayed dried from methanol
as seen in chapter 3, section 3.3.6.
Table A. 2: Residual water content analysis of SD DMF from ethanol and isopropanol
Sample ID

% w/w water

Raw DMF

0.26 ± 0.05

DMF from EtOH

0.95 ± 0.43

DMF from IPA

1.20 ± 0.09
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Differential Scanning Calorimetry (DSC)
The DSC thermal analysis results are displayed in Figure A.2, where a single transition
was observed around 100⁰C. There was no other transitions observed, this result is consistent with
the raw DMF and the SD DMF from methanol particles as seen in chapter 3, section 3.3.4.

Figure A. 2: DSC thermogram of SD DMF from ethanol and isopropanol.
X-Ray Powder Diffraction (XRPD)
The XRPD diffractogram is displayed in Figure A.3, where the diffraction peaks of SD
DMF particles from ethanol and IPA looks identical to each other. These peaks are also similar to
the peaks seen in raw DMF and SD DMF from methanol in chapter 3, section 3.3.3, suggesting
that the raw and all SD DMF particles were the same crystalline form. The DSC results are in
good agreement with this observation.
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Figure A. 3: X-ray powder diffractogram of SD DMF particles from ethanol and isopropanol.
In Vitro Aerosol Dispersion Performance
The in vitro aerosol dispersion performance was quantified using the apparatus and
conditions similar to the one described in chapter 3, section 3.2.2.10. The FDA-approved human
inhaler device, HandiHaler ® was used at an airflow rate (Q) of 60L/min. The NGI stage deposition
of the SD DMF particles from ethanol and IPA can be seen in Figure A.4 and Table A.3. All the
powders had a higher emitted dose from the device suggesting good aerosolization of the powders.
The aerosol dispersion of the SD DMF particles from ethanol and IPA was comparable to that of
the SD SMF particles from methanol as seen in chapter 3, section 3.3.9. Among the three types of
particles, the particles SD from IPA had the lowest MMAD and highest FPF.
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70.00

Ethanol

60.00

Isopropanol

% Deposition

50.00
40.00
30.00
20.00
10.00
0.00
1(8.06)

2(4.46)

3(2.82)

4(1.66)

5(0.94)

6(0.55)

7(0.34)

NGI stages (cutoff diameter in µm)

Figure A. 4: In vitro NGI stage deposition of spray dried DMF particles from ethanol and
isopropanol solutions.

Table A. 3: In vitro aerosol performance of spray dried DMF from ethanol and isopropanol
solutions.

ED (%)
FPF (%)
RF (%)
MMAD (µm)
GSD

EtOH
92.75±2.10
12.08±0.90
52.28±8.06
8.13±0.89
1.70±0.09
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IPA
89.43±5.38
17.62±1.72
63.17±3.16
6.70±0.27
1.96±0.05

APPENDIX B
SUPPLEMENTAL INFORMATION TO CHAPTER 5
CO-SPRAY DRYING FASUDIL WITH D-MANNITOL
Fasudil hydrochloride was co- spray dried with mannitol using the conditions in Table
B.1. The particles were comprehensively characterized and in vitro aerosol dispersion
performance using three different inhaler devices were tested.
Table B. 1: Advanced spray drying parameters for co-spray dried (co-SD) Fas: Man powders
from methanol (MeOH) using organic solution advanced closed mode spray drying particle
engineering design.

Powder
Composition
(Molar Ratio)

Molar Ratio
Composition
(Fas: D-Man)

Feed
concentration
in MeOH
(% w/v)

Feed Inlet
Pump Rate
(%)

Inlet T
(⁰C)

Outlet T
(⁰ C)

Co-SD Fas: D-man

30:70

0.168

25

150-152

91-96

Co-SD Fas: D-man

30:70

0.168

50

149-150

70-77

Co-SD Fas: D-man

30:70

0.168

75

149-150

55-61

Co-SD Fas: D-man

30:70

0.168

100

149-152

44-52

RESULTS
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX)
The co-SD particles, at a lower magnification (<1000x) particles from all pump rates,
appeared to be elongated or rod-shaped. However, on higher magnification, it was possible to
identify that the elongated rods were indeed aggregation of smaller particles (Figure B.1). The
smaller particles were irregular in shape with a slightly rough surface.
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Figure B. 1: SEM micrographs of Raw Fasudil and co-SD FH: man particles A) raw fas; B)
co-SD 25% pump rate; C)co-SD 75% pump rate at 10,000x magnification; D)co-SD 25%
pump rate; E)co-SD 50% pump rate; F)co- SD 75% pump rate; and G)co-SD 100% pump
rate.
The energy dispersive X-ray (EDX) spectra of the powders are shown in Figure A2. For
chemical identification of Fas, the characteristic Kα line (peaks) of sulphur (S) is seen at 2.3keV
and the Kα line of chlorine (Cl) is seen at 2.63keV. The Kα lines of carbon (C) at 0.257keV and
oxygen (O) at 0.526 keV obscure the peaks of nitrogen (N) which is usually seen at 0.392keV.
Hence, identifying N was not selected as the characteristic element. The peaks corresponding to
S and Cl are representative elements of Fas. All co-SD (Figure B.2) powders possess these peaks
in their EDX spectrum, suggesting the presence of Fas as an acid salt before and after spray
drying.

273

Figure B. 2: EDX spectra of raw and co-SD Fas: man samples showing characteristic peaks
of * sulfur (S) and ~ chlorine (Cl) atom.
Laser Diffraction Particle Size Analysis
The laser diffraction particle size analysis was performed on raw Fas and all co-SD
samples. The results of laser diffraction particle size distribution measurements are presented in
Table B.2. As can be seen from the table, the mean volumetric diameter Dv50 of raw Fas was about
5µm, while that of co-SD samples ranged from 4.6-4.7µm. This is verified by the SEM
micrographs of co-SD Fas: Man particles where the smaller particles aggregated to form elongated
particles.
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Table B. 2: Particle sizing using laser diffraction (n=3, mean ± standard deviation)
Powder Composition
(Molar Ratio)

Spray Drying
Pump Rate
(%)

DV10 (μm)

DV50 (μm)

DV90 (μm)

Span Value

Raw FH

N/A

3.67±0.32

4.96±3.5

7.42±0.19

0.765±0.15

Co-SD Fas: D-man
30:70

25

3.43±0.00

4.70±0.01

8.04±0.29

0.98±0.6

Co-SD Fas: D-man
30:70

50

3.44±0.02

4.72±0.08

7.73±.007

0.91±0.01

Co-SD Fas: D-man
30:70

75

3.41±0.00

4.59±0.01

7.34±0.04

0.856±0.01

Co-SD Fas: D-man
30:70

100

3.41±0.00

4.59±0.02

7.40±0.07

0.87±0.01

X-Ray Powder Diffraction (XRPD)
As seen in Figure B.3, all co-SD Fas: Man samples exhibited peaks at 13.5⁰, 17.2⁰, 18.6⁰,
20.3⁰ and 21.2⁰ 2θ similar to previously reported diffraction pattern [1]. The characteristic peak
13.5⁰ and 17.2⁰ 2θ suggests that the co-SD D-Man was in the alpha form [1]. No peaks
corresponding to Fas were observed in the co-SD Fas: Man powders at all pump rates.
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Figure B. 3: XRPD diffraction patterns of co-SD Fas: D-Man at all spray drying pump rate.
Differential Scanning Calorimetry (DSC)
Among the co-SD Fas: Man particles engineered at different pump rates (PR), 25% PR,
50% PR, and 75% PR exhibited an exotherm between 73-98°C, followed by two endothermic
transitions (Figure B.4 and Table B.3). While 100% PR exhibited only two endothermic transitions
around 138°C and 152°C. This suggests that except 100% PR, co-SD Fas: Man particles from
other pump rates underwent a thermodynamic transition before melting. It is noted that the
endothermic transitions of co-SD Fas: Man particles are seen in the melting range of D-mannitol,
the excipient used in the study and that the melting of Fas at a temperature above 200°C was not
observed in any co-SD Fas: Man powder. However, there was no noticeable glass transition (Tg)
identified for raw Fas and co-SD Fas: Man particles as expected from its XRPD diffraction pattern.
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Table B. 3: DSC thermal analysis. (n=3, mean ± standard deviation)
Powder
Composition
(Molar Ratio)
Co-SD Fas:Dman
30:70
Co-SD Fas:Dman
30:70

Spray
Drying
Pump Rate
(%)
25

50

Co-SD Fas:Dman
30:70

75

Co-SD Fas:Dman
30:70

100

Tpeak (⁰C)

ΔH
(W/g)

Tg (peak)
(⁰C)

ΔCp
(J/g ⁰C)

73.25±3.96
136.59±0.81
150.60±0.37

25.61±28.12
40.00±3.80
34.57±2.18

N/A

N/A

97.76±0.49
137.79±0.18
151.19±0.25

18.75±1.78
51.26±2.36
42.77±1.22

N/A

N/A

94.57±2.31
137.39±0.38
151.19±0.25

16.92±2.47
48.60±2.10
47.49±3.88

N/A

N/A

138.02±0.86
151.84±0.09

53.25±4.07
38.61±4.53

N/A

N/A
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Figure B. 4: Representative DSC thermograms of A) co-SD Fas: Man 25% pump rate; B) coSD Fas: Man 50% pump rate; C) co-SD Fas: Man 75% pump rate; D) co-SD Fas: Man 100%
pump rate.
Hot Stage Microscopy (HSM) under Cross-Polarizers
On the other hand, co-SD Fas: Man at 25% pump rate exhibited a change in birefringence
at about 103°C and 144°C before it melted at 147°C. Co-SD Fas: Man 50% (Figure B.5) showed
a change in birefringence around 135°C followed by melting at 145°C. Co-SD Fas: Man 75%
showed a change in birefringence at around 75°C followed by melting at 145°C. Co-SD Fas: Man
at 100% showed a change in birefringence at around 143°C before it melted at 149°C.
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Figure B. 5: Representative HSM images of D) co-SD Fas 50% pump rate; and E) co-SD Fas
75% pump rate.
Karl Fisher Titration (KFT)
The measured residual water content of co-SD Fas: Man particles was less than 1.5%. The
lowest pump rate had the highest residual water content as seen from Table B.4. This is similar
to previously reports where the addition of Man decreased the residual water content of the final
spray dried powder[2].
Table B. 4: Residual water content quantified by KFT
Powder Composition
(Molar Ratio)
Co-SD Fas:D-man
30:70
Co-SD Fas:D-man
30:70
Co-SD Fas:D-man
30:70
Co-SD Fas:D-man
30:70

Spray Drying Pump Rate
(%)
25
50
75
100
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Residual Water content
(%w/w)
1.30±0.15
1.17±0.07
1.06±0.17
1.08±0.06

Confocal Raman Microspectroscopy (CRM) and Chemical Imaging
The co-SD Fas: Man powders exhibited enormous amount of fluorescence that was
dominant. Consequently, the Raman peaks were obscured (Figure B.6). Hence, it was difficult to
confirm the chemical identity of the powders using this technique.

Figure B. 6: Representative Raman spectra of raw and co-SD Fas: Man powders at different
pump rates.
Attenuated Total Reflectance – FTIR Spectroscopy
The spectral pattern seen at fingerprint region (<1500 wavenumber) was consistently
observed in all co-SD and raw Fas samples where the peaks were found at approximately 710,
836, 892, 1012, 1136 and 1325cm-1. In Figure B.7, the co-SD Fas: Man systems at all pump rates
exhibited an additional signal at approximately 3280 cm-1 which was absent in raw Fas, suggesting
H-bonding with mannitol.
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Figure B. 7: ATR-FTIR spectrum of co-SD Fas: Man powders at different pump rates.
In vitro Aerosol Dispersion Performance
The NGI stage deposition of the co-SD Fas: Man particles made using four different pump
rates are shown in Figure B.8, the co-SD Fas particles had a slightly varied deposition profile with
the three different DPI devices. Nonetheless, majority of the particle deposition was seen on stage
1 with all the devices. The FPF, RF, ED and MMAD values of the four co-SD Fas: Man particles
are listed in Table B.5.
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Table B. 5: In vitro aerosol dispersion performance of co-SD Fas: Man powders at four
different pump rates using the FDA-approved human DPI devices, Aerolizer®, Neohaler® and
HandiHaler ® (n=3, mean ± standard deviation)

FPF
RF
ED
MMAD
GSD
FPF
RF
ED
MMAD
GSD
FPF
RF
ED
MMAD
GSD
FPF
RF
ED
MMAD
GSD

Co-SD Fas: Man 25%
Aerolizer®
Neohaler®
7.82±1.79
10.81±3.35
20.48±9.15
25.54±11.47
99.09±0.81
92.18±0.70
41.59±22.14
11.55±2.72
5.36±1.91
2.09±0.34
Co-SD Fas: Man 50%
7.50±0.80
3.83±1.27
12.80±5.58
8.73±4.48
94.38±0.54
93.42±1.50
29.43±1.91
30.88±10.32
3.15±0.28
2.66±0.57
Co-SD Fas: Man 75%
6.49±0.48
5.89±1.19
16.27±7.18
17.60±8.01
99.02±0.87
90.92±2.50
50.81±9.78
20.89±5.45
5.71±0.66
2.65±0.54
Co-SD Fas: Man 100%
7.90±1.12
5.56±1.85
19.32±9.20
11.67±5.24
106.83±16.68
91.15±4.41
31.01±17.13
35.17±7.44
5.43±4.00
3.42±0.76
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HandiHaler ®
7.58±0.10
13.00±5.64
101.82±1.77
27.81±3.9
3.05±0.40
7.44±2.16
11.19±5.53
101.51±6.06
41.58±2.25
4.75±2.70
6.32±1.39
10.69±5.00
104.93±1.62
35.72±14.48
3.94±0.29
6.45±0.86
10.45±4.61
100.09±2.42
42.57±5.52
4.22±0.20

A

B

C

Figure B. 8: In vitro aerosol dispersion performance of co-SD Fas: Man powders at all pump rates using the NGI and the FDAapproved human DPI devices A) Aerolizer®; B) Neohaler® ; and C) HandiHaler ®
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DISCUSSION
In the past, our research group has shown the advantages of co-SD with Man due to its
aerosol enhancing property and mucolytic property [2, 3]. Hence, the hypothesis of this study was
that Man would improve the aerosol performance of Fas when co-SD. In contrast to the
individually SD Fas particles at the same pump rate, co-SD particles had a completely different
morphology. The elongated particle formation in co-SD Fas: Man samples were similar to the raw
Fas. However, on close examination, the smaller nanometer sized particles were seen on the
surface which suggests that the particles are indeed smaller and are not the geometrically same
size of raw Fas. This was rather a unique particle aggregation since our previous studies using Man
have all formed spherical particles[2]. However, the stable α-mannitol has shown to form needlelike particles due to high surface energy from confined liquid impinging jet precipitation
technique[4]. The diffraction pattern noted in co-SD Fas: Man particles corresponds to that of αmannitol diffraction peaks from the Cambridge structure database. This could possibly explain the
elongated rod like particles of co-SD Fas: Man. It is noted that the co-SD 30:70 molar ratio of Fas:
Man was the only successful proportion at which particle formation was possible. Other molar
ratios experimented during spray drying includes 90:10 Fas: Man and 50:50 Fas: Man, with no
particle formulation. Previously, we showed that mannitol formed particles with dimethyl fumarate
at lower inlet temperature of 90⁰C[3], hence the 30:70 molar ratio was spray dried at an inlet
temperature of 90⁰C. However, even this condition failed to allow particle formation. Hence, the
current combination of drug: excipient ratio and spray drying parameters were identified as
suitable conditions for forming inhalable particles of Fas with Man.
The crystalline peaks of co-SD samples seen in XRPD were consistent with Man peaks
observed in our earlier studies[2, 3]. This was further confirmed by the DSC and HSM data where
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melting was seen around 145°C. The single transition (peak) of the co-SD samples seen in DSC
and HSM suggest molecular miscibility of Fas and Man at this molar ratio on spray drying. The
miscibility is due to hydrogen bonding between mannitol (donor and/or acceptor) and Fas (donor
and/or acceptor), which was confirmed from the vibrational stretch seen at 3280cm-1
approximately, on ATR-FTIR spectrum of the sample. The presence of the components in the
spray dried sample was confirmed by elemental analysis of EDX where the peaks corresponding
to S, O, and Cl were seen. ATR-FTIR and Raman analysis further supported this by showing no
change in the spectrum before and after spray drying. The homogenous distribution of Fas in coSD sample could not be verified using Raman due to the dominance of fluorescence from the coSD samples. However, the chemical confirmation of the components was established by other
techniques. The residual water content was very less in the co-SD powders. The inclusion of Man
as excipient during spray drying further reduced the water content of co-SD samples as previously
found[2].
The interaction between the spray drying pump rates and the DPI device resistance is
shown in Figures B.9 and B.10. From these plots, it can be seen that the combination of Neohaler®
with 25% spray drying pump rate had better FPF, RF, ED and MMAD values compared to the rest
of the systems. ANOVA result of the factorial model with pump rate (PR) and device resistance
(DR) showed that PR is significant for FPF, DR is significant for ED, MMAD and both PR, DR
and the combination of them are significant for RF. It must be noted that for the pump rate and
DPI device combinations, the corresponding SD Fas alone particles exhibited a better aerosol
performance when compared to the co-SD Fas: Man particles. Although the laser sizing technique
showed the particle size to be in lower microns, the aerodynamic particle size distribution
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measured using NGI was higher. This suggests either insufficient deaggregation of the particles or
strong inter molecular interactions between the particles or both.

Figure B. 9: Design of Experiments interaction plot comparing the effect of spray drying
pump rate and inhaler device resistance on the aerosol performance of co-SD Fas: Man
powders. Plot generated using Design Expert® software.
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Figure B. 10: Design of Experiments 3-D surface plots showing the effect of spray drying
pump rate and inhaler device resistance on the aerosol performance of co-SD Fas: Man
powders. Plot generated using Design Expert® software.
This study successfully produced co-SD Fas: Man particles using spray drying technique
at a molar ratio of 30:70 Fasudil to mannitol. The comprehensive characterization analysis showed
that the particles retained partial crystallinity after spray drying. The aerodynamic size (MMAD)
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measured for the co-SD Fas: Man particles are not within the desired size range for pulmonary
drug delivery. In conclusion, Mannitol didn’t improve the aerosol dispersion performance of
Fasudil particles when co-spray dried.
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APPENDIX C
SUPPLEMENTAL INFORMATION TO CHAPTER 6
This appendix presents the formulation development of additional co spray dried TMC:
Man formulations. There were several co-spray dried formulations of TMC with D-mannitol that
was developed during the initial phase of the study. These formulations includes different molar
ratios of TMC to mannitol, different spray drying inlet temperature (inlet T) and different spray
drying feed pump rate.
MATERIALS AND METHODS
Below is the spray drying conditions, characterization data and in vitro aerosol
performance of some of the additional co-SD formulations of TMC: Mannitol. The particle shape
and morphology was observed using SEM conditions described in chapter 6, section 6.2.2.2.
DSC thermal analysis was performed to determine the transition of the particles using conditions
mentioned in chapter 6, section 6.2.2.5. The in vitro aerosol performance of the additional co-SD
TMC: Man particles were determined using NGI and HandiHaler device and the methodology
described in chapter 6, section 6.2.2.8.
Advanced Organic Mode Spray Drying
Conditions described in chapter 6, section 6.2.2.1 was used to develop the co-SD
formulations of TMC: Man mentioned in Table C.1.
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Table C. 1: Co-Spray drying of TMC with D-Mannitol
Powder
Composition
(Molar Ratio)

Molar Ratio
Composition
(DMF: DMan)

co-SD TMC:D75:25*
MAN
co-SD TMC:D75:25*
MAN
co-SD TMC:D50:50
MAN
co-SD TMC:D50:50
MAN
co-SD TMC:D50:50*
MAN
co-SD TMC:D50:50
MAN
co-SD TMC:D50:50
MAN
co-SD TMC:D50:50
MAN
co-SD TMC:D25:75*
MAN
co-SD TMC:D25:75*
MAN
co-SD TMC:D25:75*
MAN
*powders further analyzed

Feed
concentration
in MeOH
(% w/v)

Pump Rate
(%)

Inlet T
(⁰C)

Outlet T
(⁰ C)

0.6055

10%

50

31-33

0.6055

100%

90

19-23

0.2685

25%

90

50-51

0.2685

50%

90

41-44

0.2685

75%

89-90

28-30

0.2685

100%

89-90

20-32

0.2685

75%

150-151

61-63

0.2685

100%

150-151

53-54

0.156

50%

150

75-77

0.156

75%

150

62-63

0.156

100%

150

53-59

RESULTS
SCANNING ELECTRON MICROSCOPY (SEM)
The SEM micrographs of the additional co-SD TMC: Man particles are presented in
Figure C.1. There was an effect of the molar ratio of mannitol and the spray drying temperature
on the particle shape and morphology.
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A

B

D

C

E

Figure C. 1: SEM micrographs of co-SD TMC: Man particles at A) 75:25 90⁰ C 100%; B) 50:50 90⁰ C 75%; C) 25:75 150⁰ C 50%;
D) 25:75 150⁰ C 75%; and E) 25:75 150⁰ C 100%
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DIFFERENTIAL SCANNING CALORIMETRY (DSC)
The DSC thermogram of co-SD TMC: Man particles showed two transitions – one of
TMC around 58⁰C and the other is that of Man around 164⁰C as displayed in Figure C.2.
A

B

C

Figure C. 2: Representative DSC thermograms of co-SD TMC: Man A) 75:25 90⁰ C 100%; B)
50:50 90⁰ C 75%; and C) 25:75 150⁰ C 100%.
IN VITRO AEROSOL DISPERSION PERFORMANCE

The in vitro aerosol performance using HandiHaler ® of the additional co-SD TMC: Man
particles are listed in Table C.2 and the NGI stage deposition of the particles are shown in
Figures C.3 and C.4.
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Table C. 2: In vitro aerosol dispersion performance as DPIs. (n=3, mean ± standard deviation)

TMC:Man
75:25

90

Spray
Drying
Pump
Rate
(%)
100

TMC: Man
50:50

90

75

104.17±
4.05

14.78±
14.94

17.10±
14.6

33.35±
17.29

2.62±
0.89

TMC: Man
25:75

150

50

88.80±
7.83

25.34±
3.49

49.74±
2.83

6.90±
0.38

2.24±
0.06

TMC: Man
25:75

150

75

98.22±
3.92

6.33±
0.45

13.97±
1.11

31.02±
3.30

3.49±
0.21

TMC: Man
25:75

150

100

100.76±1.
60

12.11±
0.32

32.57±
1.63

11.15±
2.53

2.77±
0.11

Powder
Composition
(molar ratio)

Spray
Drying
Tinlet
(⁰C)

Emitted
Dose
(%)

Fine
Particle
Fraction
(%)

100.37±
0.61

3.52 ±
0.43

8.11 ±
0.76

42.23 ±
5.25

3.28±
0.18
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Respirable
MMAD
Fraction
(μm)
(%)

GSD

A
100.00
90.00
80.00

% Deposition

70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
1 (8.06)

2 (4.46)

3 (2.82)

4 (1.66)

5 (0.94)

6 (0.55)

7 (0.34)

6 (0.55)

7 (0.34)

NGI stages (Cutoff diamters in µm)

B
100.00
90.00
80.00

% Deposition

70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
1 (8.06)

2 (4.46)

3 (2.82)

4 (1.66)

5 (0.94)

NGI stages (Cutoff diamters in µm)

Figure C. 3: In vitro stage deposition of co-SD TMC: Man aerosols using NGI inertial
impactor and HandiHaler® device A) co-SD TMC: Man 75:25 molar ratios 90⁰ C 100% PR;
B) co-SD TMC: Man 50:50 molar ratios 90⁰ C 75% PR.
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50%
100

75%

90

100%

80

% Deposition

70
60
50
40
30
20
10
0
1 (8.06)

2 (4.46)

3 (2.82)

4 (1.66)

5 (0.94)

6 (0.55)

7 (0.34)

NGI stages (Cutoff diamters in µm)

Figure C. 4: In vitro stage deposition of co-SD TMC: Man 25:75 molar ratios 150⁰ C at 50%,
75% and 100% PR aerosols using NGI inertial impactor and HandiHaler® device.
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