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 ABSTRACT 
 

Pulmonary drug delivery is rapidly becoming one of the most important routes for targeting 

drugs to treat respiratory diseases. Pulmonary hypertension (PH) is a life-threatening disease 

characterized by an increase in pulmonary artery pressure. PH is complex and multifactorial 

making a challenge to researchers for the understanding of molecular mechanisms that are 

involved in the pathogenesis and the developing of novel pharmacological strategies to treat this 

disease. 

The objective of this study was to design targeted dry powder inhalers (DPIs) for the 

treatment of this fatal disease using new active pharmaceutical ingredients (APIs) which trigger 

novel molecular and cellular mechanisms of the disease. 

Dry powder inhalable microparticles/nanoparticles of Simvastatin (Sim), L-Carnitine (L-

Car), L-Carnitine (HCl), Metformin (Met) and a combination of Sim and L-Car HCl were 

developed using the advanced spray drying (SD) technique in closed mode. This particle 

engineering technique offers many advantages such as the ability to tailor particle properties and 

characteristics for the appropriate deposition of the DPIs into the lungs. 

Many analytical techniques were utilized in this dissertation to perform the 

physicochemical characterization of the achieved powders. The Next Generation Impactor (NGI™) 

and different human FDA approved DPI devices were employed to evaluate the in vitro aerosol 

dispersion performance of the DPIs. The results were statistically analyzed and correlated with the 

microscopic and macroscopic properties of the powders. 
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Different in vitro cell models such as 2-D vs. 3-D in liquid covered conditions vs. air-liquid 

interface conditions were employed to test the drug-response and safety of the powder 

formulations.  

Different in vivo models in healthy and diseased animals were used to test our DPIs. After 

this extensive study, it was concluded that the formulated DPIs showed promising results to treat 

PH. 
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CHAPTER 1 LITERATURE REVIEW 
 

1.0. INTRODUCTION 
 

This chapter contains some excerpts from  

In Vitro Pulmonary Cell Culture in Pharmaceutical Inhalation Aerosol Delivery: 2-D, 3-D, and 

In Situ Bioimpactor Models published by Maria F. Acosta, Priya Muralidharan, Samantha A. 

Meenach, Don Hayes, Jr., Stephen M. Black and Heidi M. Mansour in Current Pharmaceutical 

Design, 2016. 22(17): p. 2522-31. 

Fundamentals of Solid-State Characterization of Dry Powder Inhalers published by Priya 
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1.1. OVERVIEW OF PULMONARY DRUG DELIVERY 

 

Pulmonary drug delivery is rapidly becoming one of the most important routes for targeting 

drugs to treat respiratory diseases and for non-invasive systemic delivery [1-3]. 

This route of administration offers several advantages for the treatment of lung diseases, 

including rapid onset of action, lower systemic exposure and reduced side effects. Moreover, as it 

is a non-invasive “needle-free” delivery system, this route also provides important advantages for 

the treatment of systemic diseases compared to oral administration.  These advantages include the 

avoidance of first pass metabolism in the liver and overcoming poor gastrointestinal absorption. 

In addition, the thin air–blood barrier and large absorptive area of the lungs allow for rapid onset 

of action [3].   
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Both the physicochemical characteristics of the drugs as well as  the extensive lung vasculature, 

the low extracellular and intracellular enzymatic activity make the lung suitable for the delivery of 

a wide range of substances from small molecules to very large proteins [2-5]. In order to achieve 

effective and safe treatments of local and systemic diseases by inhalation, pulmonary drug delivery 

research has focused on the development of modern inhalers and aerosol formulation technology 

[6]. Currently, there are several types of therapeutic aerosol delivery systems for the lungs and 

nasal regions, including: pressurized metered-dose inhalers (pMDIs), dry powder inhalers (DPIs), 

nebulizers, soft mist inhalers (SMIs), and nasal sprays [7]. These different inhalation devices can 

produce a wide variation in lung deposition of the drug [3, 8]. 

1.2 DRY POWDER INHALER 

 

Pulmonary drug delivery using dry powder inhalers (DPIs) is globally expanding as a 

multibillion-dollar market. There is a global concern about the ozone layer depletion, which is 

motivating scientists and pharmaceutical companies to invest in the formulation of DPIs with the 

purpose of decreasing the use of pMDIs, that for years have been the main therapeutic delivery 

device agents for the treatment of pulmonary diseases. 

DPIs are generally made up of an active pharmaceutical ingredient (API) i.e., the therapeutic 

drug. The API can be aerosolized alone, as a pure drug aerosol, or aerosolized as an interactive 

physical mixture of drug/excipient, or as a molecular mixture of drug/excipient. The solid-state 

characteristics of the inhalable powder are crucial since they affect physical and chemical stability, 

which in turn affects therapeutic activity and drug bioavailability in the body [9].  

Some of the advantages of using DPIs include: improved chemical and physical stability of the 

drug molecules because they are in the solid-state; the capability to include hydrophobic (water 

insoluble drugs) allowing long-acting formulations; the existence of more DPI devices, and 
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therefore, there is a greater chance to make a better formulation; portability compared to 

nebulizers; patients compliance, ease of manufacturing; and the absence of need for propellant and 

hand-lung coordination in comparison with pMDIs [10-12]. 

As all drug delivery systems, DPIs also have some disadvantages such as the limitation of an 

effective therapy if the patient cannot exert an appropriate inspiratory force. There are a lot of DPI 

devices making difficult the standardization of the DPI products worldwide. The powders can be 

sensitive to moisture changing their aerosol performance, interparticulate interactions can hinder 

aersolization of powders, among others [13, 14].  

Physicochemical properties such as particle size, particle density, and aerodynamic particle 

size, degree of crystallinity, particle shape, surface morphology, and chemical composition need 

to be characterized for inhalable solid state particles designed to target select regions of the 

respiratory tract 1, 15]. It is generally well recognized that particles with an aerodynamic size of 

≤5µm will effectively reach the smaller airways with high regional deposition and local 

concentration [7]. Interfacial interactions occurring between adjacent particles can influence 

aerosol dispersion performance due to the non-covalent physical interactions acting on the surface 

of adjacent particles in the solid state.  Therefore, it becomes critically important to 

comprehensively characterize the solid-state physicochemical properties to fundamentally 

understand the correlative relationships and interplay among molecular properties of the dry 

powder formulation that influence the macroscopic properties of aerosol performance, dissolution, 

and in vivo therapeutic performance.  This fundamental understanding of the correlative 

relationship and interplay will enable predictive modeling [9]. 

In the design of new DPIs, one needs to consider, that the drug formulation has to be 

chemically stable and the dose has to be consistent. To achieve this, the design of the metering 
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system has to be consistent with the inhaler device in order to provide regular doses over a range 

of inhalation conditions.  

A key decision in the design of a DPI is whether to use a factory metered dose, to include 

a reservoir, and/or a metering mechanism in the device. All these considerations apply regardless 

if it is a drug only or a drug-carrier DPI. 

1.2.1 Dry Powder Inhaler In vitro Aerosol Performance Critical Quality Attributes 

 

The United States Pharmacopeia (USP) chapter <601> [16] 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.   

• The fine particle dose (FPD): Defined as the dose deposited on stages 2 to 7 of the 

cascade impactor. 

• The fine particle fraction (FPF): Expressed as the percentage of FPD to total ED. 

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, often this is 

determined be the scientist based on the testing equipment used and the testing 

conditions.  

• The respirable fraction (RF %): Percentage of FPD to total deposited dose (DD) on 

all cascade impactor stages. 

• Mass Median Aerodynamic Diameter (MMAD): Defined as the aerodynamic 

diameter which lies below 50% of the total mass. It is obtained by plotting the 
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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): 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 polydisperse [17].  

In general, a superior performing aerosol is expected to possess a higher ED, higher FPF, lower 

MMAD and lower GSD.  

1.2.2 Types of dry powder inhalers 

 

Dry powder inhalers are categorized into different types according to their metering 

system, dispersion mechanism, or device design. 

a) Metering system: can be classified as unit dose inhaler (dispensing a single dose of 

drug from an inhalable capsule), multi-unit dose inhaler (dispensing several single 

doses from blister packs), or a multiple dose inhaler dispensing multiple doses of drug 

from a powder reservoir. This are shown in figure 1.1. 

 

 

 

 

 

 

 

Figure 1. -  1.1. Representative dry powder inhaler products in the market differentiated by 

their metering system. A) Unit dose dry powder inhaler; B) Multi-unit dose dry powder inhaler; 

C) Multi dose dry powder inhaler. Courtesy of Dr. Priya Muralidharan. 
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b) Device design: DPI devices have different dimensions, internal anatomy giving 

different resistance to air flow. All these characteristics play a key role on the efficiency 

of an aerosol. Devices are classified based on air flow resistance into low, medium, or 

high. Figure 1.2 shows different DPI devices in terms of their resistance to air flow. 

 

 

 

 

 

 

 

 

 

 

c) Drug dispersion: in terms of the dispersion, the devices can be active or passive. Active 

dispersion of the drug is assisted by mechanical or electrical resources, while passive 

dispersion is given by the patient’s inspiratory flow. 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 particles in motion [18, 19]. 

1.2.3 Dry powder inhaler devices 
 

There are many approved DPI devices by in the USA and the European Union. They have 

different characteristics and they classified as mentioned above. Table 1.1 summarized some of 

DPI devices in the market. 

Figure 2. - 1.2. Different dry powder inhaler devices used in this dissertation because they have 

different resistance to airflow: A) HandiHaler® (high resistance); B) NeoHaler™ (medium 

resistance); C) Aerolizer® (low-medium resistance). Courtesy of Dr. Priya Muralidharan. 
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Table 1. - 1.1: List of selected DPI devices with their classification currently available in the 

USA and European Union (EU). Reproduced from [20]. 

Device Device 

Resistance 

Metering Manufacturer 

Cyclohaler®/ 

Aerolizer® 

Low Unit dose Novartis 

Spinhaler® Low Unit dose Aventis 

Diskhaler® Low Multi-unit dose GlaxoSmithKline 

Breezhaler® Low Unit dose Novartis 

Turbuhaler® Medium Multidose AstraZeneca 

Diskus® (Accuhaler) Medium Multi-unit dose GlaxoSmithKline 

Podhaler™ Medium Unit dose Novartis 

Genuair®/Pressair® Medium Multidose Almirall,S.A 

Turbospin® Medium Unit dose PH&T 

Novolizer® Medium Multidose ASTA MEdica 

Handihaler® High Unit dose Boehringer Ingelheim 

Easyhaler® High Multidose Orion 

Clickhaler® High Multidose ML Labs 

Pulvinal® High Multidose Chiesi Ltd. 

Prohaler® High Multi-unit dose Aptar Pharma 

Orbital® High Multi-unit dose Pharmaxis 

Eclipse® High Unit dose Aventis Pharma 

Certihaler® N/A Multidose SkyePharma 

DreamBoat™ N/A Multi-unit dose MannKind Corporation 

 

1.2.4 Dry powder inhaler formulation 

 

DPI often involves a single micronized drug, a dual drug combination or a blended micronized 

drug with a non-respirable carrier. Inhalation grade α-lactose monohydrate is the only FDA 

approved non-respirable carrier. There is ongoing research for the use of non-respirable carriers 

such as mannitol, glucose, erythritol, xylitol, sorbitol, raffinose, sucrose, and maltitol [21, 22]. 
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The different micronization processes lead to powders with high energy which tend to 

aggregate. The formation of aggregates avoids having a proper aerosol dispersion and therefore an 

optimal lung deposition.  

The delivery of the drug from DPIs implicates fluidization (aerosolization), de-aggregation, 

dispersion and deposition of particles into the lungs.  Aerosolization consists of breaking a static 

powder bed with the patient’s inhalation or device airflow force. The airflow comes through the 

device and breaks the static powder bed, bringing the powder up to the grid/mesh of the device 

where the particles are de-aggregated. These de-aggregated particles are deposited into the 

patient’s lung. Depending on how well the steps explained before happen, the patient will receive 

more or less amount of powder in the lungs.  

The force required to fluidize the powder depends on the resistance of the device and patient 

inspiratory flow. In any case, the force required to aerosolize a formulation must be higher than 

the interparticulate interaction and the weight of the particles. 

This process is illustrated in figure 1.3. 

 

 

 

Figure 3. -  1.3. Ilustrating the powder dispersion steps of a DPI formulation. 
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1.3 PARTICLE ENGINEERING FOR INHALATION POWDER 
 

As stated previously, the inhalation route offers several advantages for the delivery of many 

therapeutic agents. For this reason, it is important to explain the different available 

technologies that make inhalable particles.  

Since inhalable particles must have special characteristics in order to exert a desirable 

effect, it is very challenging for scientists to make the most optimal particles without altering 

the original structure or effect of the API. The aerodynamic diameter, along with other features 

of the particles play a key role in the deposition of the aerosols in the lungs, therefore it is 

important to engineer the particles with the right technique. 

In this section, some of the most common techniques used to make inhaled particles are 

explained. 

a) Airjet milling: Milling is the traditional method of drug powder micronization. The most 

common milling technique used for inhalable powders is the airjet milling. This process 

involves micronization by interparticle collision and attrition. Two opposing jets of air 

streams bring the particles into contact; they develop fractures and break them into smaller 

particles.  The resulting particles are collected by a “cyclone” and the separation depends 

on the aerodynamic diameter. In general, milling produces particles with amorphous 

characteristics, and with different charges which render them susceptible to adhesion and 

cohesion. This is a popular technique often used for particle size reduction for other particle 

engineering techniques, which can make the particles hollow/porous, encapsulated or form 

nanoaggregates, composites and other types [23, 24].  

b) Spray drying (SD): in this process a feed solution or suspension containing the desirable 

API is atomized under pressure through a spray nozzle into droplets that dry rapidly due to 
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their high surface area and intimate contact with the drying gas. The particles can be 

tailored by changing the spray-drying conditions such as the gas flow rate, the temperature 

of the gas, the pump rate, the aspirator rate. The resulting particles are separated by a 

“cyclone” and collected in collector vessels depending on the size of the particles. There 

are so many variants for spray drying, depending on the spray dryer size, nozzle type, spray 

drying mode, type of gases, solvents used. It is for this reason that spray drying is a 

ubiquitous technique to produce powders of micro/nano size in many fields including 

pharmaceutical, food and cosmetics. The major reasons for this are the ease of operation, 

scalability, and the excess of opportunities to engineer particles into the desired shape, size 

and morphology [23, 24].  

c) Spray freeze drying: this technique involves spraying a solution containing the API into a 

vessel containing a cryogenic liquid such a nitrogen, oxygen or argon. Since the normal 

boiling point for such a liquid is very low, the droplets are quickly frozen. Lyophilizing 

these frozen droplets in order to get rid of the solvent results in porous spherical particles 

suitable for inhalation [24]. The drug solution can be sprayed into the cryogenic liquid or 

above the surface of the liquid. This technique is not very popularly used due to its high 

cost and difficulty in scale-up [23,24]. 

d) Supercritical fluid (SCF): supercritical fluids are gases and liquids at temperatures and 

pressures above their critical points. The superfluid exists as a single phase with several 

advantageous properties of both liquid and gases. Some of them include superfluids having 

density values that enable high solvation power, they lower the viscosity of the solutes, 

which facilitates mass transfer, they are highly compressible. For pharmaceutical 

applications, the most used superfluid is CO2 because it is non-expensive, non-toxic and 
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non-flammable. The technique finds its position in particle engineering of high value, high 

potency and sensitive drugs. There are several variants to this technology differing in 

principles. Only a few are used for particle engineering in pulmonary drug delivery [23, 

24].  

Supercritical anti-solvent technique (SAS): this method consists in the rapid precipitation 

when the drug solution is brought into contact with an anti-solvent. In this case, CO2 is 

used as the anti-solvent because most of the drugs are insoluble in it [23, 24].  

Solution enhanced dispersion with supercritical fluid (SEDS): this is a single step 

technique used to produce powders for inhalation. It varies form SAS because with this 

technique the crystallization of the drug is controlled, which is achieved by elevating the 

temperature and the pressure of the process [23, 24]. 

Super critical fluid extraction of emulsion (SFEE): this technique is used to produce lipid 

nanosuspensions or nanoemulsions. In this process, the organic solvent is extracted by 

supercritical fluid extraction from an oil-in-water mixture. The oily phase is added to an 

aqueous phase and the mixture is homogenized to obtain a fine emulsion of size range 30-

100 nm. 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 enable CO2 to extract the solvent and leave behind the 

dry particles [23-25].  

Rapid expansion of supercritical solution (RESS): In this method particles are precipitated 

by rapid expansion of the drug solution in supercritical fluid. Drug with medium solubility 

in CO2 can be engineered using this method [23, 24]. 
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e) Thin film freezing (TFF): also called ultra-rapid freezing produces micro/nano aggregates 

with low density. In this technique the drug and/or excipients are dissolved in water and 

organic solvents based on their solubility. A co-solvent system is formed by slowly mixing 

the aqueous and the organic phases. When a solution is formed, it is frozen drop-wise onto 

a pre-cooled cryogenic surface in order to form a thin film. Solvents then are sublimed by 

lyophilization at low pressure to obtain dry powders [26, 27].  

1.4. ANATOMY AND PHYSIOLOGY OF THE AIRWAYS 
 

Lung physiology and anatomy must be considered for an adequate deposition and absorption 

of drugs.  In terms of the physicochemical characteristics of the drug particles, as explained above, 

the aerodynamic diameter, density, crystallinity, shape, molecular size; are all factors that have to 

be considered in order to target the particles to different regions of the respiratory tract [1, 15]. 

Among these properties, the aerodynamic diameter has been shown to have the greatest impact in 

the fate of particles within the lung. The smaller the aerodynamic diameter, the deeper it can 

penetrate [15]. The respiratory tract begins with the nasal epithelium which is followed by the 

tracheobronchial region (airways) and ends with the alveolar region where the tracheobronchial 

and the alveolar regions serve as the main targets for drug delivery [28]. The tracheobronchial 

region (~ 1–2 m2, a relatively small surface area) [29] is formed by the trachea, large and small 

bronchi and bronchioles, whose main functions are protection from, and clearance of, inhaled 

materials, conditioning and conduction of the inhaled air. The airway epithelium is characterized 

by a pseudo-stratified columnar epithelium, which is comprised of three major cell types: ciliated 

cells, secretory (mucous, goblet, serous or Clara) cells and basal cells [29]. Ciliated cells constitute 

the main cell type in the human tracheal epithelium together with Clara cells.  These cells are 

involved in the constant propulsion of mucus and the renewal, maintenance and repair of the 
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bronchioles, respectively [15, 30-32].  Furthermore, Clara cells have been shown to have a high 

metabolic activity [33]. They detoxify xenobiotics and oxidant gasses, control the extent of 

inflammation, and participate in mucociliary clearance of environmental agents [34]. The alveolar 

region (~100-150 m2, a very large, surface area) [29] is formed by the respiratory bronchioles, 

alveolar ducts and alveolar sacs, whose main function is gas exchange. The alveolar epithelium 

consists of the large and thin alveolar epithelial type I (AT-I) cells, that cover 90% of the alveoli 

surface area and the small and cuboidal alveolar epithelial type II (AT-II) cells that cover 3% of 

the alveoli surface area, and finally the alveolar macrophages. These three cell types have different 

functions: (AT-I) cells provide a short diffusion path for gas exchange, ions and protein transport 

[35]. However, these cells are unable to divide. Thus, AT-II cells have the ability to differentiate 

into ATI cells; a process that constitutes the replacement and repair mechanism of the epithelium 

in case of lung injury [35, 36]. Together these cells produce and secrete the lung surfactants that 

decrease the surface tension in the alveoli and prevent alveolar collapse and act as an immune 

defense. Surfactant is stored in organelles called lamellar bodies.  These cells are one of the few 

lung cells in which cytochrome P450 enzymes are localized suggesting a possible role in the 

oxidative metabolism of drugs in the lung [37].  Finally, the alveolar macrophages, as part of the 

immune system, reside on the surface of the alveolar epithelium, patrolling the lungs against 

foreign materials [15, 32, 35, 38].  
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Figure 4. - 1.4. Representative micrographs of different regions and cells of the human lung 

under a bacterial infection. A) Bronchiole with mucus and neutrophils in acute pneumonia 

[H&E, 10x]. B) Mixed red and white blood cells with bacteria in acute pneumonia [H&E, 50x]. 

C) Bacterial cluster in an airspace with alveolar macrophages in acute pneumonia [H&E, 100x]. 

Reproduced with permission from [3]. Copyright© 2019. 
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1.5  IN VITRO CELLULAR MODELS 
 

In general, in vitro cell culture models are useful to mimic the in vivo conditions of certain 

organs or tissues in an artificial environment [39, 40].  It is feasible that cell culture models of the 

respiratory tract may shorten the development time for new drug products. Their use not only 

reduces the time consuming experimentation with living animals, they allow the study of drug 

permeability, transporters, aerosol deposition, metabolism, clearance and toxicological effects, in 

a highly reproducible, better directed and cost-saving manner [29, 41]. In vitro cell culture can be 

performed using primary cultures or continuously growing cell lines [1, 29]. Primary cells are 

isolated from tissues of animals or humans. Conversely, cell lines are usually achieved by 

transforming primary cultures of epithelial cells, most commonly using expression constructs 

containing the large T antigen of the SV40 virus or human papilloma virus [42], or are derived 

from various lung tumors [29]. The main difference between primary cultures and continuous cell 

lines is that the former has a limited life span while the latter is immortal. Primary cells are also 

limited by the availability of tissue and often involve time-consuming and costly isolation 

procedures. In contrast, the culture of cell lines is relatively easy following standard operational 

procedures [29]. Moreover, primary cultures are heterogeneous (mixed population) and their origin 

is unknown (donor), giving an inherent variability, while the origin of immortal cell lines is known, 

making reproducible cultures possible. However, despite the disadvantages that primary cultures 

possess, an advantage of using primary cultures is that they provide the closest in vitro 

representation of the native epithelium. 

The available cell models represent the tracheobronchial, bronchiolar or alveolar epithelial 

barrier.  Some of the advantages of these in vitro respiratory epithelial cell culture models include: 

the possibility to control the environment for the study of epithelial cell growth and differentiation 
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in healthy and disease states; permit the direct accessibility to both the apical and basolateral 

membrane surfaces for the elucidation of drug transport pathways and detailed permeation 

mechanisms; rapid and convenient means of evaluating drug permeability; and enzymatic stability 

in the targeting and enhancement of drug transport [42]. It is important to consider that the 

formation of cilia, the production of surfactant and mucus, the expression of transporters and 

proteins, and other properties of the cell layers may be affected or reduced under submerged culture 

conditions, the passage number of the cells, cell seeding density, composition of the culture 

medium and the time in culture [43]. Moreover, characteristics of the cells that are important to 

consider for drug development and targeting such as permeability, expression of transporters, 

enzymes, among others, could be different in in vitro and in vivo models. For this reason, it is 

important to develop models to study the correlation between in vitro cell cultures and the in vivo 

situation [43-46].  A classification of some immortal or mortal cells based on the region of the 

respiratory tract that they represent, the description of their main characteristics and applications 

are shown in table 1.2 and table 1.3. 

 

Table 2. - 1.2. Examples of human continuous (immortal) cell lines to model the epithelia types 

of the human lung available from American Type Culture Collection ATCC®. Reproduced with 

permission from [3]. Copyright© 2019. 

 

Immortal 

Human 

Cell Line 

Source  Tissue Region Morphology Capability of 

forming 

polarized 

monolayer with 

tight junctions? 

Description 

BEAS-2B 

 

Human transformed 

epithelial cell line 

using an adenovirus 

12 and simian virus 

40 hybrid.[47] 

Lung (bronchial) Epithelial No Used to study airway epithelial structure 

and function; to investigate the expression 

and activity of drug-metabolizing 

enzymes, and to evaluate responses to 

challenges such as tobacco smoke 

environmental particles and hyperoxia.[1] 

16HBE14o 

 

Healthy tissue of 

Human 

Lung (bronchial) Epithelial. 

Non-ciliated 

cells. 

Yes Express a wide range of transporters in 

culture. This cell line has been used for 

drug absorption and drug/epithelial 
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transformed 

bronchial epithelial 

cells by SV40 large 

T antigen using the 

replication 

Defective pSVori- 

plasmid.[48] 

 

interaction studies, although it cannot 

generate the desired phenotype at the air 

interface. [49] 

Calu-3 

 

Human 

(adenocarcinoma; 

derived from 

metastatic site: 

pleural effusion). 

Lung (bronchial) Epithelial. 

Similar to 

ciliated and 

secretory 

cells 

Yes Standard model to examine 

Transport and metabolism. 

[1].Development of cilia and production 

of mucus when 

Cultivated under air-interface conditions. 

They have been used in a number of 

particle-cell interaction studies.[1, 42] 

NuLi-1 

 

Human 

(immortalized with 

E6/E7 and hTERT) 

Lung (bronchial) N/A Yes This cell line has the potential to be used 

for active and passive drug transport 

studies, however it is poorly used.[50] 

NCI-H358 

 

Human 

bronchoalveolar 

carcinoma (derived 

from metastatic site: 

alveolus) 

Lung/bronchiole Epithelial. 

Similar to 

alveolar type 

II cells.[50] 

No Non-small cell that express lung 

surfactant associated protein A (SP-A). 

NCI-H358 

 

Human 

bronchoalveolar 

carcinoma (derived 

from metastatic site: 

alveolus) 

Lung/bronchiole Epithelial. 

Similar to 

alveolar type 

II cells.[50] 

No Non-small cell that express lung 

surfactant associated protein A (SP-A). 

A549 

 

Human 

adenomacarcinoma 

cell line 

Lung (alveolar) Epithelial. 

Similar to 

alveolar type 

II cells. [52]. 

No Most common cell line used for modeling 

the alveolar region. [2].Used to study the 

regulation of pulmonary surfactant 

synthesis and the interaction of 

environmental ultrafine particles with the 

cells, metabolism studies and in vitro 

pulmonary drug delivery. [52, 53]. Use to 

study systemic delivery of peptides via 

the lung [36, 37]. 
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Table 3. - 1.3. Examples of human primary (mortal) cell lines used to model the epithelia types 

of the human lung. Information was also obtained from webpages of vendors, BioWhittaker® 

and MatTek Corporation®. Reproduced with permission from [3]. Copyright© 2019. 

 

 

  

Mortal 

Human Cell Line 

Source Tissue Region Morphology Capability 

of forming 

polarized 

monolayer 

with tight 

junctions? 

Description 

NHBE  

(Normal human 

tracheal/bronchial 

epithelial cells) 

 

Nonsmoker, free of 

respiratory tract 

disease human 

Lung 

(Tracheal/bronchial, 

isolated from epithelial 

lining of airways above 

bifurcation of the lungs). 

Epithelial. 

Mix of cell 

types, 

including 

goblet cells, 

basal cells, 

ciliated and 

non-ciliated 

Cells. 

Yes Cells are guaranteed for 

differentiation marked 

by cilia formation, 

mucin production and 

TEER levels.  Screened 

for: HIV, Hepatitis-B, 

Hepatitis-C, 

mycoplasma, bacteria, 

yeast, fungi, and drug 

absorption studies. 

 

Small airway 

epithelial cells 

(SAECs) 

 

Human, normal 

cells 

Lung tissue (distal 

portion of the lung in the 

1mm bronchiole area). 

Epithelial Yes Cells are guaranteed for 

differentiation marked 

by cilia formation, 

mucin production and 

TEER levels.  This cell 

model demonstrated 

good in vivo–in vitro 

correlation of 

permeability studies. 

Alveolar  

Epithelial Cells 

 

Human, normal 

cells 

Lung tissue (alveolar) Epithelial Yes Can be used for the 

assay of cell-cell 

interaction, adhesion, 

drug interaction and 

absorption. 



41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6. 2-D CELL CULTURE VS 3-D CELL CULTURE IN AIR LIQUID 

INTERFACE (AIC) VS. LIQUID COVERED CULTURE (LCC) 
 

Two-dimensional (2-D) in vitro cell cultures lack the ability to represent the real in vivo 

morphology of the respiratory tract, because cells are not only in contact with cells of the same 

type but also with cells of different types. Thus, three dimensional (3-D) cell cultures are a better 

approach to model the physiological conditions [55]. Complex 3-D single cultures or co-cultures 

models constitute a very interesting way to better understand the mechanisms behind the 

interactions between cells to cells either in a homogenous or a heterogeneous manner [15]. The 

culture conditions employed to grow either respiratory primary cell or established cell lines, in co-

Figure 5. - 1.5 Representative micrographs of three cells lines used for modelling of different 

regions of the respiratory tract. CALU-3 and A549 images were obtained using an inverted 

fluorescence microscope (OLYMPUS CKX41) with digital camera acquisition. H358 images 

were obtained using an inverted fluorescence trinocular microscope (AmScope IN300TB-

FL) with digital camera acquisition. Reproduced with permission from [3]. Copyright© 2019. 
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culture or in single culture, in 3-D or 2-D, are critical to the characteristics of the resultant cell 

layer. Cells can be grown using an air-liquid interface culture (ALI) or in liquid covered culture 

(LCC). The liquid covered culture permits the growth of cells in contact with liquid in both the 

apical and basal side of the membrane, while, the ALI allows the growth of cells in contact with 

liquid in the basal side and with air in the apical side of the membrane [56]. Because normal human 

epithelium is in contact with liquid and air, growing cells using ALI allows their differentiation, 

resulting in cultures with morphological characteristics similar to those observed in vivo.  Some of 

the morphological features of the cultures include highly motile cilia, the development of stable 

transepithelial electrical resistance (TEER), and production and secretion of mucus and surfactant, 

depending on the type of cells that are being grown and the area of the respiratory tract they 

represent [55, 57].  

1.7. PULMONARY HYPERTENSION 
 

Pulmonary hypertension (PH) is a pathophysiological condition associated with multiple 

clinical conditions and obfuscates the majority of cardiovascular and respiratory diseases [58]. PH 

is characterized by the increase in blood pressure in the pulmonary arteries.  Mean systemic blood 

pressure for a healthy adult is 120/80 millimeters of mercury (mmHg). The pulmonary artery blood 

pressure in a healthy state at rest is 8–20 mmHg. If the mean pulmonary arterial pressure of a 

patient surpasses 25 mmHg at rest or 30 mmHg during physical activity, these patients can be 

diagnosed with PH. Many complications may be observed if the PH persists or pressure becomes 

even higher. In general, the major damage is the right ventricle (RV) of the heart, which supplies 

blood to the pulmonary arteries. When PH exists the RV of the heart becomes incapable of 

pumping blood effectively, and the patient experiences symptoms that include shortness of breath, 

loss of energy, and edema, which is the main sign of right heart failure. The World Health 
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Organization (WHO) divides PH into five groups: (1) pulmonary arterial hypertension (PAH), (2) 

PH with left heart disease, (3) PH associated with lung diseases and/or hypoxemia, (4) PH owing 

to chronic thrombotic and/or embolic disease, and (5) miscellaneous [58, 59].  

1.7.1. Prevalence 

 

 The exact prevalence of all types of PH is not well established [60]. However, 

epidemiologic studies have estimated a prevalence of 97 persons per million with a female/male 

ratio of 1.8, and the mortality rate ranges from 4.5 to 12.3 per 100,000 population [61]. Thus, PH 

usually, affects women more than men. PH that occurs subsequently or in parallel with other 

diseases is more common. The disease normally develops between the ages of 20 and 60, but it 

can occur at any age. The average age of diagnosis is 36 years, and three-year survival after 

diagnosis is ~50% [60]. Signs and symptoms of PH may include shortness of breath during routine 

activity; tiredness; chest pain; a racing heartbeat, pain on the upper right side of the abdomen; and 

decreased appetite. As PH gets worse, other signs and symptoms appear, such as: feeling light-

headed; fainting at times; swelling of legs and ankles, and bluish color on the lips and skin [62]. 

1.7.2. Pathophysiology 

 

 One of the principal characteristics is the response of the pulmonary vascular system to 

hypoxia (low tissue oxygen levels) [63]. The main function of the lungs is to distribute oxygen to 

the peripheral organs. When oxygen levels are low the pulmonary arteries constrict while the 

systemic arteries dilate. This pulmonary vasoconstrictive reaction to hypoxic conditions is inherent 

only in the lungs, is present in all mammals, maintaining a ventilation-perfusion balance between 

the air that reaches the alveoli and the blood that reaches the alveoli via the capillaries [63]. 

Oxygen is delivered to the alveolus by alveolar ventilation, and it is removed from the alveolus as 

it diffuses into the pulmonary capillary blood and carried away by the pulmonary blood flow. 
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Likewise, carbon dioxide is perfused to the alveolus in the mixed venous blood and diffuses into 

the alveolus in the pulmonary capillary. The carbon dioxide is removed from the alveolus by 

alveolar ventilation [64]. Pulmonary vasoconstriction due to hypoxia is important because it 

reduces the perfusion of poorly ventilated areas of the lung, and decreases pulmonary shunting, 

i.e., parts of the lung that are unventilated although still perfused [65], preventing the circulation 

of mixed venous blood to the body [63].  

 PH is characterized by excessive vasoconstriction, due to the imbalance in the production 

of vasodilators, such as nitric oxide (NO) and prostacyclin, and vasoconstrictors, such as 

endothelin-1 (ET-1) and serotonin, produced by the endothelium [66]. Other factors involved 

include inflammation, thrombosis (due to endothelial dysfunction) and platelet aggregation [66], 

and the remodeling of the vasculature due to the proliferation and the inhibition of the apoptosis 

of endothelial and vascular smooth muscle cells [67]. These changes that occur between the normal 

and hypertensive pulmonary vessels can be visualized in figure 1.6 [68].  Intima and media 

proliferation and the resulting pulmonary vascular obstruction are considered key element in the 

pathogenesis of PH. While vasoconstriction, vascular remodeling, and thrombosis are also factors 

that increase pulmonary vascular resistance in PH [69]. These processes involve a multitude of 

cellular and molecular elements [69]. In addition, oxidative stress, mitochondrial dysfunction, and 

an increase in reactive oxygen species (ROS) production have all been observed [70-72]. 
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There is no evident endothelial proliferation and/or hypertrophy (A) and (B). In contrast, 

pulmonary hypertensive animals developed occlusive vasculopathy with prominent media 

hypertrophy and endothelial proliferation (C) and (D). Also, plexiform lesions, complex 

vascular formations that sprouted from small pulmonary arteries, were detected in the 

pulmonary hypertension group (E) (arrow, plexiform lesion; black star, pulmonary artery; 

white star, bronchus). These mimicked plexiform lesions found in human patients with severe 

pulmonary arterial hypertension (F) (arrow, plexiform lesion in human). Reproduced with 

permission from [68]. Copyright© 2018. 

Overall, PH is driven by an initial vascular injury leading to the deregulation of normal cellular 

processes in the pulmonary vasculature and modifications in proliferation, differentiation, 

inflammation, and cell death program [73], leading to excessive vasocontriction and abnormal 

remodeling of pulmonary vessels, progressive increase in pulmonary arterial pressure (PAP), and 

vascular rigidity [73]. If maintained this results in right ventricular hypertrophy (RVH), 

progressive right heart failure, low cardiac output, and ultimately death [74, 75]. The process of 

pulmonary vascular remodeling is accompanied by endothelial dysfunction, activation of 

fibroblasts and smooth muscle cells, crosstalk between cells within the vascular wall, and 

recruitment of circulating progenitor cells [76] .  Moreover, overproduction of reactive oxygen 

Figure 6. - 1.6.  Histological changes in the lungs of rats with PH. Vascular changes were 

investigated in rats with compared to controls. Small pulmonary arteries of control animals look 

normal.  
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species (ROS) contributes to the damage of pulmonary vascular endothelium, pulmonary arterial 

vasoconstriction and, pulmonary vascular remodeling. ROS can upregulate the expression of 

several factors that modify vascular remodeling, such as endothelial growth factor, platelet 

activating factor and mitogen-activated protein kinase. The mitogenic effect of ET-1 and substance 

P on pulmonary smooth muscle cells is also mediated by ROS [77].  PH is also characterized by a 

decrease in NO signaling due to the malfunction of the enzyme, nitric oxide synthase (NOS) 

responsible for its generation. Indeed, in PH, the endothelial isoform, eNOS becomes “uncoupled,” 

producing a shift from NO generation to ROS production. In addition, to uncoupled eNOS, the 

aberrant generation of ROS during the development of PH is complex and involves several 

systems. These include nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, 

dysfunctional mitochondria, and xanthine oxidase. In PH, there is also evidence of an interaction 

between the pulmonary and the cardiovascular system. However, this interaction is not well-

defined because of the deficiency of arduous investigations and inadequate diagnostic capabilities 

[78]. 

1.7.3. Cellular factors involved in PH 

 

 In all forms of PH, proliferation of smooth muscle cells (SMCs) in the small pulmonary 

arteries is evident. In some models of PH, fibroblasts of the adventitia migrate to the media and 

intima, where proliferation and production of matrix proteins are observed. Neovascularization, 

mainly of the adventitia, occurs parallel to the thickening of the vascular walls. Moreover, external 

factors such as hypoxia, inflammation, shear stress, drugs, viral infections, and genetic 

susceptibility lead to proliferation of endothelial cells (ECs) [69]. Other extra pulmonary cells 

(fibrocytes and c-kit cells) are also involved in the vascular remodeling of the pulmonary arteries. 

These cells appear to migrate from the bone marrow, and differentiate into vascular cells and/or 
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produce proangiogenic factors which participate in the pathogenesis of PH, leading to the 

formation of plexiform lesions (endothelial cells, matrix proteins and fibroblasts that destroy the 

vascular lumen) [69]. Patients with PH have increased levels of inflammatory cytokines such as 

such as interleukin 1 (IL-1) and interleukin-6 (IL-6), and chemokines such as fractalkine and MCP-

1 (Monocyte chemoattractant protein-1) [79]. Inflammatory cells, including B and T cells, 

macrophages, mastocytes and dendritic cells, have also be found in plexiform lesions associated 

with severe PH [69].  

1.7.4. Molecular factors 

 

 Many molecular factors are involved in the physiopathology of PH. Pulmonary 

vasoconstriction is a very early step in the process of PH. Vasoconstriction has been associated 

with an abnormal function of the endothelium. This endothelial dysfunction is characterized by 

the decrease in the production of vasodilators such as NO and prostacyclin and by the increase in 

the production of vasoconstrictors like ET-1 and serotonin (5-Hydroxytryptamine, 5-HT).  

 NO inhibits smooth cell proliferation and decreases platelet aggregation through the 

activation of guanylate cyclase, cyclic adenosine monophosphate (cAMP) and cyclic guanosine 

monophosphate (cGMP) [69]. Prostacyclin, on the other hand, does it through the cyclic adenosine 

monophosphate (cAMP) pathway activation. The production of prostacyclin is reduced in patients 

with PH  [69]. PH is characterized by a decrease in the expression of endothelial NO synthase 

(eNOs) and inhibition of its enzymatic activity. In patients with PH, the activity of guanylate 

cyclase is reduced and also there is a decrease in the synthesis of cGMP (the second messenger of 

NO). The principal enzyme in charge of the degradation of cGMP called phosphodiesterase type 

five (PDE-5). Therefore, the lack of NO in patients with PH is due to the upregulation of the 

production of PDE-5 [80]. 
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 ET-1 is an endothelially-derived peptide that has two receptor subtypes, endothelin A 

(ETA) and endothelin B (ETB). ETA is expressed exclusively in the smooth muscle cells of 

pulmonary arteries while ETB can be found on both smooth muscle cells and endothelial cells. 

When ET-1 is ligated to the ETRA, intra-cellular calcium levels are increased, and the protein 

kinase C pathway is activated. The consequence of this is that pulmonary vasoconstriction is 

augmented, accompanied by the stimulation of mitosis of the arterial smooth muscle cells, 

vasoconstriction is augmented accompanied by the stimulation of mitosis of the arterial smooth 

muscle cells, leading to pulmonary vasculature remodeling.  Serotonin levels are elevated in the 

plasma of PH patients [81], which are thought to contribute to the remodeling of the pulmonary 

vasculature and stimulating vasoconstriction [69].  

 GTPases such as Rho-A have also been implicated in the progression of PH. The 

downstream activation of the Rho kinases disrupts the regulation of a number of essential cellular 

tasks including contraction, migration, proliferation, and apoptosis [68]. The activity of both RhoA 

and Rho kinase are increased in PH, and the inhibition of Rho kinase has been shown to counteract 

vasoconstriction  associated with PH [63].  

 Hypoxia inducible factor-1 (HIF-1) is a transcription factor that primarily regulates cellular 

adaptation to hypoxia but also regulates several genes implicated in angiogenesis, erythropoiesis, 

cellular metabolism, and survival [82].The immunohistological analysis of human plexiform 

lesions of patients with severe PH, has identified an overexpression of HIF-1 alpha in the 

proliferating endothelial cells presented [83]. 

One of the main functions of mitochondria, the oxidation of glucose, is suppressed in 

endothelial and smooth muscle cells of patients with PH. This suppression has multiple 

consequences such as resistance to apoptosis, increased cellular proliferation, and inflammation 
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due to the activation of some transcription factors which is triggered by the increase of 

mitochondrial (mt)-ROS, and the progression to mitochondrial dysfunction [83]. The 

Mitochondria of pulmonary arterial smooth muscle cells (PASMCs) are slightly different than 

mitochondria of systemic arteries. PASMCs mitochondria are the basis of the pulmonary response. 

In hypoxia conditions, the mitochondria alter the production mitochondria reactive oxygen species 

(mROS), which regulate different redox targets. These targets are involved in PASMCs 

contraction and in the initiation of a response to hypoxia via the activation of HIF-1 alpha genes. 

PASMCs mitochondria also regulate apoptosis, induce proliferation, inflammatory responses and 

respond to many other stress signals. With this knowledge, the mitochondria of the pulmonary 

arteries could be a novel target for proapoptotic and antiproliferative therapies for the treatment of 

PH [84]. 

1.7.5. Genetics of PH 

 

 Mutations in genes that encode proteins involved in the TNF-β signaling pathway are 

implicated in the development of PH. These are BMPR2, ACVRL1, ENG, Smad8, Smad1, Smad5, 

and Caveolin-1 mutations. TNF-β signaling pathway controls growth, differentiation, and 

apoptosis of various cell types including pulmonary vascular (ECs) and SMCs [69]. Thus, 

mutations in genes involved in the TGF-β signaling pathway may be responsible for the abnormal 

proliferation of pulmonary vascular SMCs and may promote ECs apoptosis [69]. 

1.7.6. Biochemical markers 

 

 Biomarkers that could specifically indicate the disease stage, and the treatment response 

would be ideal tools for the optimization of PH management. However, there is still no specific 

marker for PH or pulmonary vascular remodeling, although a wide variety of biomarkers have 

been explored in the field [84]. The biomarkers can be separated into different categories: 
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• Vascular dysfunction markers: asymmetric dimethylarginine (ADMA), ET-1, 

angiopoeitins, and von Willebrand factor [58, 86, 87].  

• Inflammation markers:  C-reactive protein, interleukin 6, chemokines, interleukin 1, tumor 

necrosis factor [58, 88-90]. 

• Myocardial stress markers: atrial natriuretic peptide (ANP), brain natriuretic peptide 

(BNP)/NT-proBNP, troponins [58, 91-93].  

• Hypoxia markers: pCO2, uric acid, growth differentiation factor 15 (GDF15), osteopontin 

[94, 95]. 

• Secondary organ damage markers: creatinine, bilirubin [93, 96]. 

1.7.7. Current therapies for pulmonary hypertension 

 

 Although none of the currently approved therapies can reverse or cure PH, the care and the 

quality of life of PH patients has improved. Since a substantial number of molecules are implicated 

in the pathogenesis of PH, there are currently several approaches to the treatment of PH [97]. These 

will be discussed below. 

 Phosphodiesterase type 5 (PDE-5) inhibitors: as described above, the lack of the NO 

vasodilator is one of the main abnormalities that triggers PH. PDE-5, which is amply expressed 

in the lungs and is the main cause of the imbalance on the amount of NO in patients with PH. 

Therefore, the inhibition PDE-5 is one of the select treatments currently used for patients with 

PH. PDE-5 inhibitors include sildenafil and tadalafil (approved); and a third PDE-5 inhibitor, 

vardenafil (under investigation) [80]. The side effects encountered by using PDE-5 inhibitors are 

usually minor and temporary and comprise headache, flushing, nasal congestion, digestive 

disorders, and myalgia [80]. 



51 
 

 Prostacyclin and prostacyclin analogs: prostacyclin is a prostanoid metabolized from 

endogenous arachidonic acid through the cyclooxygenase (COX) pathway [97]. It is a potent 

vasodilator identified as one of the most effective drugs for the treatment PH. Prostanoids are 

potent vasodilators and possess antithrombotic, antiproliferative and anti-inflammatory properties 

[99]. In the pulmonary circulation, prostacyclin is released by endothelial cells in the pulmonary 

artery. The binding of prostacyclin to its receptor activates the G-protein and increases intracellular 

cAMP, which activates protein kinase A. This causes inhibition of platelet aggregation, relaxation 

of smooth muscle, and vasodilation of the pulmonary arteries [98]. Clinical studies for patients 

with PH are being performed with epoprostenol, iloprost, beraprost and trepostinil [99]. Currently, 

trepostinil is available in the market administered by nebulization (Tyvaso®), intravenously 

(Remodulin®) and orally (Orenitram®). It is important to note that trepostinil Phase 3 trial of 

Liquidia Technologies’ LIQ861 trepostinil DPI for the treatment of (PH) is underway. LIQ861, a 

dry powder formulation based on Liquidia’s PRINT (particle replication in nonwetting templates) 

particle engineering technology, is one of two products in the company. At least one other dry 

powder formulation for inhalation developed by Liquidia and licensed to GSK is in development 

and it is expected to be on the market in 2019 [100]. Furthermore, MannKind Corporation will 

start enrollment for a Phase 1 trial to test its trepostinil inhaled therapy for the treatment of PH. 

The company’s Trepostinil Technosphere (TreT) combines the active ingredient trepostinil in a 

dry powdered formulation that is inhaled via a novel delivery system (technospheres). The dry 

powder formulation consists of particles with the proper size for delivery into the deep lung. It is 

designed to be administered through MannKind’s breath-powered inhalation devices, which are 

small, easy-to-use inhalers that require only the patient’s breath to deliver the right powder dose 

[101]. 
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 Endothelin receptor antagonists (ERAs): by inhibiting endothelin receptors, vasodilation 

and antiproliferation of cells can be achieved, therefore a remodeling of the pulmonary arteries can 

be possible with the administration of these type of drug in patients with PH. As described above, 

there are two main endothelin receptors: type A (ET-A) and type B (ET-B). ET-A are expressed 

on SMCs, and they increase intracellular calcium, therefore, vasoconstriction is induced. 

Conversely, ET-B are principally present on endothelial cells and they allow the release of the 

vasodilators, NO and prostacyclin. However, ET-B are also present in SMCs and where they also 

induce vasoconstriction. Hence, the selective or the non-selective inhibition of the receptors is 

another approach to treat PH [102]. Some ET-1 receptor antagonists currently used are sitaxsentan, 

abrisentan, macitentan, and bosentan [103]. Chemical structures are shown in figure 1.7.  Currently 

marketed products are listed in table 1.4 [97]. 

Table 4. -  1.4. Currently marketed medicines for the treatment of Pulmonary Hypertension 

[97]. 

Category Function Examples Route of 

administration 

Endothelin Receptor 

Antagonists (ERAs) 

Prevention of the 

blood vessels 

narrowing. 

Ambrisentan 

(Letairis®) 

Bosentan (Tracleer®) 

Macitentan 

(Opsumit®) 

Oral 

Phosphodiesterase type 

5 (PDE-5) inhibitors 

Allow the production 

of the NO vasodilator 

in the lungs. 

Sildenafil (Revatio™) 

Sildenafil (Revatio™) 

Tadalafil (Adcirca®) 

Oral 

Prostacyclin analogues Relaxation of the 

blood vessels. 

Antithrombotic, 

antiproliferative and 

antiinflammatory 

properties. 

Trepostinil 

(Orenitram®) 

Oral 
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Selective IP receptor 

agonist 

Targets and activates 

the prostacyclin 

receptor, promoting 

vasodilation. 

Selexipag (Uptravi®) Oral 

Soluble guanylate 

cyclase stimulators 

Allow the interaction 

of soluble guanylate 

cyclase with Nitric 

oxide, promoting 

vasodilation. 

Riociguat 

(Adempas®) 

Oral 

Nitric Oxide Vasodilation Nitric Oxide gas Inhalation 

Prostacyclin analogues Relaxation of the 

blood vessels. 

Antithrombotic, 

antiproliferative and 

antiinflammatory 

properties. 

Iloprost (Ventavis®) 

Trepostinil (Tyvaso®) 

Inhalation 

Prostacyclin analogues Relaxation of the 

blood vessels. 

Antithrombotic, 

antiproliferative and 

antiinflammatory 

properties. 

Trepostinil 

(Remodulin®) 

Epoprostenol 

(Flolan®) 

Room temperatura 

stable Epoprostenol 

(Veletri®) 

 

 

Intravenous 

Prostacyclin analogues Relaxation of the 

blood vessels. 

Antithrombotic, 

antiproliferative and 

antiinflammatory 

properties. 

Trepostinil 

(Remodulin®) 

 

Subcutaneous 
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Figure 7. - 1.7. Chemical structures of some commonly used approved drugs for the treatment 

of pulmonary hypertension. (Chem3D Ver. 16.0.; Cambridge Soft, Cambridge, MA.). 

1.7.8. Ongoing investigational research therapeutics in pulmonary hypertension 

 

 Rho-kinase inhibitors: The small GTPases such as RhoA and its target, the Rho-kinase 

have significant effects in the prevention of vasoconstriction and in the remodeling of the vascular 

vessels [104]. As explained above, PH is characterized by an imbalance in vasoconstriction-

vasodilation. This imbalance is caused by the overproduction and underproduction of 

vasoconstrictors and vasodilators, respectively. Some vasoconstrictors involved in the 

development of PH, also mediate the Rho/Rho Kinase pathway and hence there is a 

downregulation of the eNOS and an exacerbation in the pulmonary vascular remodeling.  

Inhibitors of the Rho kinase pathway can also contribute as an anti-oxidant, anti-inflammatory, 

anti-thrombotic, and immunomodulatory agents for the treatment of PH [104]. Some Rho kinase 
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inhibitors that are currently in trials include statins (simvastatin, pravastatin, atorvastatin, 

rosuvastatin) and fasudil.  

 Selective serotonin reuptake inhibitors (SSRIs):  serotonin promotes the proliferation of 

PASMCs and fibroblasts, increases vasoconstriction, and local thrombosis, all which are features 

of PH. The effect of serotonin in the development of PH is mediated through its interaction with 

the serotonin transporters and receptors, mainly with serotonin transporter (SERT), which plays 

an important role in the development of the disease [105]. SERT overexpression is linked with 

PH. Selective serotonin SSRIs act via blockade of SERT, resulting in an extracellular accumulation 

of serotonin and increased activation of serotonin receptors [106]. Fluoxetine, sertraline, 

paroxetine, and escitalopram are some of the SSRIs proposed for the treatment of PH. 

 NRF2 activators: the NF-κB pathway can be activated by oxidants and the inflammatory 

subsequently produced cytokines have been shown to be stimulators of an endothelial-mesechymal 

transition (EndMT) [107]. NF-E2-related factor 2 (Nrf2), is the main regulatory factor of the 

antioxidant response through regulating expression of a series of antioxidant enzymes, including 

heme oxygenase-1 (HO-1). In response to oxidative stress or electrophiles, Nrf2 separates from 

Kelch-like ECH-associated protein 1 (Keap1), a key Nrf2 inhibitory factor of Nrf2/HO-1 pathway, 

translocates into the nucleus and induces the expression of antioxidant proteins [107]. Nrf2 

activators could be used to bind cysteine residue of Keap1 and promote de-methylation of Nrf2 

promoter, giving pharmacological activities in cardiovascular system, including adjunctive 

treatment of microcirculation protection, endothelial protection, myocardial preservation and 

antioxidation [107]. 

Metabolic modulators: Since glucose oxidation is suppressed in patients with PH, and 

glucose levels are augmented in endothelial and smooth muscle cells, there are currently studies 
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showing that drugs such as metformin (commonly used for the treatment of diabetes type II), which 

decrease the glucose levels, have positive effects for the decrease in PAH [108].  

1.7.9. Approved inhalation products 

 

 Since PH is a disease which directly affects the lung, treatment in a targeted manner 

through inhalation is currently approved. Currently, there are 3 FDA approved inhalation products 

for the treatment of PH.  

VENTAVIS® (iloprost) inhalation solution is an inhaled prostacyclin analogue used to treat 

PH (Group 1). It simulates some of the effects of natural prostacyclin in the body such as opening 

up pulmonary arteries (vasodilation), and also affects platelet aggregation, allowing blood to flow 

more easily, therefore putting less stress on the heart. It is administered through nebulization using 

a breath-activated vibrating mesh nebulizer device that delivers precise individualized dosing only 

during personal inspiratory phase with continuous monitoring and adjustment. The aerosolized 

droplets have an aerodynamic size under 3 microns. This type of nebulizer device is small, hand-

held, portable, and battery-operated. After using the device, it should be cleaned with distilled 

water and liquid detergent (no dishwasher nor microwave) [109]. 

The drug is available in various dosing options [109]. 1 mL of sterile aqueous solution in 

single-use glass ampule per dose contains: 0.01 mg iloprost, 0.81 mg EtOH, 0.121 mg 

tromethamine, 9.0 mg NaCl and ~0.51 mg HCl (for pH adjustment=8.1) in WFI (water for 

injection); all components are inhalable [109]. 

  The dosing frequency is high, 6 to 9 inhalations daily during waking hours (no more than 

once every 2 hours). This is due to a short plasma t1/2, 30 minutes to 1 hour. The standard treatment 

time is 4 to 10 minutes [109].  
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TYVASO® (trepostinil) inhalation solution is another inhaled prostacyclin analogue used to 

treat PH (Group 1). TYVASO® can improve the ability to exercise in people who also take 

bosentan or sildenafil [111]. The dosage form is a sterile solution for oral inhalation as a 2.9 ml 

ampule containing 1.74 mg trepostinil (0.6 mg per mL) [111]. Dosing frequency is 4 times daily 

(2-3 minutes each). A single breath of TYVASO® delivers about 6 µg of repostinil. Trepostinil is 

also delivered by nebulization using an Optineb ultrasonic device. The inhaled excipients are:  

sodium chloride, sodium citrate, sodium hydroxide, hydrochloric acid, and water for injection (pH 

6.0-7.2). It is important to mention that trepostinil is a photosensitive drug, therefore it should be 

protected from light [112]. 

 INOmax® Nitric Oxide gas for inhalation improves ventilation/perfusion matching by 

reducing pulmonary vascular resistance and decreasing pulmonary artery pressure. When inhaled, 

nitric oxide selectively dilates the pulmonary vasculature, and has minimal effect on the systemic 

vasculature by targeting only the pulmonary bed [113, 114]. 

1.7.10. Supportive therapies 

 

 Oral anticoagulants: post-mortem examinations in patients with PH, have shown a high 

occurrence of vascular thrombotic lesions, as well as abnormalities in coagulation and fibrinolytic 

pathways. Venous thromboembolism, heart failure and immobility have also been observed. Given 

these observations oral anticoagulation has been used for the treatment of PH [58]. The most 

commonly prescribed anticoagulant is warfarin. More recently alternative options have been 

approved; rivaroxaban, apixaban, edoxaban and dabigatran, collectively known as either NOACs 

(Novel Oral Anticoagulants) or DOACs (Direct Oral Anticoagulants)[115]. 

 Diuretics: right heart failure leads to fluid retention, increased central venous pressure, 

hepatic failure, ascites and peripheral edema. The use of diuretics in patients presenting these 
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symptoms have given notably symptomatic benefits. Common diuretic used for the treatment of 

PH are: furosemide, bumetanide, metolazone, spironolactone, amiloride [116]. 

 Aldosterone antagonists: since mechanisms of right heart failure are highly associated with 

PH, the administration of the aldosterone antagonists, may be beneficial for the improvement in 

the treatment of PH. 

 Calcium channel blockers (CCBs): CCBs relax muscles around blood vessels, reducing the 

blood pressure. They are often used to treat systemic high blood pressure. It is also prescribed for 

patients with PH, however the doses needed are higher than for systemic blood pressure, often 

causing systemic hypotension and body water retention. The most used CCBs for PH are 

nifedipine, diltiazem, nicardipine, amlodipine [117]. 

 Supplementary Oxygen (O2) therapy: with this therapy, air with a higher concentration of 

O2 is inhaled.  O2 therapy increases the amount of O2 in the blood (from lower to more normal 

levels). It is also useful for the relaxation of lung arteries. O2 therapy can reduce fatigue and 

breathing difficulty in some people with PH. It can improve the lifestyle of some patients with PH. 

O2 is supplied in many different ways such as: compressed oxygen in cylinders, liquid oxygen in 

cylinders, oxygen concentrator machine (extracts oxygen from the air). Oxygen is intranasal 

delivered from the cylinders or concentrator by plastic tubing to a mask or through soft tubes [118]. 

1.7.11. Other approaches for the treatment of pulmonary hypertension 

 

 Stem cell therapy: stem cell therapies have revealed encouraging results in the repair and 

regeneration of lung blood vessels for the treatment of PH. Stem-like cells (endothelial progenitor 

cells) are being genetically manipulated in order to produce molecular factors that play important 

roles in vascular restore and regeneration [119]. 
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 Lung transplantation: transplantation must be considered when the therapies previously 

mentioned fail for the improvement of PH. Lung or heart-lung transplant is the best option for 

patients who are not responding to standard therapies with a poor or declining quality of life. It 

can prolong survival, improve quality of life and offers a potential cure for patients with PH; 

however, as all transplant surgeries, they carry several risks and significant complications, hence 

many factors have to be contemplated before moving forward with the transplantation [58].  

 Combination therapy: since many molecular and cellular mechanism are involved in the 

pathogenesis of PH, most of the patients do not show an improvement in the therapy using a single 

class of drug for PH. Hence, physicians are prescribing more than one class of drug to treat this 

severe disease with the hope of seeing better results and elongate the survival of the patients. 
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CHAPTER 2 OBJECTIVE AND SPECIFIC AIMS 
 

2.1 STATEMENT OF THE PROBLEM  
 

Pulmonary hypertension (PH) is a complex and multifactorial disease, creating a 

challenge to researchers for the understanding of molecular mechanisms that are involved in 

the pathogenesis and the development of novel pharmacological strategies to treat this 

disease. In the United States and the world, the exact prevalence of all types of pulmonary 

hypertension is not well stablished. However, it is estimated that in the United States the 

number of patients is in the hundreds of thousands, not including those who are undiagnosed 

[1]. About 200,000 hospitalizations occur in the country with this disease as a primary or 

secondary diagnosis and about 15,000 deaths per year are attributed to PH, although this is a 

low estimate [1].  Currently, PH is classified into five groups: (1) pulmonary arterial 

hypertension (PAH), (2) PH with left heart disease, (3) PH associated with lung diseases 

and/or hypoxemia, (4) PH owing to chronic thrombotic and/or embolic disease, and (5) 

miscellaneous [2]. 

While a substantial number of novel drugs have been approved by the FDA in recent 

years, very little has been accomplished in terms of quality of life and survival benefits for 

the treatment of PH. 

The patient compliance for many of the currently approved therapies for PH 

management is hindered by quite a few major shortcomings associated with their usage which 

include (i) a very short therapeutic half-life, thus making it necessary to administer the 

medicament as a continuous infusion via the invasive route (intravenous and subcutaneous); 

(ii) lack of selectivity resulting in serious off-target side-effects following long-term 
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treatment, and (iii) need to target two or more pathways so as to effectively reduce 

progression. In addition, all the current therapies target reversal of the disease symptoms, and 

not the underlying pathogenic mechanisms, thus further limiting their therapeutic efficacy 

[3]. 

Approved therapeutics target the endothelin-1, nitric oxide and prostacyclin pathways 

to treat PH. However, there are other recently discovered targets that have not been evaluated 

to treat the disease. Moreover, combination therapy has attracted much attention and early 

results have been promising. This research dissertation is focused on new molecular and 

cellular targets and in combination therapy for PH and in the adaptation of translational 

medicine to accelerate the process for the development of new drug formulations.  

2.2 OBJECTIVE OF THE DISSERTATION AND SPECIFIC AIMS 
 

2.2.1 Overall objective 

 

The objective of the dissertation is to design, develop and optimize 

micro/nanoparticulate formulations containing drugs that target novel cellular and molecular 

mechanisms of the disease. The study drives to model and predict the aerosol dispersion 

performance of these novel formulations. Furthermore, this work aims to test the safety and 

the efficacy of the dry powder inhalers in in vitro cell culture models and in in vivo animal 

models. 

2.2.2 Specific Aims 

 

There are 4 specific aims listed below. Each specific aim is related to a new 

micro/nanoparticulate dry powder inhaler formulation.  
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1. Design and development of Simvastatin dry powder inhalers for the targeted 

treatment of pulmonary hypertension. 

2. Design, development and advanced comparison between dry powder inhalers of L-

carnitine and L-carnitine.HCl for the targeted treatment of pulmonary hypertension. 

3. Design and development of Simvastatin and L-carnitine.HCl composite 

micro/nanoparticles for the targeted treatment of pulmonary hypertension. 

4. Dry powder inhaler development of Metformin HCl, a new drug candidate, for the 

targeted treatment of pulmonary hypertension. 

2.3 DISSERTATION STRATEGY 
 

2.3.1 Novel Cellular Targets 

 

In chapter 1 some of the novel cellular and molecular targets that will be approached in 

this dissertation were extensively described. Three main targets will be approached with 

different drugs. 

-  RhoA/Rho kinase pathway: the downstream activation of the Rho kinases disrupts 

the regulation of a number of essential cellular tasks including contraction, migration, 

proliferation, and apoptosis [4]. The activity of both RhoA and Rho kinase are 

increased in PH, and the inhibition of Rho kinase has been shown to counteract 

vasoconstriction  associated with PH [5]. Simvastatin (Sim) has a potent anti-

proliferative and pro-apoptotic effect on vasculature smooth muscle cells through the 

inhibition of the synthesis of isoprenoids intermediates 

(geranylgeranylpyrophosphate and farnesylpyrophosphate), which are essential for 

the post-translational isoprenylation  of Rho, Rac and Ras family GTPases  
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(intracellular signaling molecules whose proper membrane localization and function 

are dependent on the lipid character that isoprenoids offer to them)  [6, 7]. 

Furthermore, Sim has anti-oxidant, anti-inflammatory, anti-thrombotic and 

immunomodulatory effects through different mechanisms. Some of these have to be 

with the augmented expression of endothelial nitric oxide synthase (eNOS) via 

inhibition of the RhoA/Rho kinase pathway which leads to the stabilization of eNOS 

mRNA and with the inhibition RhoA/Rho kinase pathway which is in charge of the 

rapid phosphorylation and activation of eNOS through the phosphatidylinositol (PI)-

3 kinase/protein kinase Akt pathway[7]. Overall, RhoA/Rho kinase downregulates 

endothelial function expressing and activating eNOS [7]. With all these effects 

together, it has been proposed that Sim may ameliorate PH [8, 9]. 

- Oxidative stress:  is characterized by an increase in products of oxygen metabolism 

such as hydrogen peroxide (H2O2), superoxide (O2-), peroxyl (RO2), lipid peroxyl 

(LOO), and lipid peroxide (LOOH) with or without a decrease in antioxidants or 

antioxidant enzymes. In the lung, endothelial cells, neutrophils, eosinophils, alveolar 

macrophages, and alveolar epithelial cells are all major sites of ROS generation. ROS 

in the pulmonary vasculature can be produced from complexes in the cell membrane, 

cellular organelles such as, peroxisomes and mitochondria and in the cytoplasm. The 

generation of ROS has been demonstrated to be important regulators of vascular tone 

and function [10]. Additional studies have shown that ROS generating systems 

stimulate both pulmonary artery smooth muscle cell and systemic arterial smooth 

muscle cell proliferation [10]. Antioxidant therapy has been reported as well to be 

effective in lowering PH mortality in some conditions [11]. L-Carnitine (L-Car) [(4-

N-trimethylammonium-3-hydroxybutyric acid)] is a cofactor required for transport of 
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long-chain fatty acids into the inner mitochondrial matrix, where they undergo β-

oxidation for cellular energy (ATP) production [12]. Studies suggest that L-Car has 

an anti-peroxidative effect on several tissues, which may account for its beneficial 

effect in oxidant-induced injury. In addition, L-Car may attenuate oxidative stress and 

preserve carnitine homeostasis, mitochondrial homeostasis, and NO signaling and 

thereby result in improved endothelial function. All these properties would make L-

Car an excellent candidate for PH therapy in combination with Sim [12, 13]. 

- Glucose oxidation:  one of the main functions of mitochondria, the oxidation of 

glucose, is suppressed in endothelial and smooth muscle cells of patients with PH. 

This suppression has multiple consequences such as resistance to apoptosis, increased 

cellular proliferation, and inflammation due to the activation of some transcription 

factors which is triggered by the increase of mitochondrial (mt)-ROS, and the 

progression to mitochondrial dysfunction [14]. Metformin is well known to decrease 

glucose levels; therefore, it has positive effects for the treatment of PH [15]. However, 

the exact mechanisms that Metformin exert to prevent and/or ameliorate PH remain 

unknown. These findings make Metformin an excellent candidate to treat such a 

complex disease. 
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2.3.2 Dry particle formulations and testing 

 

Spray drying is one of the most powerful techniques used for the formulation of 

microparticles/nanoparticles as dry powders for pulmonary delivery due to the ability that 

provides to control some of the physicochemical properties of the particles by modifying the 

process parameters [33-36].  Moreover, the use of spray drying allows the easy development 

of powders formed by multiple chemical entities by simply dissolving them in the feed 

solvent. 

In order to achieve a stable dry powder of each drug, an organic diluted solution in 

close-mode using a high performance “cyclone” will be spray dried. Process parameters such 

as feed solution concentration, inlet temperature, feed pump rate and molar ratios of 

components will be rationally selected to attain small, smooth and spherical particles that are 

ideal for inhalation. The resulting micro/nanoparticulate formulations will be 

Figures 8. - 2.1. Chemical structures of drug compunds of interest: a) Simvastatin; b) L-

Carnitine; c) L-Carnitine.HCl; d) Metformin.HCl. 
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comprehensively characterized by different analytical techniques to test their suitability for 

inhalation drug delivery. 

The aerosol powder deaggregation and dispersion depends on, among other factors, 

the inhaler device used. Thus, in this dissertation different FDA-approved human DPI 

devices with different characteristics such as anatomy, geometry and resistance will be used 

to test the performance of the formulations. 

Human cell lines from different parts of the lungs will be used to test the safety of the 

new formulations. Safety and efficacy studies will be carried-out in healthy and diseased rat 

models. Below, in figure 2.2, a summary of the strategy of this dissertation is presented. 

 

2.4 IMPACT OF THE STUDY 
 

 On successful completion of this dissertation, new promising formulations for the 

targeted treatment of PH will be found. The outcome of this study will identify the essential 

characteristics necessary for dry powder inhaler development of these particularly drugs. 

Results will also aid to recognize the right combination of dry powder formulation and 

inhaler device.  All the in vitro and in vivo tests that will be carried out will help scientists to 

select the best formulation of these novel drugs that would possibly treat PH.  

Figure 9. - 2.2. Summary of the strategy of the dissertation 
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The work presented in this chapter was taken from the patent: PCT/US19/14255 patent for 

Invention #UA18-036 Provisional Patent. “Advanced Engineered Formulations of 

Simvastatin and Carnitine Microparticle/Nanoparticle Formulations for Inhalation Drug 

Delivery for Respiratory and Pulmonary Vascular Diseases and Applications Therein” 

Inventors: Heidi M. Mansour, PhD, Stephen M. Black, PhD, and Maria F. Acosta. 

CHAPTER 3 DESIGN, PHYSICOCHEMICAL CHARACTERIZATION 

AND AEROSOL DISPERSION PERFORMANCE OF SIMVASTATIN 

MICRO/NANOPARTICLES FOR THE TREATMENT OF 

PULMONARY HYPERTENSION 
 

3.1 INTRODUCTION 

 

Pulmonary drug delivery is rapidly becoming one of the most important routes for 

targeting drugs to treat respiratory diseases and for non-invasive systemic delivery [1, 2]. 

Currently, there are several types of therapeutic aerosol delivery systems for the lungs and 

nasal regions, including pressurized metered-dose inhalers (pMDIs), dry powder inhalers 

(DPIs), nebulizers, soft mist inhalers (SMIs), and nasal sprays [1, 3]. Greater chemical 

stability of the solid state compared to the liquid state, high dose delivery, minimal patient 

hand-lung coordination, absence of propellant, shorter inhalation treatment times, and the 

potential to tailor particle properties in the solid state are some unique advantages that DPIs 

offer over other aerosol delivery systems [4, 5].  

There are several methods available to make respirable particles, including 

micronization, precipitation, freeze drying, and spray drying [4, 6, 7]. Spray drying is a one-

step high through-put process with the ability to engineer and produce particles in a more 

controlled manner (such as directing particle size and size distribution, particle and surface 

morphology) which are important particle features [8] for pulmonary dry powder drug 

http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
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delivery by inhalation. In addition, spray drying is an ideal technique for the 

microencapsulation of numerous compounds often used as pharmaceutical drugs [5]. 

The delivery of the drug from DPIs involves fluidization (aerosolization), de-

aggregation, dispersion and deposition of particles into the lungs. There are three main forces 

responsible for these activities: interparticulate forces between the particles, dispersion forces 

generated during inhalation, and deposition forces in the respiratory tract. Both, the device 

design and the formulation design have an impact in the performance of a product [9]. 

Pulmonary hypertension (PH) is a life-threatening disease characterized by an 

increase in pulmonary arterial pressure [10, 11]. PH is a complex and multifactorial disease, 

making it a challenge to researchers for the understanding of molecular mechanisms that are 

involved in the pathogenesis and the development of novel pharmacological strategies to 

treat this disease. The average blood pressure of the arteries going to the rest of the body in 

healthy individuals is 120/80 millimeters of mercury (mm Hg). The pulmonary arterial blood 

pressure in healthy conditions at rest is about 8–20 mmHg. If the pulmonary arterial pressure 

of a patient surpasses 25 mmHg at rest or 30 mmHg during physical activity, these patients 

can be diagnosed with PH [12]. 

Currently, the World Health Organization (WHO) classify PH into five groups: (1) 

pulmonary arterial hypertension (PAH), (2) PH with left heart disease, (3) PH associated with 

lung diseases and/or hypoxemia, (4) PH owing to chronic thrombotic and/or embolic disease, 

and (5) miscellaneous [13]. Unfortunately, group 3 has no survival prognostics. Alveolar 

hypoxemia as a result of lung disease, impaired control of breathing, or residence at high 

altitude are found to be the main causes for the development of PH [13]. Diseases that 

ultimately require a lung transplant (LTx) and other lung diseases, which include chronic 
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obstructive pulmonary disease (COPD)[14], alpha-1 antitrypsin deficiency (A1AD), cystic 

fibrosis (CF), idiopathic pulmonary fibrosis (IPF), asthma, acute lung injury, sarcoidosis, and 

others are also highly related to PH and have significant risk of death [13, 15]. 

The impediment to the ejection of blood by the right ventricle and subsequently the 

failure of the right heart due to the increase in pulmonary vascular resistance is what makes 

PH a fatal disease [16]. In PH, there is an obvious interaction between the pulmonary and 

cardiovascular system. However, that interaction is not well-defined because of the 

deficiency in intensive investigation, as a result of the symptomatic intersection and 

inadequate diagnostic capability [17]. 

 The excessive vasoconstriction (due to the imbalance in the production of 

vasodilators, such as nitric oxide and prostacyclin, and vasoconstrictors, such as endothelin-

1 and serotonin [18]); inflammation, thrombosis (due to endothelial dysfunction and platelet 

aggregation [18]); the proliferation and the inhibition of the apoptosis of endothelial and 

vascular smooth cells  are physiological and biochemical changes that lead to the remodeling 

of the vasculature [19]. In addition, oxidative stress, mitochondrial lung dysfunction, and an 

increase in reactive oxygen species (ROS) production have been observed in PH [20, 21].  

The activation of the small G protein RhoA and its target Rho Kinase, better known 

as the Rho kinase pathway, is reported in recent studies, to be involved in some of these 

changes, particularly, cellular processes (including signaling, contraction, migration, 

proliferation, differentiation, and apoptosis) [9]. On the other hand, overproduction of ROS 

also contributes to the damage of pulmonary vascular endothelium, pulmonary arterial 

vasoconstriction and pulmonary vascular remodeling [20, 21]. 
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For years, Simvastatin (Sim) which is an inhibitor of 3-hydroxy-3-methyl-3-glutaryl 

coenzyme A reductase has been used to lower serum cholesterol [22]. However, recent 

studies have shown that this drug has many other pharmacological effects. Sim has a potent 

anti-proliferative and pro-apoptotic effect on vasculature smooth-muscle cells through the 

inhibition of the synthesis of isoprenoids intermediates (geranylgeranylpyrophosphate and 

farnesylpyrophosphate), which are essential for the post-translational isoprenylation  of Rho, 

Rac and Ras family GTPases  (intracellular signaling molecules whose proper membrane 

localization and function are dependent on the lipid character that isoprenoids offer to them)  

[23, 24]. Furthermore, Sim has anti-oxidant, anti-inflammatory, anti-thrombotic and 

immunomodulatory effects through different mechanisms. Some of these have the results of 

the augmented expression of endothelial nitric oxide synthase (eNOS) via inhibition of the 

RhoA/Rho kinase pathway which leads to the stabilization of eNOS mRNA and with the 

inhibition RhoA/Rho kinase pathway which is in charge of the rapid phosphorylation and 

activation of eNOS through the phosphatidylinositol (PI)-3 kinase/protein kinase Akt 

pathway[24]. Overall, RhoA/Rho kinase downregulates endothelial function expressing and 

activating eNOS [24]. With all these effects taken together, it has been proposed that Sim is 

a perfect candidate for the treatment of PH [22, 25]. Other conditions discussed above, such 

as asthma [22], COPD[14],  acute lung injury, have been treated successfully with Sim and 

other statins because of their potential to exert potent pleiotropic anti-inflammatory, anti-

thrombotic, immunomodulatory and other effects similar to the ones described above. 

Likewise, radiation-induced lung injury (RILI) which is associated with increased generation 

of reactive oxygen and nitrogen species, secretion of inflammatory cytokines and 

chemokines, and inflammatory cell recruitment into the lung parenchyma, has also been 

proposed to be treated with Sim due to the property of this drug to attenuate lung injury (as 
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measured by vascular leak), leukocyte infiltration, and the histological evidence to mitigate 

oxidative stress, as well as the of radiation-induced dysregulated lung gene expression [26]. 

As a result of all the possible effects that Sim shows, there is considerable interest in 

the use of this compound for the treatment of PH. In addition, because all of the advantages 

that have been discussed above, our group was motivated to engineer Sim into advanced 

inhalable dry powders that can be targeted to the respiratory tract as dry powder inhalers 

(DPIs) using an 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 [4, 5, 27-31]. In this study we 

spray dried (SD) Sim under different conditions and we compared its aerosol dispersion 

performance using different resistance FDA approved human devices. 

Sim has been locally delivered before by inhalation to treat respiratory diseases using 

a jet nebulizer [22] and as a DPI prepared by dry jet milling [32]. These two formulations 

were made with the purpose of treating airway inflammation in a murine model of asthma 

[22] and to treat inflammatory diseases such as COPD, CF, and bronchiectasis [32]. To the 

authors' knowledge, we are the first to report on these dry powder inhalable 

microparticles/nanoparticles of Sim employing organic solution closed mode advanced spray 

drying for targeted pulmonary delivery as advanced DPIs for the treatment of PH. 

Overall, the objective of this study was to design solid state particles for inhalation 

containing Sim for targeted pulmonary delivery as microparticulate/nanoparticulate dry 

powder inhalation aerosols for the treatment of pulmonary hypertension, to analyze their 

physicochemical properties and to correlate them with their aerosol performance. The safety 
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of the powders was tested on human pulmonary cell lines. Furthermore, the safety and 

efficacy of the powders were evaluated in different in vivo animal models. 

3.2 MATERIALS AND METHODS 
 

3.2.1 Materials 

 

Simvastatin (Sim) [United Stated Pharmacopeia (USP) grade] [C25H38O5; molecular 

weight (MW): 418.566 g/mol], shown in figure 3.1 (ChemDraw Ultra Ver. 15.0.; 

CambridgeSoft, Cambridge, Massachusetts), was obtained from ACROS (New Jersey, New 

Jersey). Methanol (HPLC grade, ACS –certified grade, purity 99.9%) was obtained from 

Fisher Scientific (Fair Lawn, New Jersey). HYDRANAL®-Coulomat AD and resazurin 

sodium salt were purchased from Sigma-Aldrich (St. Louis, Missouri). Raw and SD Sim 

powders were stored in sealed glass desiccators over indicating Drierite/Drierite™ desiccant 

at -20⁰C under ambient pressure. Ultra-high purity (UHP) nitrogen gas was acquired from 

(Cryogenics and gas facility, The University of Arizona, Tucson, Arizona). 

 

 

 

 

 

 

Figure 10. - 3.1 Chemical structure of Simvastatin (Sim). 

https://www.google.com/search?rlz=1C1SQJL_enUS839US839&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOYNL9BR88ksziwF7Ub6pTwAAAA&sa=X&sqi=2&ved=2ahUKEwjjkPeY6LnhAhUqGKYKHZQsCtEQmxMoATAbegQICRAP
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Pulmonary cell lines A549 (ATCC® CCL-185™), NCI-H358 (ATCC® CRL-

5807™), and Calu-3 (ATCC® HTB-55™) were purchased from the American Type Culture 

Collection ATCC, (Manassas, Virginia). Dulbecco’s modified Eagle’s medium (DMEM), 

Advanced 1X, Fetal Bovine Serum (FBS), Pen-Strep, Fungizone®, and L-Glutamine were 

obtained from GIBCO® by Life Technologies (Thermo Fisher Scientific Inc, 

Waltham, Massachusetts). Eagle’s minimum essential medium (EMEM) was obtained from 

the ATCC® as well. 

SmallAir™ is a unique 3D human small airway epithelium reconstituted in vitro and 

its SmallAir™ special growth media (which is serum free and contains growth factors and 

phenol red) were both purchased from Epithelix (Geneva, Switzerland). 

The three weeks old Male Sprague Dawley rats (250-300 g) were purchased from 

Charles River (Wilmington, Massachusetts). 

The Shunt lamb model was approved by National Institute of Health (NIH) 

Guidelines for the Care and Use of Laboratory Animals. The Committee on Animal Research 

of the University of California, San Francisco, approved all protocols and procedures. 

3.3 Methods 

 

3.3.1 Preparation of Respirable Powders by Organic Solution Advanced Spray Drying 

(No Water) in Closed Mode 

 

As previously reported [4, 5, 28, 29, 33], organic solution advanced spray drying (SD) 

processing in the absence of water was performed using a Büchi B-290 Mini Spray Dryer 

with a high performance cyclone in close mode using UHP dry nitrogen gas as the atomizing 

and drying gas and connected to a B-295 Inert Loop (Büchi Labortechnik AG, Flawil, 

https://www.google.com/search?rlz=1C1SQJL_enUS839US839&q=Manassas,+Virginia&stick=H4sIAAAAAAAAAOPgE-LUz9U3MC-MNytU4gAxc_OyTLQ0Msqt9JPzc3JSk0sy8_P084vSE_MyqxJBnGKr9MSiosxioHBG4SJWId_EvMTi4sRiHYWwzKL0zLzMRABQhvZIVgAAAA&sa=X&ved=2ahUKEwjKzoC16bnhAhVEhOAKHZHrBJYQmxMoATAdegQIChAL
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Switzerland). Sim was spray dried under different conditions: a) feed concentration (FC) 

(0.1% w/v and 0.5% w/v in methanol); and b) pump rate (PR) (25%, 50%, 75% and 100%).  

The feed solutions were prepared by dissolving the components in methanol using a Branson 

7500 ultrasonicator to assist the dissolution. Table 3.1 lists the spray drying conditions. The 

drying gas atomization rate (670 L/h at 35mmHg), the aspiration rate (35 m3/h at 100% rate) 

and the inlet temperature (150˚ C) were maintained constant during all the experiments. The 

corresponding outlet temperatures are summarized in Table 3.2. The diameter of the 

stainless-steel nozzle was 0.7 mm. The SD particles were separated from the nitrogen drying 

gas in the high-performance cyclone and collected in a small sample collector. All SD 

powders were carefully stored in sealed scintillation glass vials and stored in sealed 

desiccators over indicating Drierite/Drierite™ desiccant at -20 ˚ C. 

Table 5. - 3.1 Advanced spray drying parameters for spray dried (SD) powders from 

methanol (MeOH) solution using organic solution for advanced close mode spray drying 

particle engineering design. 

 

 

 

 

 

 

 

 

 

Parameter  

Inlet Temperature 150 ˚C 

Aspirator rate 100% (40 m3/hour) 

Pump rate 25% (7.5 ml/min) 

50% (15 ml/min) 

75% (22.5 ml/min) 

100% (30 ml/min) 

Gas Flow 670 L/hour (55 mm Hg) 

Feed Solution Concentration 0.1% w/v  

0.5% w/v  

Solvent Methanol 

Atomizer and Drying gas UHP Nitrogen 

Nozzle type and diameter Stainless steel (0.7mm) 
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3.3.2. Scanning Electron Microscopy 

 

Using conditions similar to previously reported [4, 5, 28, 29, 33], visual imaging and 

analysis of particle size, morphology, and surface morphology were achieved by scanning 

electron microscopy (SEM) using a FEI Inspect S microscope (FEI, Brno, Czech republic). 

Samples were placed on double-sided adhesive carbon tabs (TedPella, Inc. Redding 

Califormia), which were adhered to aluminum stubs (TedPella, Inc.) and were coated with a 

gold thin film using a Hummer 6.2 sputtering system from Anatech (Union City, California). 

The coating process was operated at 15 AC milliAmperes with about 7 kV of voltage for 90 

seconds. 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. 

3.3.3. Particle Sizing and Size Distribution Using SEM Micrographs  

 

The mean size, standard deviation, and size range were determined using 

SigmaScan™ Pro 5.0.0 (Systat, Inc., San Jose, California) based on their scanning electron 

micrographs using a similar procedure that we have previously reported [5, 33]. 

Representative micrographs for each SD powder at 3000x magnification were analyzed by 

measuring the diameter of at least 100 particles per sample. 

3.3.4. X-Ray Powder Diffraction 

 

Using conditions similar to those previously reported [4, 5, 28, 29, 33], the degree of 

long-range molecular order (crystallinity) of all powders was measured by X-ray powder 

diffraction (XRPD). XRPD patterns of samples were collected at room temperature with a 

PANalytical X’pert diffractometer (PANalytical Inc., Westborough, Massachusetts) 
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equipped with a programmable incident beam slit and an X’Celerator Detector.  The x-ray 

radiation used was Ni-filtered Cu Kα (45 kV, 40 Ma, and λ = 1.5418 Å).  Measurements were 

taken between 5.0˚ and 60.0˚ (2θ) with a scan rate of 2˚/min. The powder samples were 

loaded on zero background silicon sample holder. 

3.3.5. Differential Scanning Calorimetry 

 

Using conditions similar to those previously reported [4, 5, 28, 29, 33], 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, a RSC90 automated cooling system, and an auto sampler. The instrument was 

previously calibrated with indium. Approximately 1-5 mg of powder were placed into an 

anodized aluminum hermetic DSC pan. The T-Zero® DSC pans were hermetically sealed 

with the T-Zero hermetic press (TA Instruments). For all the experiments, an empty 

hermetically sealed aluminum pan was used as reference. UHP nitrogen was used as the 

purging gas at a rate of 40 mL/min. The samples were heated from at least 0.00⁰C to 

200.00⁰C at a scanning rate of 5.00⁰C/min. All measurements were carried out in triplicate 

(n = 3). 

3.3.6. Hot Stage Microscopy (HSM) under Cross-Polarizers  

 

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, Ohio). As reported before [4-6, 29, 30, 35], samples 

were fixed on a glass slide and heated from at 25.0⁰C to 200.0⁰C 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. 

3.3.7. Karl Fisher Titration (KFT) 

 

Using conditions similar to those previously reported [4, 5, 28, 29, 33], the residual 

water content of all powders was quantified analytically by coulometric Karl Fischer titration 

(KFT) using a TitroLine 7500 trace titrator (SI Analytics, KG, Weilheim, Germany) 

following similar conditions reported in other studies.  Approximately 1-5 mg of powder 

were added to the titration cell containing Hydranal® Coulomat AD reagent.  

3.3.8. Raman Spectroscopy  

 

Using similar conditions to those previously reported [4, 5, 28, 29, 33], 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 in Via 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 1% of laser power, and 10 seconds of exposure in all samples.  

3.3.9. 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, New York) attenuated total reflectance 

(ATR) accessory was used for this kind of spectroscopy. Each spectrum was collected for 32 

scans at a spectral resolution of 2 cm-1 over the wavenumber range of 4000–400 cm-1. A 
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background spectrum was carried out under the same experimental conditions. Spectral data 

was acquired with EZ-OMNIC software. These conditions are similar to those in previous 

reports [4, 5, 28, 29, 33]
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3.3.10. In vitro Aerosol Dispersion Performance  

 

According with USP Chapter <601> specifications on aerosols, the aerosol dispersion 

performance of SD Sim formulations were tested using the Next  Generation  Impactor™ (NGI™) 

(MSP  Corporation,  Shoreview, Minnesota) 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 different FDA approved human DPI devices: 

a) HandiHaler® (Boehringer Ingelheim, Ingelheim, Germany); b) NeoHaler™ (Novartis AG, Stein, 

Switzerland), and c) Aerolizer® (Novartis Pharma AG, Basle, Switzerland) were tested. As 

reported in previous works, [4-6, 29, 30, 35] the experiments were conducted with an airflow rate 

(Q) of 60 L/min, which was adjusted and measured before each experiment using a COPLEY DFM 

2000 flow meter (COPLEY Scientific, Nottingham, UK). 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 gravimetrically quantified 

using type A/E glass fiber filters with diameter 55mm (PALL 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 µ m); 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 the aerosolization. The 
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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. 

𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝐷𝑜𝑠𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝐷%) =  
𝐸𝐷

𝑇𝐷
𝑋 100%     (Equation 3.1) 

𝐹𝑖𝑛𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐹𝑃𝐹%) =
𝐹𝑃𝐷

𝐸𝐷
𝑋 100%  (Equation 3.2) 

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑏𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑅𝐹%) =
𝐹𝑃𝐷

𝐷𝐷
 𝑋 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 written by Dr. Warren Finlay.  

3.3.11. Statistical analysis 

 

Design of experiments (DoEs) was conducted using Design Expert® 8.0.7.1 software (Stat 

Ease Corporation, Minneapolis, MN). A multi factorial design for SD Sim was utilized for in vitro 

aerosol testing. Interaction of process parameters and the different devices were evaluated using 

the Analysis of Variance (ANOVA) test performed using Design Expert®. The different 

interactions on the performance of the formulations were evaluated using the 3-D surface plots 

generated from Design Expert®. All experiments were performed at least in triplicate (n= 3). 

Results are expressed as mean ± standard deviation. 
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3.3.12. In Vitro Cell Dose Response Assay in a 2-D cell culture 

 

The effects of SD Sim formulations on cell proliferation were analyzed by measuring the 

response of human representative pulmonary cell lines exposed to different concentrations of the 

SD formulations. The lung adenocarcinoma A549 pulmonary cell line is a human alveolar 

epithelial lung adenocarcinoma cell line and is also used as a model of the alveolar type II 

pneumocyte cell in in vitro pulmonary drug delivery and metabolism studies [2, 126, 144]. The 

bronchoalveolar carcinoma H358 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) [2, 

126]. These 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 2mM L-Glutamine in a humidified incubator at 37 ˚C and 5% CO2, as 

previously reported [53, 126, 144, 145]. 

After confluence, A549 and H358, cells were seeded in 96 black well plates at a 

concentration of 5000 cells/well and 100 μl/well. They were incubated for 48 hours to allow 

attachment to the surface of the plates. Cells were then exposed to different concentrations of the 

Raw and SD formulations. The drug solutions were prepared by dissolving the powders in 10% 

ethanol and 90% of non-supplemented DMEM media. One hundred microliters (µl) of the different 

drug solution concentrations or control solution (10% ethanol and 90% advanced DMEM) were 

added to each well. Seventy-two (72) hours after exposure under incubation at 37 ˚C and 5% CO2, 

20 μl of 20 µM resazurin sodium salt were added to each well and incubated for 4 hours. At this 

point, the fluorescence intensity of the resorufin (metabolite) produced by only viable cells was 

detected at 544 nm (excitation) and 590 nm (emission) as previously reported, using the Synergy 
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H1 Multi-Mode Reader (BioTek Instruments, Inc., Winooski, VT). The relative viability of the 

cell lines was calculated as follow by equation 3.4: 

Relative viability (%) =
Sample fluorescence intensity

Control fluorescence intensity
x 100%        (Equation 3.4) 

3.3.13. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells  

 

Calu-3, a human lung adenocarcinoma epithelial cell line derived from bronchial submucosal 

airway region, was used as a model for monolayer integrity in the upper airways. Calu-3 is 

characterized for forming electrical tight junctions [37]. Cells 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 [1, 

5, 29]. After confluence, the cells were seeded at a concentration of 500,000 cells/ml in Costar 

Transwells inserts® (0.4 μm polyester membrane, 12 mm for a 12- well plate) from Fisher 

Scientific (Hampton, New Hampshire) 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 side. After 

approximately one week of growth, when the cells looked packed and a complete monolayer was 

visible under the microscope, TEER values were measured using an EndOhm 12 mm Culture Cup 

(World Precision Instruments, Sarasota, FL). TEER values of 1000 Ω.cm2, were an indicator of a 

confluent monolayer at liquid covered culture (LCC). At this point, the media was removed from 

the apical side in order to facilitate air-liquid interface (ALI) conditions. The TEER responses of 

the cells were also measured with an EndOhm 12 mm Culture Cup (World Precision Instruments, 

Sarasota, FL). For TEER measurements at ALI, 0.5 ml of media was added to the apical side of 

the each Transwell insert 30 minutes before the measurement and then immediately removed to 
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return the cells to ALI conditions. After the TEER values reached 500 Ω.cm2 (indicating a 

confluent monolayer at ALI conditions), the cells were exposed to 100 µM of representative SD 

formulations dissolved in 90:10 media:ethanol to facilitate dissolution. The liquid aerosol 

formulations were delivered to the Calu-3 cells at ALI  using a Penn Century MicroSprayer® 

Aerolizer – Model IA-1B (Wyndmoor, Philadelphia) [1]. TEER values were then recorded after 3 

hours of exposure and then recorded every 24 hours up to 7 days after drug exposure, as previously 

reported [5, 35]. 

3.3.14. In Vitro Cell Dose Response Assay in a 3-D Cell Culture 

 

The small airway epithelia (SmallAir™ cells) reconstituted in vitro was built using primary 

small airways human cells which were fully differentiated and functional. They were available 

from different patients with several pathologies. The cells were received in 24 well transwell 

inserts® in a gel matrix. Once the cells were received, they were transferred into a new 24 well 

plate with 700 µl of the SmallAir™ media in the basal surface. Media was changed every other 

day. 

After 3 days of incubation at 37˚C and 5% of CO2, experiments were performed. For in 

vitro cell dose response, the cells were exposed to different concentrations of the drug formulation 

dissolved in 90:10 media:ethanol to facilitate dissolution. After 72 hours of incubation, the inserts 

were rinsed with a 6 µM Resazurin solution in order to eliminate the remaining red phenol from 

the cell growth media. The inserts were transferred to a new 24 well plate filled will 500 µL/well 

of Resazurin solution. 200 µL/well were added in the apical surface. After one hour of incubation, 

100 µL from the apical side were transferred to a 96 black-well plate. At this point, the fluorescence 

intensity of the resorufin (fluorescent metabolite) produced by viable cells was detected at 544 nm 

(excitation) and 590 nm (emission) using the Synergy H1 Multi-Mode Reader (BioTek 
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Instruments, Inc., Winooski, Vermont). The relative viability of cell line was calculated as 

followed by equation 3.4. This protocol was provided by the vendor [38].  

3.3.15. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to 3-D Human Small Airway Epithelia 

 

As described above, after receiving the cells, they were transferred into a new 24 well plate 

pre-filled with 700 µl of SmallAir™ media in the basal side. After 3 days of incubation the 

experiments were performed. TEER values were measured using EVOMX (Epithelial 

VoltOhmMeter) and electrode (STX2) (World Precision Instruments, Sarasota, FL). To measure 

TEER, 200 µl of the cell media were added to the apical surface of the inserts. The long part of the 

electrode was inserted through the gap of the insert and leaned on the bottom of the well, and the 

short stem was above in the apical surface, inside the culture media. TEER values were obtained 

before exposure to the drug solution and after exposure to them. The response was measured after 

3 hours of exposure and then every 24 hours for 5 days. Every time, the TEER measurement was 

finished, the media was removed from the apical surface in order to leave the cells in ALI 

conditions. This was followed by the protocol given by the vendor (38). 

3.3.16. In vivo tests 

 

Fifteen male Sprague Dawley rats with a body weight of (220-270g) and 3 weeks old, were 

used in this study. Rats were housed in the University of Arizona Animal Care Facility for at least 

1 week before being used in the experiments. Animals were kept in a 12-hour light/dark cycle at 

an ambient temperature of 22°C and received standard rodent food and water ad libitum. All 

experimental procedures were approved by the Institutional Animal Care and Use Committee at 

The University of Arizona (IACUC). The local delivery of the aerosols was done using the Penn 

Century Dry Powder Insufflator™ – Model DP-4M (Wyndmoor, Philadelphia) as shown in figure 
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3.2. Three groups were defined for the study: a) control (air); b) SD Sim 25% PR ; c) SD Sim 50% 

PR. 10 mg/kg/day of SD Sim 25% PR and SD Sim 50% PR were administered under local 

anesthesia using 1-5% isoflurane in air or oxygen for one day. The rodent insufflator tube was 

placed on the tongue of the animal and slowly fed down into the larynx/trachea region located at 

the front of the esophagus/neck area to just above the first bifurcation of the bronchi. The particles 

were gently puffed into the lungs of the animals using the air pump and the tube was gently 

removed from the throat of the animal. Total aerosol treatment took about 5-7 minutes. Rats were 

closely monitored after recovery and the first day after powder insufflation to be sure they have no 

difficulty with respiration, even though this was not expected.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Animals were euthanized by an anesthetic overdose.  100 mg/kg ketamine/10 mg/kg 

xylazine by IP injection was followed by thoracic incision to remove the lungs, collect blood, and 

Figure 11. - 3.2 Dry powder insufflation in rats using the Penn Century Dry Powder 

Insufflator™ – Model DP-4M. 
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bronchoalveolar lavage fluid (BALF) by three times flushing with isotonic saline. The lungs and 

respiratory tree were removed and fixed for histopathology. 

3.3.17. Enzyme-linked immunosorbent assay (ELISA) 

 

The frozen bronchoalveolar lavage fluids were thawed on ice and centrifuged at 2000×g 

for 60 min at 4 °C. The concentrations of IL6 and TNF-α in the bronchoalveolar lavage fluid 

supernatants were measured by sandwich ELISA using pair matched antibodies according to the 

manufacturer's instructions. The ELISA kits were obtained from eBioscience (San Diego, 

Califormia) and R&D (Minneapolis, Minneapolis) [22]. 

3.3.18. Tissue processing and histological analysis 

 

The lungs were taken from rats under terminal anesthesia as described above. They were 

inflated with 10% of formalin and immersed in the same solution. The tissues were sent to 

HISTOWIZ ACCELERATING HYSTOPATHOLOGY (HistoWiz, Inc. Brooklyn, New York) 

where they were paraffin-embedded, sectioned (5µm) and hematoxylin and eosin (H&E) stained 

to evaluate the general morphology [22]. Tissues were sent in 15 ml centrifuge tubes (containing 

the tissue in formalin) sealed with parafilm at room temperature. 

3.3.19. Efficacy study in an in vivo Shunt lamb model 

 

A shunt lamb was anesthetized and then aerosolized with SD Sim (25% PR) as aerosol in a 

dose of 6.5 mg/kg. The endothelial function was demonstrated by measuring the pulmonary 

vascular resistance (PVR) in response to Ach (acetylcholine). The Penn Century Dry Powder 

Insufflator™ – Model DP-4M was used to aerosolize the shunt lamb. This procedure has been 

reported previously [39, 40]. 
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3.4  RESULTS 
 

Four different systems were developed by spray drying Sim at different conditions. 

Particles were formed at 0.1% w/v in methanol at 25% PR and 50% PR and at 0.5% w/v in 

methanol at 25% PR and 50% PR. Other pump rates were tested, however there was no particle 

formation. These results were summarized in table 3.2. 

Table 6. - 3.2 Spray drying outlet temperatures and residual water content quatified by KFT 

(n=3, mean±standard deviation) 

System Composition Outlet T (C) Residual Water 

Content (%w/w) 

Raw Sim N/A 1.46 ± 0.28 

0.1% w/v SD Sim (25% PR) 80 1.16 ± 0.54 

0.1% w/v SD Sim (50% PR) 67 1.72 ± 0.59 

0.5% w/v SD Sim (25% PR) 86-89 2.20 ± 0.19 

0.5% w/v SD Sim (50% PR) 71-72 1.46 ± 0.03 

 

3.4.1 Scanning Electron Microscopy (SEM) 

 

Size and morphology of Raw and SD particles were visualized by SEM. Different 

magnifications are shown in figure 3.3. The particles had equivalent sphere shape. Their surface 

was wrinkled, corrugated and nanoaggretes were observed. Although the particles were formed, 

they looked agglomerated and sintered. Overall, SEM micrographs showed that particle formation 

was better at lower FC (0.1% w/v) particularly at 25% PR (figure 3.3 b). Nevertheless, all SD 

powders show comparable characteristics. 
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Figure 12. - 3.3. SEM micrographs of raw and SD particles at different magnifications for: 

(a) Raw Sim; (b) 0.1% w/v SD Sim (25% PR); (c) 0.1% w/v SD Sim (50% PR); (d) 0.5% w/v 

SD Sim (25% PR); (e) 0.5% w/v SD Sim (50% PR). 
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3.4.2. Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs 

 

As shown in table 3.3, all SD powders of Sim had a broad particle size distribution. The 

geometric mean diameter of the four systems varied and ranged between 6.59 and 12.64 µm. It 

was clear that the geometric mean diameter was smaller for the lower FC powders. This was in 

good agreement with the SEM micrographs. The higher FC powders had larger geometric mean 

diameter and the particle size distribution was broader. The low FC powders had particle size range 

≤ 10 μm, which is preferred for inhalation therapy.  Particles were sized at 3000x magnification. 

Table 7. -  3.3 Particle sizing using image analysis on SEM micrographs (n ≥100 particles). 

System Mean (µm) Range (µm) 

Raw Sim 20.063±9.282 
 

4.559-29.137 

0.1% w/v SD Sim (25% PR) 7.84±2.36 0.35-13.69 

0.1% w/v SD Sim (50% PR) 6.59±2.35 2.98-18.10 

0.5% w/v SD Sim (25% PR) 12.64±4.77 5.49-28.14 

0.5% w/v SD Sim (50% PR) 11.77±4.44 6.265-32.89 
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3.4.3. X-Ray Powder Diffraction (XRPD) 

 

The XRPD diffraction pattern of raw Sim showed sharp and intense peaks (i.e long-range 

molecular order) due to the crystallinity of the drug. Numerous distinctive peaks at a diffraction 

angle of 2θ (9.10, 16.92, 17.38, 18.47, 19.06, and 22.21) were observed. This was shown in figure 

3.4, similarly with what it has been previously reported [41-43]. All SD Sim powders showed the 

same pattern as raw Sim.    

 

 

 

 

Figure 13. - 3.4 XRPD Diffractograms for: (a) Raw Sim; (b) 0.1% w/v SD Sim (25% PR); (c) 

0.1% w/v SD Sim (50% PR) (d) 0.5% w/v SD Sim (25% PR); (e) 0.5% w/v SD Sim (50% PR); (f) 

all. 
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3.4.4. Differential Scanning Calorimetry (DSC) 

 

The thermograms of the raw and the SD particles are shown in figure 3.5. All thermograms 

were very similar. They presented a small exotherm before the major endotherm. The small 

exotherm was at around 120⁰C, whereas, the major endotherm was observed at about 130⁰C. Fast 

DSC heating scans were conducted at 20⁰C/min and 40⁰C/min on all raw and SD Sim powders 

but a glass transition temperature (Tg) was not detected (data not shown). Phase transition 

temperatures and enthalpies for all systems are summarized in table 3.4. 

Table 3.4 DSC thermal analysis (n=3, mean ± standard deviation). 

 

 

 

System Exotherm Endotherm 

 Tpeak (⁰C) Enthalpy 

(J/g) 

Tpeak (⁰C) Enthalpy (J/g) 

Raw Sim 129.50±0.11 5.94±0.72 135.45±0.06 63.24±0.55 

0.1% w/v SD Sim (25% PR) 126.05±0.13 6.7±4.28 132.28±0.44 36.96±3.08 

0.1% w/v SD Sim (50% PR) 123.41±0.6 10.35±2.25 132.80±0.13 42.73±4.53 

0.5% w/v SD Sim (25% PR) 120.69±0.47 31.24±3.12 131.47±1.02 29.75±6.48 

0.5% w/v SD Sim (50% PR) 120.08±0.52 22.04±3.72 133.33±0.8 40.39±6.97 
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3.4.5. HSM under cross-polarizer lens 

 

Representative images from the HSM experiment are shown in figures 3.6. Raw Sim 

exhibited birefringence confirming its crystallinity. Raw Sim showed some thermal events before 

the main thermal event correspondent to the melting of the drug (i.e., an order-to-disorder phase 

transition) from the solid-state to the liquid state. SD Sim at the different feed concentrations and 

pump rates was also showing birefringence, which confirms the retention of crystallinity after 

spray drying. Some thermal changes which appeared to be local melting were displayed 

approximately between 80⁰C and 100⁰C and then the main thermal event at about 125⁰C 

 

Figure 14. - 3.5. DSC thermograms for: (a) Raw Sim; (b) 0.1% w/v SD Sim (25% PR); (c) 0.1% 

w/v SD Sim (50% PR) (d) 0.5% w/v SD Sim (25% PR); (e) 0.5% w/v SD Sim (50% PR); (f) all. 
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corresponding to the melting of the drug where birefringence disappear, and droplets were formed 

due to the phase transition from solid to liquid. These images were in good agreement with the 

DSC data previously described. 

 

 

3.4.6. Karl Fisher Titration (KFT) 

 

The residual water content of all raw and SD powders was quantified analytically by KFT. 

The residual water content of the four different systems as shown in table 3.2. As expected, the 

Figure 15. - 3.6. Representative HSM micrographs of: (a) Raw Sim; (b) 0.5% w/v SD Sim 

(25% PR). Scale bar = 10 µm. 
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residual water content of the powders was very low because Sim was a very hydrophobic drug. 

The maximum amount of residual water content observed was around 2.20%.  

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

 

Formulated particles and their raw counterparts were submettered to ATR-FTIR analysis 

to define the functional groups present in the system, as shown in figure 3.7. The ATR-FTIR 

spectra of Raw Sim was in accordance with previous reports [44]. The following bands at the 

different wavelengths are shown in figure 10a: 3564, 2964, 2872, 1722, 1164, 1066 cm-1  [44]. 

The ATR-FTIR spectra of the SD powders showed the same bands of the raw. 

 

Figure 16. - 3.7.  ATR–FTIR spectra for: (a) Raw Sim; (b) 0.1% w/v SD Sim (25% PR); (c) 0.1% 

w/v SD Sim (50% PR) (d) 0.5% w/v SD Sim (25% PR); (e) 0.5% w/v SD Sim (50% PR); (f) all. 
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3.4.8. Raman spectroscopy 

A spectral scan from 100-4000/cm-1 at 1% laser power and 10 seconds of exposure was 

performed on all samples to avoid fluorescence.  Raman spectra of all raw and SD systems are 

shown in figure 3.8. Raw Sim showed characteristic Raman shift at 1123, 1648 and 3074 cm-1, as 

well as SD Sim at different concentration and pump rates. This was in good agreement with what 

was previously reported [45].Other experimental conditions were tested by increasing the laser 

power and time of exposure (data not shown) however fluorescence was predominant in all Sim 

systems, therefore Raman shifts were not found. 

 

3.4.9. In Vitro Aerosol Dispersion Performance  

 

In vitro aerosol dispersion performance was successfully done using the NGI®. The 

comprehensive aerosol dispersion performance parameters for SD Sim using different DPI devices 

were listed in Table 3.5. The ED for all four systems with the three different devices were above 

Figure 17. - 3.8. Raman Spectra of Raw and SD particles for: (a) Raw Sim; (b) 0.1% w/v SD Sim 

(25% PR); (c) 0.5% w/v SD Sim (50% PR). 
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90%. The FPF and the RF percentages were better using the devices with higher resistances 

(NeoHaler™ and HandiHaler®). It was evident how the FPF% and the RF% was augmented with 

the low FC systems at low PR (0.1% w/v, 25% PR). Hence, the median mass aerodynamic diameter 

(MMAD) was smaller for this system. It can be said, that the performance was reasonable for three 

of the systems. All parameters were comparable. In contrast, the 0.5% w/v SD Sim 50% PR 

powder, showed the least optimum aerosol performance parameters, which could be correlated 

with their physicochemical characteristics. The particle deposition pattern for each device is shown 

in figure 3.9. It was clear that the particle deposition in thelower stages was greater at low FC and 

low PR using the NeoHaler™ and the HandiHaler® devices. 

 

 

 

 

 

 

 

Table 8.    -   3.5. In Vitro Aerosol Dispersion Performance Using the Next Generation 

Impactor™ for SD and Co-SD Aerosol Systems Including Mass Median Aerodynamic Diameter 

Figure 18. - 3.9. In vitro aerosol dispersopn performance of SD Sim as DPIs using the NGI and 

the FDA-aprroved human DPI devices: a) Aerolizer®; b) NeoHaler™; c) HandiHaler®. 



105 
 

(MMAD), Geometric Standard Deviation (GSD), Fine Particle Fraction (FPF), Respirable 

Fractions 

 

 

System composition ED 

(% 

FPF 

(%) 

RF 

(%) 

MMAD 

(m) 

GSD 

(m) 

Aerolizer® 

0.1% w/v SD Sim (25% PR) 99.90±0.14 34.15±0.10 83.58±2.56 5.06±0.23 1.7±0.07 

0.1% w/v SD Sim (50% PR) 99.14±0.54 24.13±3.79 72.84±2.70 5.85±0.13 1.64±0.07 

0.5% w/v SD Sim (25% PR) 99.91±1.80 25.13±0.55 77.69±1.50 7.3±2.55 4.31±2.55 

0.5% w/v SD Sim (50% PR) 98.88±0.96 9.16±1.22 58.86±0.65 7.23±0.17 2.29±0.61 

NeoHaler™ 

0.1% w/v SD Sim (25% PR) 99.57±0.16 40.02±2.95 84.53±1 5.00±0.03 1.601±0.02 

0.1% w/v SD Sim (50% PR) 98.9±0.14 29.88±3.36 73.65±1.19 6.03±0.21 1.72±0.21 

0.5% w/v SD Sim (25% PR) 88.40±16.40 35.39±6.29 74.71±2.37 5.96±0.08 1.65±0.01 

0.5% w/v SD Sim (50% PR) 98.84±0.76 12.00±3.38 48.43±20.2 9.9±3.37 2.92±0.21 

HandiHaler® 

0.1% w/v SD Sim (25% PR) 98.81± 0.91 41.26±6.62 78.262±6.62 5.637±0.25 1.73±0.02 

0.1% w/v SD Sim (50% PR) 98.70±0.81 26.62±0.19 73.45±1.91 6.41±0.35 1.79±0.35 

0.5% w/v SD Sim (25% PR) 98.7±0.70 30.56±1.29 75.72±4.19 5.83±0.17 

 

1.75±0.07 

0.5% w/v SD Sim (50% PR) 98.96±0.79 8.58±3.86 32.44±8.27 19.23±10.88 3.42±10.88 
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3.4.10. In Vitro Cell Dose Response Assay in a 2-D Cell Culture 

 

Different concentrations of raw Sim and the SD formulations were exposed to H358 and 

A549 cells in order to test the response to this drug. Figure 3.10a shows the dose-response of H358 

cells after 72 hours of exposure to different formulations. The cells were shown to be safe at low 

concentrations and they started to present toxic reactions at concentrations above 100 µM. This 

trend was seen in both cell lines (figure 3.10b). The cells were tested at much lower concentrations 

of Sim; 0.1 µM, 1 µM, 10 µM, 50 µM and 100 µM (data not shown), and they were shown to be 

safe at 0.1, 1 and 10 µM. However, at concentrations of 50 µM and 100 µM, the relative viability 

of the cells decreased significantly, in comparison with the relative viability of the control cells 

(no treatment) and the relative viability of the cells exposed to the different formulations (p values 

< 0.05).  

 

Figure 19. - 3.10. In vitro drug response graphs for a) H358 and b) A549 cells after 72 hours of 

exposure to different concentrations of Raw and SD Sim. (n=6, Mean ± SD). 
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3.4.11. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells in a 2-D Cell Culture 

 

TEER measurements were successfully performed on Calu-3 cells at ALI conditions to 

determine the effect of the SD particles on the cell monolayer. The existence of a complete 

monolayer at ALI was confirmed by TEER values of approximately 500 Ω/cm2 after seven days 

of exposure and by the observance of the monolayer via light microscopy (data not shown). As 

shown in figure 3.11, after 3 hours of exposure TEER values dropped significantly, however, after 

seven days of culturing it was seen that TEER values were around 500 Ω/cm2. Moreover, there 

was not a 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). It is seen that 

there is also a significant drop in the TEER values on the control cells. This can be explained 

because the aerosols were administered right above the monolayer causing a direct disruption and 

therefore, a decreasing in the TEER values. 

 

 

 

 

 

Figure 20. - 3.11. Transepithelial electrical resistance (TEER) analysis of Calu-3 lung 

epithelial cells exposed to 100 micromolar of raw and SD Sim in air-liquid interface (ALI) 

conditions, using the Penn Century MicroSprayer® Aerolizer – Model IA-1B (n=3, mean ± 

SD).  
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3.4.12. In Vitro Cell Dose Response Assay in a 3-D Cell Culture 

 

As was seen in figure 3.12, the exposure of the SmallAir™ cells to 1000 µM and 100 µM 

of SD Sim (25% PR) was highly toxic as the relative viability in both cases was 0%. By decreasing 

the concentration to 50 µM, the relative viability of the cells increased to almost 60%. 

 

 

 

 

 

 

 

Figure 21. - 3.12. In vitro drug response graph of SmallAir™ cells after 72 hours of exposure 

to different concentrations of SD Sim. (n=3, Mean ± SD). 

 

3.4.13. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to 3-D Human Small Airway Epithelia    

 

The same trend was observed by measuring TEER after the exposure of the cells to SD 

Sim (25% PR). When the cells were exposed to 1000 µM and 100 µM, the TEER values were 

below 100 Ω/cm2 and they did not recover with time. After decreasing the concentration to 50 µM, 

the TEER values were above 200 Ω/cm2. These results are observed in figure 3.13. In contrast with 

the TEER experiment in the 2-D model, the formulations were added with a micropipette so the 

disruption of the monolayer for the control cells was not evident. 
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3.4.14. ELISA  

 

As shown in figure 3.14a, two important biomarkers for PH were measured in BALF 

biosamples by ELISA. When measured IL-6, there was not statistically significant difference (P = 

0.357) between the control and the treated groups. When measured TNF-α, there was not a 

statistically significant difference between the control and the treated groups (P = 0.322). 

 

 

 

 

Figure 22. - 3.13. Transepithelial electrical resistance (TEER) analysis of SmallAir™ cells 

exposed to different concentrations of SD Sim in air-liquid interface (ALI) conditions using a 

micropipette (n=3, mean ± SD). 
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3.4.15. Immunopathology 

 

In the H&E images showed in figure 3.14b, there was no evidence of inflammatory cells, 

excessive proliferation of cells, remodeling of vessels, injuries or other signs of damage. The 

images showed healthy lungs. 

 

 

 

 

 

Figure 23. - 3.14. a) IL-6 and TNF-α concentration in BALF samples of rats; b) H&E images 

of healthy rat lungs 
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3.4.16. Efficacy study in an in vivo Shunt lamb model 

 

The delivery of SD Sim as an aerosol restored the endothelial function in the Shunt lamb 

as demonstrated by the reduction of PVR in response to the vasoconstrictor ACh that occurred 1 

hour after delivery (D, post), as observed in figure 3.16. 

 

 

 

 

 

 

 

3.5  DISCUSSION 
 

To the author's knowledge, this was the first time Sim was formulated as a DPI employing 

organic solution advanced closed mode spray drying for the treatment of PH. The comprehensive 

physicochemical characterization and the in vitro aerosol dispersion performance was completed 

in this study. Sim could ameliorate PH because of the pleiotropic and antioxidant effects these 

components exerted. In order to achieve this, it was necessary for the particles to have an optimal 

aerosol performance and reach the smaller airways (i.e., bronchiolar region) and peripheral lung 

regions [1, 4, 46]. Decreasing the interparticulate interactions to a minimum led to high FPF values. 

On the other hand, structural cohesion and aggregation due to interparticulate interactions such as 

Figure 24. - 3.16. In vivo efficacy study in the Shunt lamb model. 
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van der Waals forces, capillary forces, electrostatic forces, and mechanical interlocking avoided 

the proper aerosolization of the powder led to low FPF values. 

Particle characteristics such as morphology, size, surface, density, residual water content, 

among others, which were theoretically of importance in the development of therapeutic powder 

aerosol formulations and were manipulated depending on the desirable formulation and the 

parameters employed on spray drying [47]. In this study, the formation of particles was only 

achieved at low and medium pump rates (25% and 50%) in the two designed systems 0.1% w/v 

and 0.5%w/v, although higher pump rates (75% and 100%) were also tried with no success.  

Equivalent sphere shape and slightly wrinkled surface were achieved in all SD systems as it was 

seen in SEM micrographs (figure 3.3). Nanostructures were clearly perceived in the surface of the 

particles leading to their aggregation. This occurrence made it difficult to size the particles using 

Sigma Scan™. It is important to mention that the 0.1% w/v SD systems at both PR were within the 

respirable size ≤ 8µm [48, 49]. Regarding the residual water content, all systems presented very 

low water content as it was expected due to the hydrophobicity of Sim. All these values were 

acceptable for dry powder inhalation aerosol formulations [50].  

 Aggregation of particles gave large geometric mean diameter, large and broad particle size 

distribution. Although, corrugated or wrinkled particles had larger surface area than spherical 

particles, the asperity of their surface decreased the surface area of true contact between particles 

leading to the decrease of cohesive forces between them [47]. This phenomenon explained the 

optimum aerosol dispersion performance and the small MMAD values for some of the systems, 

although the SEM micrographs were showing aggregates and large particles. 

The aerosol deposition plots (figure 3.9) showed measurable and significant stage 

deposition on the lower stages with smaller aerodynamic D50 cutoff values much smaller than 8 
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microns, which were achieved as a function of the composition and nanostructure of the particles. 

Although particles were forming aggregates, the interparticular forces were not strong enough to 

avoid a proper aerosolization. High ED and great FPF values were achieved in three of the systems. 

The low residual water content in all the systems also played a role in this high deposition. In DPIs, 

water should be strictly limited since it may have a significant effect on characteristics such as 

aerosolization of the particles, particle size distribution, crystallinity, and stability. Likewise, 

capillary forces can be extensively reduced by having low residual water content. After spray 

drying the residual water content was not increased, despite of the pump rate. In general, particles 

formed at low pump rates showed more spherical shape, less wrinkled surface, and less residual 

water content. This trend was given because, at lower pump rates there was more time for particle 

formation and for drying. In general, better aerosolization was achieved at lower pump rates of all 

SD. Regarding the device aspect, there was a better aerosol dispersion performance using medium 

and high resistance devices. The resistance of the device helped the de-aggregation of the particles 

and hence their deposition in the lower stages of the NGI™.  

The process parameter interaction plot and 3-D surface response graphs generated for the 

different SD Sim systems from Design Expert® software are shown in figures 3.17, 3.18, and 3.19. 

The interaction between feed solution concentration and spray drying pump rate using different 

DPI devices was studied using one-way ANOVA analysis. The statistical test showed that RF, FPF 

presented a statistically significant difference, whereas, the ED and MMAD values did not show 

a statistically significant difference. 
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Figure 25. - 3.17. 3-D surface response plots showing the influence of feed solution 

concentration, spray drying pump rate using the Aerolizer® DPI device on in vitro aerosol 

dispersion performance for SD Sim formulations for a) ED; b) RF; C) FPF; d) MMAD. 

Figure 26. - 3.18. 3-D surface response plots showing the influence of feed solution 

concentration, spray drying pump rate using the NeoHaler™ DPI device on in vitro aerosol 

dispersion performance for SD Sim formulations for a) ED; b) RF; c) FPF; d) MMAD. 
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Retention of crystallinity after spray drying was demonstrated in all SD systems. XRPD 

diffraction patterns showed sharp peaks in all powders which were attributable to the long range 

molecular order (3.4). DSC thermograms (figure 3.5) also confirmed the presence of crystalline 

structures in all SD systems. Fast DSC heating scans were conducted at 20⁰C/min and 40⁰C/min 

on the raw and SD Sim powders and no Tg was detected (data not shown). This suggested that the 

powders were crystalline and retained crystallinity after spray drying which agreed well with the 

XRPD diffractograms. Since, no Tg was detected with Fast DSC heating scans but there was an 

exotherm present before melting in Raw Sim and SD Sim in the thermograms, a solid-solid phase 

transition (polymorphic interconversion from a higher delta G polymorph to a lower delta G 

polymorph) was suggested. This could be consistent with previous reports that showed different 

Figure 27. - 3.19. 3-D surface response plots showing the influence of feed solution 

concentration, spray drying pump rate using the HandiHaler® DPI device on in vitro aerosol 

dispersion performance for SD Sim formulations for a) ED; b) RF; c) FPF; d) MMAD. 
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polymorphs of Sim [51].  As it was seen in DSC thermograms, this polymorphic interconversion 

was taking place at about 120⁰C. The outlet temperature for all systems was not greater than about 

90⁰C, hence the polymorphic interconversion can be reserved for future study. The decrease in 

intensity of the peaks shown in the XRPD diffractograms and the decrease in the enthalpies shown 

in the DSC thermograms suggested a decrease in the crystallinity of Sim after Spray Drying, which 

was a very fast process that could be evading the formation of perfect crystals such as the raw one. 

HSM (3.6), enabled the visualization of the particles as a function of temperature and 

confirmed the phase transitions of the formulated particles. It also demonstrated the stability of the 

particles at room and physiological temperatures. The local melting observed in SD Sim was 

suggestive of having nanodomains which was in good agreement with SEM micrographs. 

Birefringence confirmed the crystallinity of raw and SD powders as well. 

Raman spectroscopy and ATR-FTIR provided noninvasive and nondestructive 

microspectroscopic component analysis of DPI formulations. ATR-FTIR spectra of Raw Sim and 

SD Sim as seen in figure 3.7 were identical. This confirmed that Sim was not degraded or did not 

have any change during the spray drying process. Characteristic infrared (IR) absorptions 

corresponding to the functional groups present in Sim molecule were identified: OH vibration was 

identified at 3547 cm-1; CH vibration was identified at 2965 cm-1; and the stretch vibration of the 

C-O and C=O was identified at 1722, 1163 and 1066 cm-1, in both raw and SD systems. This was 

in good agreement with the literature [44]. The characteristic Raman shifts of Sim (figure 3.8) 

were found in the 3200–2800 cm-1 region and at 1650 cm-1 ,which were related to the C-H and 

ester, lactone group vibrations, respectively [45].  These peaks were consistent in both raw and SD 

systems, meaning that Sim was not degraded or interconverted after spray drying.   
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In vitro cell analysis, confirmed that these formulations were safe at different concentrations, 

but also presented cytotoxicity at certain concentrations. This characteristic could be used in 

different manners depending on the disease to be treated. For PH, specifically, anti-proliferation 

and pro-apoptosis of endothelial and smooth muscle cells are needed, so these tests could be useful 

as proof of concept that at certain concentration Sim could cause citotoxity, but at other 

concentrations, Sim was totally safe.   

The integrity of a cell monolayer was evaluated by measuring the transepithelial electrical 

resistance (TEER) of epithelial cells. TEER reduction had been used as an indication of adverse 

effects of model toxicants and inhaled delivery vehicles and these results corresponded well with 

standard toxicological tests [1, 5, 35]. Calu-3 (bronchial lung cancer cell line) was used as a 

representative model of the airway epithelial barrier. When grown using ALI, the lung cell layers 

resembled the native epithelium to a greater extent than cells grown in media in which the cells 

display enhanced ciliogenesis, increased mucus secretion, and more physiological TEER values 

[1]. Right after treatment, a drastic decrease in TEER values was visible. This can be not only 

because of the formulation but also because of the delivery method. However, it was clear that 

after a few days this monolayer started to recover, and the tight junctions were formed again. The 

in vitro drug response and TEER assays done in the SmallAir™ cells clearly showed a dose-

dependent effect. The cells were very sensitive to Sim, meaning that low amounts of drug must be 

used in order to avoid toxicity and have a desired effect. This result was expected since SmallAir™ 

cells were primary cells taken from diseased patients, so they were more sensitive to the drug 

formulations than the cancer cells. 

The two biomarkers and the immunopathology showed that there was no damage after the 

aerosolization of the SD powders. There were no signals of injuries in the H&E images and the 
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biomarkers concentration in BALF was about the same as in the control animals. These two 

biomarkers were measured because they were indicative of some alteration that can lead to PH 

[52].  

In regard to the in vivo study in the Shunt lamb model, it was shown that ACh (acetylcholine) 

induced vasoconstriction in Shunt lambs at 4-weeks of age (pre-aerosol simvastatin aerosol 

delivery). However, after the aerosol delivery of SD Sim (6.5mg/kg) to the ovine lung, vasodilation 

was enhanced mediated by Ach, decreasing the pulmonary arterial pressure (PAP) of the lambs. 

3.6  CONCLUSIONS 
 

Dry powder aerosol powders of Sim were successfully produced by organic solution 

advanced spray drying from two different dilute solute concentrations. The comprehensive 

physicochemical characterization provided valuable information about the formulations. It was 

concluded that, equivalent spherical particle shape, relatively smooth particle surface, and low 

residual water content minimized the interparticulate interactions to enhance the aerosol dispersion 

efficiency as DPIs for these systems. This RhoA/RhoK pathway inhibitor had a promising effect 

to treat life threating diseases such as PH.  

The stability of the powders at room and physiological temperatures was successfully 

demonstrated with DSC and HSM. 

Since the effect on PH using Sim was reported to be dose-dependent, particle size could be 

the limiting factor for these formulations to have aerosol dispersion performance parameters (i.e., 

FPF, RF and MMAD FPF, MMAD) higher. Future studies using carriers, and a combination of 

Sim with other type of drugs are being planned.  Overall, the comprehensive physicochemical 

characterization, in vitro aerosol dispersion performance, and in vitro cellular assays provided 
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appreciable information for the optimal use and safety of these SD systems for targeted pulmonary 

drug delivery for the treatment of pulmonary hypertension. The in vivo study performed in lambs 

clearly demonstrated that Sim can treat PH. 
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The work presented in this chapter was taken from the patent: PCT/US19/14255 patent for 

Invention #UA18-036 Provisional Patent. “Advanced Engineered Formulations of 

Simvastatin and Carnitine Microparticle/Nanoparticle Formulations for Inhalation Drug 

Delivery for Respiratory and Pulmonary Vascular Diseases and Applications Therein” 

Inventors: Heidi M. Mansour, PhD, Stephen M. Black, PhD, and Maria F. Acosta. 

CHAPTER 4 ADVANCED COMPARISON BETWEEN DRY POWDER 

INHALERS OF L-CARNITINE AND L-CARNITINE HCL FOR THE 

TARGETED TREATMENT OF PULMONARY HYPERTENSION 

 

4.1 INTRODUCTION  
 

Pulmonary hypertension (PH) is diagnosed when the mean pulmonary artery pressure 

(PAP) is more than 25 mmHg at rest. This disease principally targets the endothelium of 

pulmonary arteries resulting in vasoconstriction and an intense vascular remodeling [1]. This 

vasoconstriction, as it has been explained before, is given by an imbalance in the production 

of vasodilators and vasoconstrictors [1].  

As previously mentioned, oxidative stress is involved in the development of PH. 

Oxidative stress arises when there is an excessive production of reactive oxygen species 

(ROS) due to external factors, leading to an inequity in the redox state of the cell favoring 

oxidation [1]. ROS are normally generated in healthy conditions by endothelial, smooth 

muscle, and adventitial cells on the pulmonary and systemic vasculatures. ROS refers to both 

unstable free radicals, such as superoxide anion (O2), nitric oxide (NO), hydroxyl moiety (-

OH), hypochlorite (ClO−), peroxynitrite (ONOO−), and stable oxidants such as hydrogen 

peroxide (H2O2). Free radicals have a very short half-life under healthy conditions because 

they are super reactive and attacked by several antioxidants and enzymes. Under non-healthy 

conditions there is an imbalance in the amount of those antioxidants and enzymes, causing 

http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
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oxidative stress [1]. Mitochondria is also involved in the production of ROS. Hence, 

mitochondrial dysfunction is directly linked to PH [2]. 

Many therapeutic approaches are currently available, as explained in previous 

chapters. There is a direct link between the cardiovascular and the respiratory systems when 

talking about PH (2). Thus, therapeutic strategies that could be potentially beneficial to both 

the pulmonary vasculature and the right ventricle (RV) during failure  would be those that 

reduce reactive oxygen species (ROS), reactive nitrogen species (RNS), inflammation, and 

fibrosis [1].  

L‐Carnitine (β‐hydroxy‐γ‐4‐n‐trimethylaminobutyric acid) (L-Car) is a cofactor 

required for transport of long‐chain fatty acids into the mitochondrial matrix, where they 

undergo β‐oxidation for cellular energy production. L-carnitine (L-Car) is indispensable for 

energy metabolism and mitochondrial function in the myocardium. Although L-Car 

deficiency has been implicated in development of left ventricular failure, little is known about 

the role of L-carnitine in right ventricular failure in PH [3, 4]. In addition, studies suggest 

that L-Car has an anti-peroxidative effect on several tissues, which may account for its 

beneficial effect in oxidant-induced injury, making L-Car an excellent candidate for PH 

therapy [3, 4]. It has been demonstrated that supplementation with oral L-Car reduces 

superoxide production and averts endothelial dysfunction in lambs [5]. Unfortunately, oral 

supplementation of L-Car shows some side effects such as the development of atherosclerosis 

via metabolism by the gut microbiome  [5].  

All the advantages that the pulmonary route offers to deliver off targeted drug 

therapies have been extensively discussed previously. L-Car has been administered orally 
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and intravenously but not delivered in respirable form [5]. To the author’s knowledge this is 

the first time that L-Car is intended to be formulated as a dry powder inhaler (DPI) for the 

targeted treatment of PH.  

In this study, L-Car and L-Carnitine.HCl (L-Car.HCl) were formulated as DPIs using 

the advanced close mode spray drying technique from an organic diluted solution. The 

physicochemical properties of the resulting spray dried L-Car and L-Car.HCl systems were 

characterized and compared. The Next Generation Impactor (NGI™) was utilized to analyze 

the in vitro aerosol dispersion performance of the powders. From these results, the best 

approach was chosen to test the efficacy of L-Car in an in vivo rat model with PH.  

4.2 MATERIALS AND METHODS 
 

4.2.1 Materials 

 

Raw L-Carnitine (L-Car), 99+% purity (C7H15NO3; MW: 161.199 g/mol) was 

obtained from ACROS (New Jersey, New Jersey), raw L-Carnitine.HCl (L-Car.HCl), ˃ 98% 

purity (C7H16ClNO3: MW: 197.66) was obtained from Sigma-Aldrich®, Inc (St. Louis, 

Missouri). Both chemical structures are shown figure 4.1 (ChemDraw Ultra Ver. 15.0.; 

Cambridge Soft, Cambridge, Massachusetts). Methanol (HPLC grade, ACS –certified grade, 

purity 99.9%) was obtained from Fisher Scientific (Fair Lawn, New Jersey). HYDRANAL®-

Coulomat AD and resazurin sodium salt were from Sigma-Aldrich (St. Louis, Missouri). 

Raw L-Car and L-Car.HCl were stored in sealed glass desiccators over indicating 

Drierite/Drierite™ desiccant at -20⁰C under ambient pressure. Other chemicals were stored 

under room conditions. Ultra-high purity (UHP) nitrogen gas from (Cryogenics and gas 

facility, The University of Arizona, Tucson, Arizona) was used. 
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Pulmonary cell lines, A549 (ATCC® CCL-185™), H358 (ATCC® CRL-5807™), and 

N-H441 (ATCC® HTB-174), were purchased from the American Type Culture Collection 

ATCC® (Manassas, Virginia). Cell culture medium, Dulbecco’s modified Eagle’s medium 

(DMEM) Advanced 1X and RPMI 1640 were purchased from Gibco® by Life Technologies 

(Thermo Fisher Scientific Inc, Waltham, Massachusetts); Eagle's Minimum Essential 

Medium (EMEM) (ATCC® 30 2003™) was purchased from the ATCC®. Supplements, Fetal 

Bovine Serum (FBS), Pen-Strep, Fungizone®, L-Glutamine, and Insulin-transferrin-selenium 

were obtained from Gibco® by Life Technologies (Thermo Fisher Scientific Inc, 

Waltham, Massachusetts); Dexamethasone was obtained from Sigma-Aldrich®, Inc (St. 

Louis, Missouri). 

SmallAir™ is a unique 3D human small airway epithelium reconstituted in vitro and 

its SmallAir™ special growth media (which is serum free and contains growth factors and 

phenol red) were both purchased from Epithelix (Geneva, Switzerland). 

Three weeks old Male Sprague Dawley rats (weight 250-300 g) were purchased from 

Charles River, Inc (Wilmington, Massachusetts).  

 

 

 

 

 

 

Figures 28. - 4.1. Chemical structures of: a) L-Carnitine (L-Car); b) L-Carnitine HCl (L-

Car HCl). 
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4.3. Methods 

 

4.3.1 Preparation of Co-SD Particles by Organic Solution Advanced Co-Spray Drying 

in Closed Mode 

 

A Büchi B-290 Mini Spray Dryer with a high performance cyclone in close mode 

using UHP dry nitrogen as the atomizing gas and connected to the B-295 Inert Loop (Büchi 

Labortechnik AG, Flawil, Switzerland) as previously reported [6-10], was used to synthetize 

the dry particles. This study was divided into two categories: the development of dry powders 

using L-Car and the development of dry powders using L-Car.HCl. In both cases, the feed 

solutions were prepared by dissolving the components in methanol. For both L-Car forms, 

the feed solution concentration was 0.5% w/v in methanol. Other conditions such as the 

drying gas atomization rate (670 L/h at 35mmHg), the aspiration rate (35 m3/h at 100% rate) 

and the inlet temperature (150˚ C) were maintained constant during all the experiments.  

Table 4.1 listed the spray drying conditions for both L-Car and L-Car HCl. The 

corresponding outlet temperatures are summarized in Table 4.2. The stainless steel nozzle 

diameter was 0.7 mm. The SD particles were separated from the nitrogen drying gas in the 

high-performance cyclone and collected in the small sample collector. All SD powders were 

carefully stored in sealed glass vials stored in sealed glass desiccators over indicating Drierite 

/DrieriteTM desiccant at -20 ˚ C. 
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Table 9. - 4.1 Spray drying parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 10. - 4.2. Spray drying outlet temperatures. 

 

System Composition Outlet T (C) 

L-Carnitine 

SD L-Car (25% PR) 75-78 

SD L-Car (50% PR) 62-65 

L-Carnitine HCl 

SD L-Car HCl (25% PR) 65-68 

SD L-Car HCl (50% PR) 65 

SD L-Car HCl (75% PR) 45 

SD L-Car HCl (100% PR) 40 

 

Parameter  

Inlet Temperature 150 ˚C 

Aspirator rate 100% (40 m3/hour) 

Pump rate 25% (7.5 ml/min) 

50% (15 ml/min) 

75% (22.5 ml/min) 

100% (30 ml/min) 

Gas Flow 670 L/hour (55 mm Hg) 

Feed Solution Concentration 0.5% w/v  

Solvent Methanol 

Atomizer and Drying gas Nitrogen 

Nozzle type and diameter Stainless steel (0.7mm) 



130 
 

4.3.2 Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) was conducted using a FEI Inspect S 

microscope (FEI, Brno, Czech Republic), using conditions similar to previously reported [6-

10]. Several magnification levels were used. 

4.3.3 Particle Sizing and Size Distribution Using SEM Micrographs  

 

The mean size, standard deviation, and size range were determined using 

SigmaScanTM Pro 5.0.0 (Systat, Inc., San Jose, California) based on their scanning electron 

micrographs using a similar procedure previously reported [9, 10].  

4.3.4 X-Ray Powder Diffraction 

 

A PANalytical X’pert diffractometer (PANalytical Inc., Westborough, 

Massachusetts) equipped with a programmable incident beam slit and an X’Celerator 

Detector, using conditions similar to those previously reported [6, 7, 9-12], was utilized to 

measure the degree of long-range molecular order (crystallinity) of all powders. The x-ray 

radiation used was Ni-filtered Cu Kα (45 kV, 40 Ma, and λ = 1.5418 Å).  Measurements were 

made between 5.0˚ and 60.0˚ (2θ) with a scan rate of 2˚/min.  

4.3.5 Differential Scanning Calorimetry 

 

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 was used to measure phase transitions and thermal 

analysis, using conditions similar to those previously reported [6, 7, 9-12]. The samples were 
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heated from at least 0.00⁰C to 250.00⁰C at a scanning rate of 5.00⁰C/min. All measurements 

were carried out in triplicate (n = 3). 

 4.3.6 Hot Stage Microscopy (HSM) under Cross-Polarizers  

 

Using conditions similar to previously reported [6, 7, 9-12], 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, Ohio). Samples were heated from at least 25.0⁰C to 250.0⁰C at a heating rate of 

5.00⁰C/min.  

4.3.7 Karl Fisher Titration (KFT) 

 

Using conditions similar to previously reported [6, 7, 9-12], the residual water content 

of all SD powders were quantified analytically by Karl Fischer titration (KFT) with a 

TitroLine 7500 trace titrator (SI Analytics, Germany).   

4.3.8 Attenuated Total Reflectance – FTIR Spectroscopy  

 

Attenuated Total Reflectance – FTIR Spectrum of samples was obtained with a 

Nicolet Avatar 360 FTIR spectrometer (Varian Inc., California) equipped with a DTGS 

detector and a Harrick MNP-Pro (Pleasantville, New York) attenuated total reflectance 

(ATR) accessory. Each spectrum was collected for 32 scans at a spectral resolution of 2 cm-

1 over the wavenumber range of 4000–400 cm-1. These conditions are like our previous 

reports [6, 7, 9-12]. 
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4.3.9 In vitro Aerosol Dispersion Performance  

 

 The aerosol dispersion performance of SD L-Car and SD L-Car HCl particles was 

tested using the Next Generation Impactor™ (NGI™) (MSP Corporation, Shoreview, 

Minnesota, USA) in accordance with USP Chapter <601> specifications on aerosols and 

using conditions similar to previously reported [6-10]. Two FDA approved human DPI 

devices, HandiHaler® (Boehringer Ingelheim, Ingelheim, Germany) and NeoHaler™ 

(Novartis AG, Stein, Switzerland) were tested. All experiments were conducted at an airflow 

rate (Q) of 60 L/min (adult airflow rate) 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 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), the respirable dose (RD), the fine particle dose (FPD), the fine 

particle fraction (FPF) were using the following equations and as it was explained in the 

previous chapter.   
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𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝐷𝑜𝑠𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝐷%) =  
𝐸𝐷

𝑇𝐷
𝑋 100%     Equation 4.1 

𝐹𝑖𝑛𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐹𝑃𝐹%) =
𝐹𝑃𝐷

𝐸𝐷
𝑋 100%   Equation 4.2 

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑏𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑅𝐹%) =
𝐹𝑃𝐷

𝐷𝐷
 𝑋 100 %     Equation 4.3 

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 written by Dr. Warren Finlay.  

4.3.10 Statistical Analysis 

 

Design of experiments (DoEs) was conducted using Design Expert® 8.0.7.1 software 

(Stat Ease Corporation, Minneapolis, MN). A multi factorial design for the SD powders was 

utilized for in vitro aerosol testing. Interaction of the inhaler device resistance and the spray 

drying parameters were evaluated. In addition, it compared the in vitro aerosol performance 

between the two different forms of L-Car. This was done by Analysis of Variance (ANOVA) 

test using Design Expert®. The different interactions on the performance of the formulations 

were evaluated using the 3-D surface plot generated from Design Expert®. All experiments 

were performed in triplicate (n= 3). Results are expressed as mean ± standard deviation, as 

previously reported [10]. 

4.3.11 In Vitro Cell Dose Response Assay in a 2-D cell culture 

 

The effects of the different SD formulations on cell proliferation were analyzed by 

measuring the response of lung adenocarcinoma and bronchoalveolar carcinoma cells (A549 

and H358, respectively) to different concentrations. Both cell lines were grown in a growth 
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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 2mM L-Glutamine in a 

humidified incubator at 37 ˚C and 5% CO2, as previously reported [10, 13].  

A549 and H358 cells were seeded in 96-well plates at 5000 cells/well and 100 μl/well 

and were allowed 48 hours to attach. The cells were then exposed to different concentrations 

of the SD formulations dissolved in DMEM. One hundred microliters (µl) of the drug 

solution were added to each well. Seventy-two (72) hours after exposure, 20 μl of 20 µM 

resazurin sodium salt was added to each well and incubated for 4 hours. At this point, the 

fluorescence intensity of the resorufin (metabolite) produced by viable cells was detected at 

544 nm (excitation) and 590 nm (emission) using the Synergy H1 Multi-Mode Reader 

(BioTek Instruments, Inc., Winooski, Vermont). This was previously reported [9, 10, 12]. 

The relative viability of cell line was calculated as follow by equation 4.4: 

Relative viability (%) =
Sample fluorescence intensity

Control fluorescence intensity
x 100%        Equation 4.4 

 

4.3.12 In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells  

 

Calu-3 lung epithelial cells 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 

[10, 13]. The cells were seeded, and all experiments were conducted as explained in the 
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previous chapter. The liquid aerosol formulations were delivered to the Calu-3 cells at ALI  

using a Penn Century MicroSprayer® Aerolizer – Model IA-1B [13]. TEER values were then 

recorded 3 hours after exposure and then every 24 hours up to 7 days after particle treatment, 

as previously reported [8, 9]. 

Furthermore, TEER measurements were also performed on H441 cells in ALI 

conditions to test L-Car.HCl formulations. H441 cell line was grown in T-75 culture flasks 

in an atmosphere of 5% CO2 at 37°C. H441 cells were maintained in proliferation medium 

(RPMI 1640-Gibco) containing 10% fetal bovine serum (FBS), 1% PenStrep and 1% of 

GlutaMAX. Once they were confluent (90%), cells were seeded onto 12-well Transwell 

inserts® from Fisher Scientific (Hampton, New Hampshire) at a density of 250,000 cells/well 

in proliferation medium (0.5 ml in the apical and 1.5 ml in the basolateral chambers). The 

seeding day was defined as day 0. Cells were allowed to attach before media was changed to 

polarization medium. The basal media was changed every other day until a monolayer was 

formed. Once that happened, cells were then fed with polarization medium, which was made 

up of base medium RPMI 1640 containing 4% FBS, 1% penicillin-streptomycin, 1% 

GlutaMAX, 1% insulin-transferrin-selenium, and 200 nM dexamethasone. Three days later, 

the polarization medium was removed from the apical compartment, leaving the apical 

surface of the cells exposed to ALI. Medium was changed every two days. The maximum 

expected ALI TEER was around 250 Ω/cm2. Once they reached that value, cells were 

exposed to the drug formulations. TEER values were read after 3 hours of treatment and 

every day to monitor the behavior of the monolayer. The culture procedure for H441 cells 

was published previously [14, 15]. An EndOhm 12 mm Culture Cup (World Precision 

Instruments, Sarasota, FL) was utilized to measure the transepithelial electrical resistance of 
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the cells. For TEER measurement, 0.5 ml of media was added to the apical side of the 

Transwells 5 minutes before measurement and then immediately removed to return the cells 

to ALI conditions. This methodology was described in the previous chapter.   

4.3.13 In Vitro Cell Dose Response Assay in a 3-D Cell Culture 

 

As in the previous chapter, the cells were reconstituted after received. After 3 days of 

incubation at 37˚C and 5% of CO2, experiments were performed. The cells were exposed to 

1000 µM of L-Car in both forms, separately, dissolved in growth media. After 72 hours of 

incubation, the inserts were rinsed with a 6 µM Resazurin solution in order to get rid of the 

remaining red phenol from the cell growth media. The inserts were transferred to a new 24 

well plate filled will 500 µL/well of Resazurin solution. 200 µL/well were added in the apical 

surface. After one hour of incubation, 100 µL from the apical side were transferred to a 96 

black-well plate. The fluorescence intensity was measured and calculated as previously 

mentioned, following the same equation. This protocol was provided by the vendor [16]. 

4.3.14 In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to 3-D Human Small Airway Epithelia 

 

The cells were incubated as it was stated above for three days. Then, the cells were 

exposed to 1000 µM of L-Car in both forms dissolved in growth media. TEER values were 

measured using EVOMX (Epithelial VoltohmMeter) and electrode (STX2) (World Precision 

Instruments, Sarasota, Florida). TEER values were obtained before and after exposure to the 

drug solution. The response was measured after 3 hours of exposure and then every 24 hours 

for 5 days. Every time the TEER measurement was obtained, the media was removed from 

the apical surface in order to leave the cells at ALI. This protocol was provided by the vendor 

(12). 
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4.3.15 In vivo tests 

 

Twenty male Sprague Dawley rats with a body weight of (260-315g) and 3 weeks old 

were used in this study. Rats were housed in the University of Arizona Animal Care Facility 

for at least 1 week before being used in the experiments. Animals were kept in a 12-hour 

light/dark cycle at an ambient temperature of 22°C and received standard rodent food and 

water ad libitum. All experimental procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) at The University of Arizona. 

Pulmonary Hypertension Model: 

Monocrotaline (MCT)-induced PH (rat): Rats were injected with a single injection of 

MCT (60mg/kg, IP), which resulted in development of the form of pulmonary hypertension, 

in which the severe impairment of vascular smooth muscle cells took place. This model was 

used to study the contribution of vascular musculature in the development and progression 

of PH. This model had been already used before [17, 18]. This particular experimental 

protocol was approved by the IACUC at The University of Arizona. Four groups were 

defined for the study: a) control (Phosphate buffered saline, PBS); b) control (L-Car); c) 

MCT + PBS; d) MCT + L-Car. After 14 days (once PH was developed), the local delivery 

of the aerosols was done using the Penn Century MicroSprayer® Aerolizer – Model IA-1B 

as shown in figure 4.2. The treatment dose was 200 mg/kg of L-Carnitine dissolved in PBS. 

The drug was delivered under local anesthesia using 1-5% isoflurane in oxygen daily for 14 

days. The rodent microsprayer tube was placed on the tongue of the animal and slowly fed 

down into the larynx/trachea region located at the front of the esophagus/neck area to just 

above the first bifurcation of the bronchi. The aerosols were gently puffed into the lungs of 
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the animals using a Medallion® Syringe (MERIT MEDICAL) and the tube was gently 

removed from the throat of the animal. Total aerosol treatment took about 5-7 minutes. Rats 

were closely monitored after recovery and weighed every week to follow the progression or 

the amelioration of the disease. On day 28 post PH induction, animals underwent terminal 

activities with a 100 mg/kg ketamine/10 mg/kg xylazine cocktail by IP injection:  

• Non-survival Right ventricular systolic pressure (RVSP) measurement: RVSP was 

measured in all groups using a pressure transducer catheter inserted via cut-down of 

the right internal jugular vein.  Rats were euthanized and the heart dissected for 

measurement of Fulton Index (RV/LV+septum)  

• Animals were euthanized and a thoracic incision was made to remove the lungs, 

collect terminal blood, and bronchoalveolar lavage fluid (BALF). 

 

 

 

 

 

 

 

 

 

 

Figures 29. - 4.2. In vivo aerosolization using the Penn Century MicroSprayer® Aerolizer 

– Model IA-1B. 
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4.3.16 L-Carnitine Quantification Assay 

 

The amount of L-Carnitine in plasma samples was analyzed using the abcam kit 

(ab83392). Plasma samples were deprotenized following the kit protocol. Once the samples 

were ready the protocol was followed [19]. The amount of L-Carnitine was then calculated 

by fluorescence using a Synergy H1 Multi-Mode Reader (BioTek Instruments, Inc., 

Winooski, Vermont) at Ex/Em= 535/587 nm. 

4.4. RESULTS 
 

4.4.1 Scanning Electron Microscopy (SEM) 

 

Size and morphology of Raw and SD particles were visualized by SEM. Micrographs 

are shown in figure 4.3 and 4.4. SD L-Car was successfully developed at 25% and 50% pump 

rate, although other pump rates were tried with no successful results. On the contrary, SD L-

Car.HCl formed particles at 25%, 50%, 75%, and 100% PR. Both forms of L-Car showed a 

significant reduction in size and change in morphology from the raw to the SD powders. All 

SD powders exhibited sintering, aggregation, wrinkled surfaces and a difficultness to 

distinguish single particles. The aggregates in all SD powders displayed equivalent sphere 

shape, though.  
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Figure 30. - 4.3. SEM micrographs of: a) Raw L-Car; b) Raw L-Car HCl; c) SD L-Car 

(25% PR); d) SD L-Car (50% PR). 
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4.4.2 Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs 

 

As shown in table 4.3, SD powders of L-Car (25% and 50% PR) had a broad 

distribution but the mean of the particle size was about 15.15 and 12.64 microns, respectively. 

SD systems of L-Car HCl did not show such broad distributions and the mean size was 

around 5 microns. The large distributions obtained were due to the difficulty to analyze the 

particle sizes of the different systems due to the aggregates that they were forming.   

Table 11. - 4.3. Particle sizing using image analysis on SEM micrgraaphs (n ≥100 

particles). 

System Mean (µm) Range (µm) 

L-Carnitine 

SD L-Car (25% PR) 15.15±5.23 7.36-33.1 

SD L-Car (50% PR) 12.64±4.77 5.49-28.14 

L-Carnitine HCl 

SD L-Car HCl (25% PR) 5.46±1.84 2.39-9.96 

SD L-Car HCl (50% PR) 5.1±1.61 1.97-9.73 

Figure 31. - 4.4. SEM micrographs of: a) SD L-Car HCl (25% PR); b) SD L-Car HCl 

(50% PR); c) SD L-Car HCl (75% PR); d) SD L-Car HCl (100% PR). 
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SD L-Car HCl (75% PR) 4.68±1.54 1.37-10 

SD L-Car HCl (100% PR) 5.44±1.63 2.5-9.10 

 

4.4.3 X-Ray Powder Diffraction (XRPD) 

 

 The XRPD pattern of raw L-Car, raw L-Car HCl and all SD powders showed sharp 

and intense peaks (i.e long-range molecular order). Even though both L-Car forms were 

crystalline in the XRPD diffractometer, they were showing different diffraction patterns. L-

Car showed numerous distinctive peaks at a diffraction angle of 2θ (9.2, 16.2, 18.7, 23.9, 

28.2 37.9), as showed in figure 4.5, similarly with what had been previously reported [20], 

whereas, L-Car.HCl showed peaks at a diffraction angle of 2θ (17.2, 19.2, 24.4, 28.8. 30.7) 

(figure 4.6).  

 

Figure 32. - 4.5. XRPD diffractograms of: a) Raw L-Car; b) SD L-Car (25% PR); c) SD 

L-Car (50% PR). 
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4.4.4 Differential Scanning Calorimetry (DSC) 

 

The thermograms of the raw and SD powders are shown in figures 4.7 and 4.8. Raw 

and SD (25% and 50% PR) L-Car thermograms, showed a single endothermic transition at 

about 190⁰C, which was in good agreement with the literature [21]. Raw L-Car.HCl and the 

corresponding SD powders showed two endothermic transitions. The first minor transition 

was at 68˚C, and the second major endothermic transition around 138 ˚C, which 

corresponded to the melting of the compound. This was in agreement with the literature [22]. 

Phase transition temperatures and enthalpies for all systems are summarized in tables 4.4 and 

4.5. 

Figure 33. - 4.6.  XRPD diffractograms of: a) Raw L-Car HCl; b) SD L-Car HCl (25% PR); c) 

SD L-Car HCl (50% PR); d) SD L-Car HCl (75% PR); e) SD L-Car HCl (100% PR). 
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Table 12. - 4.4. DSC thermal analysis of L-Car (n=3, mean ± standard deviation) 

 

 

 

 

 

 

Table 13. - 4.4. DSC thermal analysis of L-Car HCl (n=3, mean ± standard deviation). 

 

 

L-Carnitine 

Endotherm  

System Tpeak (⁰C) Enthalpy (J/g) 

Raw L-Car  191.26±1.37 524.83±139 

SD L-Car (25% PR) 195.1±1.61 580.73±66 

SD L-Car (50% PR) 193.61±1.19 598.83±12.67 

L-Carnitine HCl 

 Endotherm 1 Endotherm 2 

System Tpeak 

(⁰C) 

Enthalpy 

(J/g) 

Tpeak 

(⁰C) 

Enthalpy 

(J/g) 

Raw L-Car HCl 68.8±0.17 5.78±0.09 139±1.24 79.4±10.44 

SD L-Car HCl (25% PR) 68.33±.09 4.99±0.46 130.72±0.

52 

 

53.48±8.82 

SD L-Car HCl (50% PR) 68.35±0.12 5.29±0.41 132.55±1.

09 

63.98±6.4 

SD L-Car HCl (75% PR) 68.54±0.04 5.74±0.75 

 

 

134.43±0.

71 

73.46±3.97 

SD L-Car HCl (100% PR) 68.56±0.11 5.17±0.21 

 

 

135.40±0.

37 

 

76.94±0.95 
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Figure 34. - 4.7. DSC thermograms of: a) Raw L-Car; b) SD L-Car (25% PR); c) SD L-Car 

(50% PR). 

Figure 35. - 4.8.  DSC thermograms of: a) Raw L-Car HCl; b) SD L-Car HCl (25% PR); c) 

SD L-Car HCl (50% PR); d) SD L-Car HCl (75% PR); e) SD L-Car HCl (100% PR). 
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4.4.5 Karl Fisher Titration (KFT) 

The residual water content of all raw and SD powders was quantified analytically by 

KFT. Residual water content of all systems is presented in table 4.5. Both raw L-Car and L-

Car HCl and their corresponding SD systems exhibited low residual water content. L-Car 

and SD L-Car systems ranged between 2.7-3.02, whereas L-Car HCl and SD L-Car HCl 

ranged between 0.47-2.7. 

Table 14. - 4.5. Residual water content for SD dry powder inhalation formulations as 

quantified analytically by KFT (n = 3, mean ± sd) 

System Water content % (w/w) 

L-Carnitine 

Raw L-Car 2.68 ± 0.8 

SD L-Car (25% PR) 2.78 ± 1.19 

SD L-Car (50% PR) 3.02 ± 1.06 

L-Carnitine HCl 

Raw L-Car HCl 0.45 ± 0.087 

SD L-Car HCl (25% PR) 2.69 ± 0.51 

SD L-Car HCl (50% PR) 1.063 ± 0.351 

SD L-Car HCl (75% PR) 0.8 ± 0.11 

SD L-Car HCl (100% PR) 1.074 ± 0.37 

 

4.4.6 HSM under cross-polarizer lens 

 

Representative images from HSM are shown in figure 4.9. Raw and SD L-Car 

exhibited birefringence under cross-polarizer lens. Raw and SD L-Car started melting at 

about 195⁰C and completed melting at about 205⁰C (decomposition) as in the literature [21]. 

Raw and SD L-Car HCl SD also showed birefringence. There was only one evident phase 
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transition at 135⁰C, which corresponded to the complete melting of the powders and with 

literature as mentioned above [22].   

Figures 37. - 4.9.  Representative HSM micrographs of: (a) Raw L-Car; (b) SD L-Car (50% 

PR); (c) SD L-Car HCl (50% PR). Scale bar = 10 µm. 
Figures 36. - 4.9.  Representative HSM micrographs of: (a) Raw L-Car; (b) SD L-Car (50% 

PR); (c) SD L-Car HCl (50% PR). Scale bar = 10 µm. 
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4.4.7 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-

FTIR) 

 

 Formulated particles and their raw counterparts underwent ATR-FTIR analysis to 

define the functional groups present in the systems, as shown in figures 4.10 and 4.11. ATR-

FTIR of raw and SD of both forms of L-Car spectra were in good agreement with the 

literature, showing characteristics peaks at: 1580, 1483, 1411, 1383, 968, 946 and 774 cm-1. 

The most characteristic band of L-Carnitine in both forms was in agreement with the 

literature [23].  

 

 

 

Figure 38. - 4.10.  ATR-FTIR spectra of: a) Raw L-Car; b) SD L-Car (25% PR); c) SD L-

Car (50% PR). 
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4.4.8 In Vitro Aerosol Dispersion Performance 

  

The comprehensive aerosol dispersion performance parameters for SD L-Car and L-

Car HCl systems are listed in table 4.6. For the better understanding of the study, it was 

divided in two parts: 1) the performance analysis for SD L-Car and 2) the performance 

analysis for SD L-Car HCl (each one with both devices). The ED of SD L-Car with the 

NeoHaler™ was better than with the HandiHaler®. The PR effect was also observed. In 

general the ED was better at 25% PR using the NeoHaler™. In terms of the FPF, the 

percentage was very low using both devices, however, it was better at 50% PR and using the 

HandiHaler® device. In regard to the RF, there was a clear difference between the 

Figure 39. - 4.11.  ATR-FTIR spectra of: a) Raw L-Car HCl; b) SD L-Car HCl (25% PR); 

c) SD L-Car HCl (50% PR); d) SD L-Car HCl (75% PR ; e) SD L-Car HCl (100% PR). 
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HandiHaler® and the NeoHaler™. The RF% was higher using the HandiHaler® at 50% PR. 

The MMAD values were high for all systems, except for SD-L-Car 50% PR using the 

HandiHaler® device.   

On the other hand, the ED of SD L-Car HCl systems were all better using the 

NeoHaler™ device. With this device, the ED was better at 50% and 75% PR. Using the 

HandiHaler® device, the best ED was at 100% PR. The FPF values, were low as well, but 

they were comparable between the NeoHaler™ and the HandiHaler® and also at different PR. 

In terms of RF, there was a clear difference between the percentages of RF using the 

Neohaler™ than using the HandiHaler®. The highest RF was at 75% PR using the NeoHaler™. 

The MMAD values for the SD L-Car HCl systems were highly scattered. From the table, it 

was established that the smallest MMAD values were obtained using the NeoHaler™ device 

at 75% PR. The mass deposition of all Co-SD systems is observed in figure 4.12. 

 

Table 15. - 4.6. In Vitro Aerosol Dispersion Performance Using the Next Generation 

Impactor™ for SD Aerosol Systems Including Mass Median Aerodynamic Diameter 

(MMAD), Geometric Standard Deviation (GSD), Fine Particle Fraction (FPF), 

Respirable Fraction (RF), and Emitted Dose (ED). (n=3, Mean ± SD). 
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System composition ED 

(% 

FPF 

(%) 

RF 

(%) 

MMAD 

(m) 

GSD 

(m) 

L-Carnitine NeoHaler™ 

SD L-Car (25% PR) 85.1014.43 0.210.06 2.221.26 76.929.28 3.090.78 

SD L-Car (50% PR) 80.464.92 0.650.5 5.666.22 62.829.38 2.911.27 

L-Carnitine HandiHaler® 

SD L-Car (25% PR) 50.577.60 0.440.29 10.207.17 36.3120.91 2.780.76 

SD L-Car (50% PR) 37.119.38 0.530.32 10.329.77 8.48.56 1.760.94 

L-Carnitine HCl NeoHaler™ 

SD L-Car HCl (25% PR) 80.2325.97 0.760.18 1.870.86 66.5221.74 3.50.08 

SD   L-Car HCl (50% PR) 92.455.53 2.780.52 12.056.55 12.864.23 1.490.32 

SD   L-Car HCl (75% PR) 98.220.90 4.40.45 26.3913.06 12.52.47 1.790.15 

SD  L-Car HCl (100% PR) 82.8417.7 1.940.52 11.080.52 17.383.98 1.810.22 

L-Carnitine HCl HandiHaler® 

SD L-Car HCl (25% PR) 70.6116.62 0.210.14 0.450.29 49.1413.58 3.360.41 

SD   L-Car HCl (50% PR) 60.516.33 3.082.3 6.846.65 19.955.58 2.381.05 

SD L-Car HCl (75% PR) 40.32.17 0.680.55 2.091.88 13.983.22 1.550.30 

SD   L-Car HCl (100% PR) 85.423.04 1.60.75 4.022.46 21.828.8 1.690.56 
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Figure 40. - 4.12. In vitro aerosol dispersion performance of: a) SD L-Car using the 

NeoHaler™ device; b) SD L-Car using the HandiHaler® device; c) SD L-Car HCl using 

the NeoHaler™ device; d) SD L-Car HCl using the HandiHaler® device. 
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4.4.9 In Vitro Cell Dose Response Assay  

 

 Different concentration solutions of L-Car and L-Car HCl systems were exposed to 

H358 and A549 cells in order to test the dose-response. Figure 4.13 and 4.14 showed the 

dose-response of H358 and A549 cells after 72 hours of exposure to different formulations 

of SD L-Car and SD L-Car HCl. Most all formulations tested were shown to be safe at 

concentrations of 1 µM, 10 µM, and 100 µM. There was a slight decrease in viability when 

the cells were exposed to the higher concentration tested, 500 µM and 1000 µM. There was 

not a statistically significant difference between the non-treated cells and the cells treated 

with 1 µM, 10 µM, and 100 µM in both cell lines (p values > 0.05). However, at 

concentrations of 500 µM and 1000 µM, the relative viability of the cells decreased, 

presenting a statistically significant difference between the relative viability of the control 

cells (no treatment) and the relative viability of the cells exposed to the different formulations 

(p values < 0.05).  

Figure 41. - 4.13. In vitro drug response graphs for a) H358 and b) A549 cells after 72 hours 

of exposure to different concentrations of L-Car. (n=6, Mean ± SD). 
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4.4.10 In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells 

 

TEER measurements were successfully performed on Calu-3 cells in ALI conditions 

to determine the effect of L-Car on the cell monolayer. The existence of a complete 

monolayer was confirmed by TEER values of approximately 500 Ω/cm2 after seven days of 

exposure and by the observance of the monolayer via light microscopy (data not shown). As 

exhibited in figure 4.15a, after 3 hours of exposure TEER values dropped significantly; 

however, after seven days of culturing it was seen that TEER values were around 500 Ω/cm2. 

Moreover, there was not a 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 42. - 4.14. In vitro drug response graphs for a) H358 and b) A549 cells after 72 hours 

of exposure to different concentrations of L-Car HCl. (n=6, Mean ± SD). 
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Regarding the H441 cell monolayer, it cab be observed in figure 4.15b, that there was 

a decrease in the TEER values after 24 hours of exposure to L-Car.HCl solutions. After 7 

days TEER values were almost the same as they were before, presenting a not statistically 

significant difference (p values > 0.05). 

 

4.4.11 In Vitro Cell Dose Response Assay in a 3-D Cell Culture 

 

After exposing the SmallAir™ cells to 1000 µM solutions of SD L-Car and SD L-Car HCl, 

there was no change in the viability of the cells after 72 hours of exposure. This is observed 

in figure 4.16. 

Figure 43. - 4.15. Transepithelial electrical resistance (TEER) analysis of Calu-3 (left) 

and H441(right) lung epithelial cells exposed to 1000 micromolar SD L-Car and SD L-

Car HCl in (ALI) conditions at 37˚C. (n=3, mean ± SD). Calu-3 cells were exposed to the 

formulations using the Penn Century MicroSprayer® Aerolizer – Model IA-1B. H441 cells 

were exposed to the formulations using a micropipette. 
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4.4.12 In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to 3-D Human Small Airway Epithelia 

 

SmallAir™ cells were exposed to 1000 µM solutions of SD L-Car and SD L-Car.HCl 

and TEER values were measured as described above. TEER values decreased after the 

exposure of the cells to the drug solutions. However, within a short time the TEER values 

increased and showed a healthy epithelium according to the vendor’s criteria (TEER values 

below 100 Ω/cm2 = non-healthy epithelium. TEER values above 100 Ω/cm2 = healthy 

epithelium) [16]. This is shown in figure 4.17 

 

 

 

Figure 44. - 4.16. In vitro drug response graph of SmallAir™ cells after 72 hours of 

exposure to different concentrations of SD L-Car and SD L-Car HCl. (n=3, Mean ± SD). 
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4.4.13 In vivo tests 

 

As observed in the weight vs. time plots (figure 4.18), the control rats gained weight 

weekly. The MCT + PBS and the MCT + L-Car rats did not show the same trend. Some of 

them lost weight and could recover it. However, some of them did not recover their weights, 

showing lower weight than at the beginning of the study. 

Figure 45. - 4.17. Transepithelial electrical resistance (TEER) analysis of SmallAir® cells 

exposed to 1000 micromolar of SD L-Car and SD L-Car HCl in (ALI) conditions using a 

micropipette (n=3, mean ± SD). 
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As shown in figure 4.19, the control rats showed a right ventricular pressure (RVP) of ˜25 

mmHg. The MCT + PBS rats showed a much higher RVP of ˜45 mmHg. The MCT + L-Car 

rats showed a decreased RVP in comparison with the MCT rats of ˜34 mmHg. It was seen as 

well that rats died during the study, so the number of rats were not the same at the beginning 

and at the end of the study. 

The MCT + L-Car group demonstrated significant reductions in RVSP when 

compared with MCT rats (RVSP 34.28 +/- 2.34 mmHg vs. 43.70 +/- 2.93 mmHg, p<0.05). 

Figure 46. - 4.18.  Weight vs. time plots of the different groups of the rats 
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Similarly, MCT + L-Car rats had a significant reduction in Fulton Index when compared to 

the MCT group (0.31 +/- 0.01 vs. 0.35 +/- 0.01, p<0.05). This is exhibited in figure 4.19. 

4.4.14 L-Carnitine Quantification Assay 

 

It was observed in figure 4.20 that there was no statistically significant difference 

between the three groups in terms of the amount of L-carnitine in the analyzed plasma 

samples (p=0.526). 

Figure 47. - 4.19.  In vivo data of L-Car in a MCT rat model. 
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4.5. DISCUSSION 
 

To the author’s knowledge, this was the first time L-Carnitine was intended to be 

formulated as a dry powder inhaler by spray drying in close mode. The co-factor L-Car exists 

in different forms. In this study, two forms were evaluated so it could be decided which one 

performed better as a DPI. The comprehensive physicochemical characterization was 

completed and exhibited different results. Different spray drying parameters were tested, 

such the starting feed solution concentration. Only 0.5% w/v resulted in powders. Different 

inlet temperatures were also tested; 150 °C was optimal for these compounds. 25%, 50%, 

75% and 100% pump rate were tested. As shown in the results, only the first two of these 

worked for L-Car, whereas all worked for L-Car.HCl. Condensation on the cyclone and on 

the collector,  vessel was observed at 75% and 100% PR when L-Car was being spray dried. 

This meant that there was not enough time for the evaporation of methanol and the formation 

of dry particles at such a fast pump rate. The morphology of the particles was similar for all 

the systems. The particles showed sintering, aggregation, wrinkled surfaces and it was not 

Figure 48. - 4.20.  L-Car concentration in plasma of rats. 
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easy to distinguish single particles. Nanostructures were visibly perceived on the surface of 

the particles leading to their aggregation. This occurrence made difficult to size the particles 

using Sigma Scan™. Aggregation of particles gave large particle size and broad distributions 

in some systems. The XRPD diffraction patterns (figures 4.5 and 4.6) confirmed that both, 

L-Car and L-Car.HCl, possessed a long-range molecular order. This could be explained due 

to the sharp and intense peaks of all the diffractograms. The SD diffraction patterns of L-Car 

and L-Car HCl were characteristics of crystals, meaning that the SD powders remained in 

crystal form after the spray drying process. The DSC thermograms (figure 4.7 and 4.8) 

confirmed the crystalline form of L-Car, L-Car.HCl and their counterparts when showing a 

main endothermic phase transition and the absence of a glass transition temperature (Tg). The 

main endothermic phase transition of both L-Car and L-Car HCl corresponded with the 

literature as the melting point of the compounds [21, 23]. Regarding the first endotherm of 

L-Car.HCl, it might be suggested that a polymorphic change from a metastable to a more 

stable form of the crystal occurred. The enthalpies were also characteristic of first-grade 

transition (melting). It was evident that the enthalpies of melting were much higher for L-Car 

than for L-Car HCl. HSM (figure 4.9) enabled the visualization of the particles as a function 

of temperature and confirmed the phase transitions of the formulated particles. It also 

demonstrated the stability of the particles at room and physiological temperatures. The HSM 

revealed the crystallinity of the drugs as well by showing birefringence under the cross 

polarized lens. Also, the images were in good agreement with the melting temperatures 

shown in the thermograms. However, that polymorphic change was not clearly seen by HSM. 

The ATR-FTIR (figures 4.10 and 4.11) data showed that the most intense peak on the 

spectra was in good agreement with the literature [23]. The characteristic peaks of L-Car, L-
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Car.HCl and their SD systems were identified at 1580, 1383, 1190, and 625 cm-1 which 

corresponded to vibrations of COO- groups. Vibrations corresponding to CN group were 

identified at 967, 946 and 774 cm-1.  The quantification of residual water content by KFT 

showed results acceptable for DPIs. However, it was clearly seen that both L-Car and L-

Car.HCL were very hygroscopic and adsorbed moisture from the environment within seconds 

of exposure.  

 The in vitro aerosol dispersion performance was completed in this study using two 

human FDA devices. In table 4.6 could be appreciated that SD L-Car had a better aerosol 

dispersion performance using the HandiHaler® at 50% PR, although the ED dose was much 

better using the NeoHaler™. While, the tests were being performed, it was observed that 

indeed all the powder was coming out from the capsules using the NeoHaler™, however, 

there was a lot of retention on the DPI device and moreover a lot of impaction on the throat 

adaptor. On the contrary, using the HandiHaler®, there was retention of the powder in the 

capsules (showing a lower ED), but the powder was being deposited on the stages of the DPI. 

The ED of the SD L-Car.HCl formulations were all about the same. However, in this case it 

was seen that the best performance was achieved using the NeoHaler™ DPI device in the SD 

L-Car.HCl 75% PR as showed in table 4.6 All powders formed big aggregates when the vials 

were being opened to fill the capsules. Because of that, it was not easy to fill the capsules. In 

general, performing the in vitro aerosol performance was not easy. Everything had to be done 

fast before the powders absorbed water and became liquid. In all these formulations, it could 

be said that structural cohesion and aggregation due to interparticulate interactions such as 

van der Waals forces, capillary forces, electrostatic forces, and mechanical interlocking 

avoided the proper aerosolization of the powder leading to low ED, FPF, AND RF values.  
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Figure 4.12 showed the deposition of the dry powders using different DPI devices. It 

was clearly seen that with all systems, there was very little deposition in the first stage and 

almost no deposition in the following ones. 

The statistical analysis done by Design Expert® showed the results from comparing 

the pump rate effect vs. the inhaler device. For the in vitro aerosol performance of SD L-Car 

systems, the 3-D plots (figures 4.21 and 4.22) showed that the ED was better using the 

NeoHaler™ device and there was a statistically significant difference between both devices 

(p<0.0008), favoring the NeoHaler™. The RF for L-Car systems was not statistically 

significanttly different (p=0.4487). It was the same case regarding the FPF, there was no 

statistically significant difference (p=0.4560). The last parameter analyzed was the MMAD. 

In this case there was a statistically significant difference between the two parameters 

analyzed (p=0.0096). For the in vitro aerosol dispersion performance analysis of the SD L-

Car HCl systems, there was a statistically significant difference in the ED between the two 

devices (p=0.0083), favoring the NeoHaler™ device at 75% PR. The RF and the FPF 

parameters also showed statistically significant differences (p= 0.002 and p=0.0314, 

respectively), also favoring the NeoHaler™ at 75% PR. The MMAD values showed a 

statistically significant difference (P<0.0001). This difference was given by the MMAD 

value of SD L-Car (25% PR) using the NeoHaler™ which was showing the highest value. 
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Figure 49. - 4.21. 3-D surface response plots showing the spray drying pump rate and the 

DPI device influence on the SD L-Car powders for a) ED; b) RF; c) FPF; d) MMAD. 

Figure 50. - 4.22. 3-D surface response plots showing the spray drying pump rate and the 

DPI device influence on the SD L-Car HCl powders for a) ED; b) RF; c) FPF; d) MMAD. 
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The in vitro cell assays showed that L-Car in both forms was safe. There was a 

decrease of viability on the different cell lines at very high concentrations, however at 

“normal” concentrations it was safe. The cell monolayer was disrupted right after the 

administration of the high concentration solution of L-Car. However, with time the cell 

monolayer to recovered to 100%. 

The in vivo test could not be done with the formulated dry powders because the 

aerosol performance was not good enough as it was seen above. However, it was done with 

liquid aerosols of L-Car and it clearly demonstrated that this drug was a perfect candidate to 

treat PH. The MCT rats showed an abrupt elevation on the RVP after two weeks indicating 

a severe state of PH. After two weeks of daily treatment with L-Car, it was shown that the 

RVP of the rats decreased almost to normal (25 mm Hg). The weight vs. time plots also 

confirmed the state of the disease of the rats. Seeing the rats losing so much weight was a 

clear indicator that they were not healthy. Moreover, some rats died in the middle of the study 

because of the severity of the disease. When dissecting the rats and comparing the right heart 

of the MCT rats vs. the healthy and the L-Car treated rats, there was a huge difference in size 

(reduction on the Fulton Index). As explained above, the right heart failed because of the 

impediment to blood ejection.  

With this study we wanted to develop a targeted treatment for PH. We confirmed this 

by measuring the amount of L-Carnitine in the plasma of the rats. We could see in the results 

that there is not a statistically significant difference between the control and the treated rats. 

This meant that the administered L-Car remained in the lungs and did not exit to the systemic 

circulation. It is important to mention that L-Car is an endogenous co-factor, so  there was a 

“normal” amount in all samples.  
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4.6. CONCLUSION 
 

The study was completed as designed. Dry powder inhalers of L-Car and L-Car HCl 

were successfully developed. Comparison between the physicochemical properties of the SD 

powders of the different forms of L-Car was successfully achieved. The extensive 

physicochemical characterization helped with conclusions with regard to the in vitro aerosol 

dispersion performance.  

There were a lot of interparticulate interactions leading to the aggregation of the 

powders. This prevented a good aerosol dispersion performance. The hygroscopicity of the 

compound itself made everything more complicated. Encapsulation of L-Carnitine in another 

matrix, blending with lactose or other excipients, and/ or different formulations could greatly 

improve the performance of the drug. 

Even though the aerosol performance and the physicochemical properties were not 

the most optimal as DPIs, it was found and confirmed that L-Car could be used to treat PH. 

A severe model of PH in rats was induced and after only two weeks of treatment the disease 

was reversed. It would be worth continuing treatment of the rats with L-Car to see if PH is 

treated and ensure it does not develop again. Furthermore, it was found that L-Car was safe, 

and it could be dosed at high concentrations in a targeted manner to avoid side effects and 

could be used to treat this fatal disease. 
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The work presented in this chapter was taken from the patent: PCT/US19/14255 patent for 

Invention #UA18-036 Provisional Patent. “Advanced Engineered Formulations of 

Simvastatin and Carnitine Microparticle/Nanoparticle Formulations for Inhalation Drug 

Delivery for Respiratory and Pulmonary Vascular Diseases and Applications Therein” 

Inventors: Heidi M. Mansour, PhD, Stephen M. Black, PhD, and Maria F. Acosta. 

CHAPTER 5 DESIGN, PHYSICOCHEMICAL CHARACTERIZATION 

AND AEROSOL DISPERSION PERFORMANCE OF SIMVASTATIN 

AND L-CARNITINE MICRO/NANO PARTICLES FOR THE 

TREATMENT OF PULMONARY HYPERTENSION 
 

5.1 INTRODUCTION 

 

It is well known that pulmonary drug delivery has become one of the most important 

routes for targeting drugs to treat respiratory diseases and for non-invasive systemic delivery 

[1, 2]. Dry powder inhalers (DPIs) offer greater chemical stability of drugs, high dose 

delivery, minimal patient hand-lung coordination, absence of propellant, shorter inhalation 

treatment times, and the potential to tailor particle properties in the solid state in comparison 

with other aerosol delivery systems. [1, 3-5].  

As discussed in previous chapters, spray drying (SD) is a one-step high through-put 

process with the ability to engineer and produce particles in a more controlled manner (such 

as directing particle size and size distribution, particle and surface morphology), which are 

important particle features [6] for pulmonary dry powder drug delivery by inhalation. In 

addition, spray drying is an ideal technique for the microencapsulation of numerous 

compounds often used as drugs [5]. 

The physiopathology of pulmonary hypertension (PH) has been extensively reviewed 

in previous chapters. It is well recognized that PH is a complex and multifactorial disease, 

making it a challenge for researchers to understand the molecular and cellular mechanisms 

http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
http://arizona.technologypublisher.com/tech?title=Advanced_Engineered_Formulations_of_Simvastatin_and_L-carnitine_Microparticle%2fNanoparticle_Formulations_for_Inhalation_Drug_Delivery_for_Respiratory_and_Pulmonary_Vascular_Diseases_and_Applications_Therein
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that are involved in the pathogenesis and for developing novel pharmacological strategies to 

treat this disease.  

PH characterized by the resistance to the ejection of blood by the right ventricle and 

subsequently the failure of the right heart due to the increase in pulmonary vascular resistance 

making PH a fatal disease [7-9].  

 Many physiological and biochemical changes distinguish this disease such as 

excessive vasoconstriction, inflammation, thrombosis, among others. All these changes lead 

to the remodeling of the pulmonary vasculature [12] [11]. In addition, oxidative stress, 

mitochondrial lung dysfunction and an increase in reactive oxygen species (ROS) production 

have been observed in PH [13-15].    

Simvastatin (Sim) have potent anti-proliferative and pro-apoptotic effect on 

vasculature smooth muscle cells through the inhibition of the synthesis of isoprenoids 

intermediates (geranylgeranylpyrophosphate and farnesylpyrophosphate), which are 

essential for the post-translational isoprenylation of Rho, Rac and Ras family GTPases  

(intracellular signaling molecules whose proper membrane localization and function are 

dependent on the lipid character that isoprenoids offer to them)  [15, 16].  L-Carnitine (L-

Car) [(4-N-trimethylammonium-3-hydroxybutyric acid)] has an anti-peroxidative effect on 

several tissues. These two drugs may account as excellent candidates for PH therapy [11, 13]. 

After discussing these properties and obtaining promising results in previous 

chapters, there is motivation to engineer Sim and L-Car into advanced inhalable dry powders 

that can be targeted to the respiratory tract as dry powder inhalers (DPIs) using FDA-

approved human DPI devices. 
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Organic solution closed mode advanced spray drying was employed to exploit the 

unique advantages of organic solvents over water based formulations  in forming dry particles 

that are both inhalable and high performing as DPIs, as we have reported [4, 5, 10-14]. In 

this study, Sim and L-Car were co-spray dried (Co-SD) at various molar ratios, using 

different starting solution concentrations and process parameters. The in vitro aerosol 

dispersion performance of the resultant powders using different human FDA approved DPI 

devices were compared.  

Uniform drug composition of two active pharmaceutical ingredients (APIs) can be 

accomplished by Co-SD a solution with the two active APIs. Synergistic effects in the 

damaged lung regions can be achieved due to the simultaneous deposition and colocalization 

in the same lung region (compared to delivering two separate individual aerosols in PH 

patients) [11], as has been demonstrated clinically to be superior in the treatment and 

management of asthma, cystic fibrosis (CF) and chronic obstructive pulmonary disease 

(COPD) [11]. 

Sim has been locally delivered before by inhalation to treat respiratory diseases using 

a jet nebulizer [15] and as a DPI prepared by dry jet milling [16]. These two formulations 

were done with the purpose of treating airway inflammation in a murine model of asthma 

[15] and to treat inflammatory diseases such as COPD, CF and bronchiectasis [16], 

respectively. L-Car has never been formulated as a DPI. To the author’s knowledge, this is 

the first report on dry powder inhalable microparticles/nanoparticles of Co-SD Sim:L-Car 

for targeted pulmonary delivery as advanced DPIs for the treatment of PH. 
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5.2 MATERIALS AND METHODS 
 

5.2.1 Materials 

 

Simvastatin (Sim) [United States Pharmacopeia (USP) grade] [C25H38O5; molecular 

weight (MW): 418.566 g/mol] was obtained from ACROS (New Jersey, New Jersey), L-

Carnitine HCl (L-Car HCl), 98+% purity (C7H16ClNO3; MW: 197.66 g/mol) was obtained 

from Sigma-Aldrich®, Inc (St. Louis, Missouri). Figure 5.1 showed both chemical structures 

(ChemDraw Ultra Ver. 15.0.; CambridgeSoft, Cambridge, Massachusetts). Methanol (HPLC 

grade, ACS –certified grade, purity 99.9%) was obtained from Fisher Scientific (Fair Lawn, 

New Jersey). HYDRANAL®-Coulomat AD and resazurin sodium salt were also from Sigma-

Aldrich, Inc (St. Louis, Missouri). Raw Sim and L-Car HCl were stored in sealed glass 

desiccators over indicating Drierite/Drierite™ desiccant at -20⁰C under ambient pressure. 

Other chemicals were stored under room conditions. The nitrogen was ultra-high purity 

(UHP) gas obtained from cryogenics and gas facility (The University of Arizona, Tucson, 

Arizona). 

Pulmonary cell lines A549 (ATCC® CCL-185™), H358 (ATCC® CRL-5807™) and 

NCI-H441 [H441] (ATCC® HTB-174™) were purchased from the American Type Culture 

Collection ATCC® (Manassas, Virginia). Dulbecco’s modified Eagle’s medium Advanced 

1X (DMEM), RPMI-1640 medium, Fetal Bovine Serum (FBS), Pen-Strep, Fungizone®, 

Gentamicin, Insulin, Dexamethasone and L-Glutamine were obtained from Gibco® by Life 

Technologies (Thermo Fisher Scientific Inc, Waltham, Massachusetts). SmallAir™ is a 

unique 3D human small airway epithelium reconstituted in vitro and its SmallAir™ special 
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growth media (which is serum free and contains growth factors and phenol red) were both 

purchased from Epithelix (Geneva, Switzerland). 

 

 

 

 

 

 

 

 

 

 

5.3 METHODS 

 

5.3.1. Preparation of Co-SD Particles by Organic Solution Advanced Co-Spray Drying 

in Closed Mode 

 

As previously reported [4, 5, 11, 12, 17], organic solution advanced co-spray drying 

processing in the absence of water was performed in close mode using a Büchi B-290 Mini 

Spray Dryer with a high performance cyclone in close mode using UHP dry nitrogen gas as 

the atomizing and the drying gas and connected to the B-295 Inert Loop (Büchi Labortechnik 

AG, Flawil, Switzerland). The starting feed solutions were prepared by dissolving the 

components in methanol to make two different total powder concentration solutions of 0.5% 

(w/v) and 1% (w/v). A Branson 7500 ultrasonicator was employed to assist with the 

dissolution. Table 5.1 listed the spray drying conditions. The drying gas atomization rate (670 

L/h at 35mmHg), the aspiration rate (35 m3/h at 100% rate) and the inlet temperature (150˚C) 

Figure 51. - 5.1 Chemical structures of: a) Simvastatin; b) L-Carnitine HCl 
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were maintained constant during all the experiments. The corresponding outlet temperatures 

were summarized in table 5.2. The stainless-steel nozzle diameter was 0.7 mm. 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 and stored in sealed glass desiccators over indicating Drierite/DrieriteTM desiccant 

at -20 ˚ C. 

Table 16. - 5.1. Spray drying conditions for SD and Co-SD systems 

Spray Drying conditions 

Inlet Temperature 150 ˚C 

Aspirator rate 100% (35 m3/h) 

Pump rate 25% (7.5 ml/min) 

Gas Flow 55 mm (670 L/hour) 

Feed Solution 

Concentration 

0.5 % w/v 

1 % w/v 

Solvent Methanol 

Atomizer and Drying gas UHP Nitrogen 

Nozzle type diameter Stainless steel (0.7 mm) 

 

 

Table 17. - 5.2. Spray drying outlet temperatures and residual water content. 

System Composition Outlet T (C) Residual Water 

Content (%) 

0.5 % w/v Sim:L-Car 

50:50 75-82 8.44±0.40 

60:40 76-78 6.68±1.37 
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75:25 75-80 7.04±0.39 

80:20 84-87 4.19±0.43 

1 % w/v  Sim:L-Car 

50:50 80 7.80±2.61 

60:40 75-75 5.21±0.24 

75:25 68-70 5.29±0.77 

80:20 75-78 3.70±0.27 

 

5.3.2. Scanning Electron Microscopy and Energy Dispersive X-ray (EDX) 

Spectrometry. 

 

Visual imaging and analysis of particle characteristics were obtained by scanning 

electron microscopy (SEM) using a FEI Inspect S microscope (FEI, Brno, Czeck republic), 

as it previously reported [4, 5, 11, 12, 17] and explained in the chapters above. EDX was 

performed using ThermoNoran systems Six (Thermo Scientific, Waltham, Massachusetts) at 

accumulation voltage of 30,000 eV, the spot size was increased until a dead time of 20-30 

was obtained [17]. 

5.3.3. Particle Sizing and Size Distribution Using SEM Micrographs  

 

SigmaScanTM Pro 5.0.0 (Systat, Inc., San Jose, California) was used to get the mean 

size, standard deviation, and size range of the particles  based on their scanning electron 

micrographs using a similar procedure that we had previously reported [5, 17].  

5.3.4. X-Ray Powder Diffraction 

 

Using conditions similar to previously reported [4, 5, 11, 12, 17], X-ray powder 

diffraction (XRPD) patterns of the different systems were obtained using a PANalytical 
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X’pert diffractometer (PANalytical Inc., Westborough, Massachusetts) equipped with a 

programmable incident beam slit and an X’Celerator Detector.  Measurements were taken 

between 5.0˚ and 60.0˚ (2θ) with a scan rate of 2˚/min.  

5.3.5. Differential Scanning Calorimetry 

 

Using conditions similar to previously reported [4, 5, 11, 12, 17], thermal analysis 

and phase transition measurements were conducted 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. The 

samples were heated from at least 0.00⁰C to 250.00⁰C at a scanning rate of 5.00⁰C/min. All 

measurements were carried out in triplicate (n = 3). 

 5.3.6. Hot Stage Microscopy (HSM) under Cross-Polarizers  

 

Using conditions similar to those previously reported [4, 5, 11, 12, 17], 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, Ohio). Samples were mounted on a glass slide and heated from 

at least 25.0⁰C to 250.0⁰C at a heating rate of 5.00⁰C/min.  

5.3.7. Karl Fisher Titration (KFT) 

 

Approximately 2-10 mg of powder was added to the titration cell containing 

Hydranal® Coulomat AD reagent and the residual water content was calculated using a 

TitroLine 7500 trace titrator (SI Analytics, Weilheim, Germany) as previously reported [4, 

5, 11, 12, 17]. 
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5.3.8. Attenuated Total Reflectance – FTIR Spectroscopy  

 

The ATR-FTIR spectra of all systems was obtained using a Nicolet Avatar 360 FTIR 

spectrometer (Varian Inc., California) equipped with a DTGS detector and a Harrick MNP-

Pro (Pleasantville, NY, USA) attenuated total reflectance (ATR) accessory. Spectral data was 

acquired with EZ-OMNIC software under conditions similar to our previous reports [4, 5, 

11, 12, 17]

5.3.9. In vitro Aerosol Dispersion Performance  

 

 In accordance with USP Chapter <601> specifications on aerosols and using conditions 

similar to those previously reported [4, 5, 11, 12, 17], the aerosol dispersion performance of the 

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) and 2 FDA approved human DPI devices: HandiHaler® (Boehringer 

Ingelheim, Ingelheim, Germany) and NeoHaler™(Novartis AG, Stein, Switzerland). 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, New York) and 75mm (Advantec, Japan). Quali-V 

clear HPMC size 3 inhalation grade capsules (Qualicaps, North Carolina) were filled with about 
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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 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. 

𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝐷𝑜𝑠𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝐷%) =  
𝐸𝐷

𝑇𝐷
𝑋 100%       [Equation 5.1] 

𝐹𝑖𝑛𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐹𝑃𝐹%) =
𝐹𝑃𝐷

𝐸𝐷
𝑋 100%    [Equation 5.2] 

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑏𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑅𝐹%) =
𝐹𝑃𝐷

𝐷𝐷
 𝑋 100 %          [Equation 5.3] 

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 written by Dr. Warren Finlay.  

5.3.10. Statistical analysis 

 

Design of experiments (DoEs) was conducted using Design Expert® 8.0.7.1 software (Stat 

Ease Corporation, Minneapolis, MN). A multi factorial design for the Co-SD powders was utilized 



179 
 

for in vitro aerosol testing. Interaction of the inhaler device resistance and the spray drying 

parameters used were evaluated using the Analysis of Variance (ANOVA) test performed using 

Design Expert®. The different interactions on the performance of the formulations were evaluated 

using the 3-D surface plot generated from Design Expert®. All experiments were performed in 

triplicate (n= 3). Results were expressed as mean ± standard deviation, as previously reported [17]. 

5.3.11. In Vitro Cell Dose Response Assay in a 2-D Cell Culture 

 

The effects Co-SD formulations on cell proliferation were analyzed by measuring the 

response of lung adenocarcinoma and bronchoalveolar carcinoma cells (A549 and H358, 

respectively) to different concentrations of the Co-SD powders. Cell lines were grown in the same 

conditions described in previous chapters [1, 5, 18].  

A549 and H358 cells were seeded in 96-well plates at 5000 cells/well and 100 μl/well and 

were allowed 48 hours to attach. The cells were then exposed to different concentration of the Co-

SD formulations, as previously reported [6, 33]. The powders were dissolved in 10% ethanol and 

90% DMEM media. One hundred microliters (µl) of this drug solution were added to each well. 

Seventy-two hours after exposure, 20 μl of 20 µM resazurin sodium salt was added to each well 

and incubated for 4 hours. At this point, the fluorescence intensity of the resorufin (fluorescent 

metabolite) produced by viable cells was detected at 544 nm (excitation) and 590 nm (emission) 

using the Synergy H1 Multi-Mode Reader (BioTek Instruments, Inc., Winooski, VT). The relative 

viability of cell line was calculated as followed by equation 5.4: 

Relative viability (%) =
Sample fluorescence intensity

Control fluorescence intensity
x 100%        (Equation 5.4) 
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5.3.12. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells  

 

NCI-H441 cell line was grown in T-75 culture flasks in an atmosphere of 5% CO2 at 37°C. 

H441 cells were maintained in proliferation medium (RPMI 1640-Gibco) containing 10% fetal 

bovine serum (FBS), 1% penicillin-streptomycin (P/S) and 1% of GlutaMAX. Once they were 

confluent (90%), cells were seeded onto 12-well Transwell inserts (Costar 3460, Corning, New 

York) at a density of 250,000 cells/well in proliferation medium (0.5 ml in the apical and 1.5 ml 

in the basolateral chambers). The seeding day was defined as Day 0. Cells were allowed to attach 

before the media was changed to polarization medium. The basal media was changed every other 

day until the formation of a monolayer. Once the monolayer was formed, cells were now fed with 

polarization medium, which was made up of base medium RPMI 1640 containing 4% FBS, 1% 

penicillin-streptomycin, 1% GlutaMAX, 1% insulin-transferrin-selenium (ITS, Thermo Fisher, 

Auckland, New Zealand), and 200 nM dexamethasone (Sigma, Auckland, New Zealand). Three 

days later, the polarization medium was removed from the apical compartment, leaving the apical 

surface of the cells exposed to air (air liquid interface culture ALI). Medium was changed every 

two days. The maximum ALI TEER value expected was around 250 Ω.cm2. Once they reached 

that value, cells were exposed to the drug formulations. TEER values were read after 3 hours of 

treatment and every day to monitor the behavior of the monolayer. An EndOhm 12 mm Culture 

Cup (World Precision Instruments, Sarasota, Florida) was utilized to measure the transepithelial 

electrical resistance of the cells. For TEER measurement, 0.5 ml of media was added to the apical 

side of the transwells 5 minutes before measurement and then immediately removed to return the 

cells to ALI conditions. This methodology was previously reported [19, 20].  



181 
 

 

5.3.13. In Vitro Cell Dose Response Assay in 3-D Cell Cultures 

 

The small airway epithelia reconstituted in vitro is built using primary small airways human 

cells which are fully differentiated and functional. They are available from different patients with 

several pathologies. The cells were received in 24 well transwell inserts in an agar gel matrix. Once 

we received the cells, we transferred them into a new 24-well plate with 700 µl of the SmallAir™ 

media in the basal side. Media was changed every other day. The experimental conditions were 

the same as in chapters 3 and 4. The relative viability of cell line was calculated as followed by 

equation 5.4. 

5.3.14. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to 3-D Human Small Airway Epithelia  

 

 As described above, after receiving the cells, they were transferred to a new 24 well plate 

pre-filled with 700 µl of SmallAir™ media in the basal side. After 3 days of incubation the 

experiments were performed. TEER values were measured using EVOMX (Epithelial 

VoltohmMeter) and electrode (STX2) (World Precision Instruments, Sarasota, FL). Same 

procedure as chapters 3 and 4 was used to perform this experiment. 

5.4 RESULTS 
 

5.4.1. Scanning Electron Microscopy (SEM) 

 

Size and morphology of Raw and Co-SD particles were visualized by SEM and their 

micrographs were shown in figure 5.2 and 5.3 for 0.5 % (w/v) and 1 % (w/v) respectively. Co-SD 

systems were attained at a starting concentration of 0.5% (w/v) and 1% (w/v) at 50:50, 60:40, 

75:25, and 80:20 molar ratio, all at 25% PR. Other PR were tested with no success. All Co-SD 
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systems showed equivalent spherical shape, with rough, irregular surfaces. Formation of 

aggregates were shown in the micrographs; therefore, it was hard to distinguish single particles. 

Figure 5.4 showed the EDX spectra of all Co-SD systems, where Cl atom was present in all them 
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after spray drying. Also confirmed the molar ratio of each designed system. The peak for the 50:50 

system was much higher than the peaks of all the other systems.  

Figure 52. - 5.2. SEM micrographs of: a) Raw Sim; b) Raw L-Car; c) 0.5% w/v Co-SD 50:50 

Sim:L-Car; d) 0.5% w/v Co-SD 60:40 Sim:L-Car; e) 0.5% w/v Co-SD 75:25 Sim:L-Car; f) 0.5% 

w/v Co-SD 80:20 Sim:L-Car. 
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Figure 53. - 5.3. SEM micrographs of: a) 1% w/v Co-SD 50:50 Sim:L-Car; b) 1% w/v Co-SD 

60:40 Sim:L-Car; c) 1% w/v Co-SD 75:25 Sim:L-Car; d) 1% w/v Co-SD 80:20 Sim:L-Car. 
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5.4.2. Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs 

 

As exhibited in table 5.3, all Co-SD systems had about the same geometric mean diameters. 

All of them were around 7 µm ± standard deviation. The ranges varied between systems, but the 

low values were around 2-3 µm for all systems, whereas the high values were around 16-24 µm 

for all systems. 

Figure 54. - 5.4. EDX spectra of: a) 1% w/v Co-SD 50:50 Sim:L-Car; b) 1% w/v Co-SD 60:40 

Sim:L-Car; c) 1% w/v Co-SD 75:25 Sim:L-Car; d) 1% w/v Co-SD 80:20 Sim:L-Car 
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Table 18. - 5.3. Particle size 

System Composition Mean size ± std 

dev (µm) 

Range (µm) 

0.5 % w/v  Sim:L-Car 

50:50 7.12±3.02 2.01-19.38 

60:40 7.5±2.61 2.91-14.83 

75:25 7.5±2.77 2.3-16.74 

80:20 9.26±4.2 3.03-24.05 

1 % w/v Sim:L-Car 

50:50 7.36±2.99 2.72-16.68 

60:40 7.47±3.08 3.45-20.14 

75:25 7.11±3.3 2.33-22.79 

80:20 8.12±2.73 2.84-15.34 

 

5.4.3. X-Ray Powder Diffraction (XRPD) 

 

The diffractogram of Sim was shown in chapter 3. It displayed peaks at a diffraction angle 

of 2θ (9.10, 16.92, 17.38, 18.47, 19.06, and 22.21), similarly with what had been previously 

reported [21-23]. XRPD pattern of L-Car also showed sharp and intense peaks as exhibited in 

chapter 4. Distinctive peaks at a diffraction angle of 2θ (17.21, 24.45, 28.8, 30.76, 32.76.2) were 

also in good agreement with what the literature shows. Co-SD systems patterns also reflected 

crystallinity. Sharp peaks in all Co-SD were seen in figure 5.5 and 5.6 for 0.5 % (w/v) and 1 % 

(w/v), respectively. All molar ratios, and different spray drying parameter systems showed the 
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same diffraction pattern between them. All Co-SD systems shared some peaks of Raw Sim and 

Raw L-Car. 

 

Figure 55. - 5.6. XRPD diffractograms of: a) 0.5% w/v Co-SD 50:50 Sim:L-Car; b) 0.5% w/v 

Co-SD 60:40 Sim:L-Car; c) 0.5% w/v Co-SD 75:25 Sim:L-Car; d) 0.5% w/v Co-SD 80:20 Sim:L-

Car; e) all.  f) 1% w/v Co-SD 50:50 Sim:L-Car; g) 1% w/v Co-SD 60:40 Sim:L-Car; h) 1% w/v 

Co-SD 75:25 Sim:L-Car; i) 1% w/v Co-SD 80:20 Sim:L-Car; j) all. 
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5.4.4. Differential Scanning Calorimetry (DSC) 

 

The thermograms of raw Sim, L-Car were shown in chapter 3 and 4, respectively.  The 

thermograms of Co-SD systems (0.5% (w/v) and 1% (w/v)) were shown in figure 5.7 and 5.8, 

respectively. Raw Sim thermogram showed one major phase transition (endotherm) at about 

130⁰C, which corresponded to the melting of the drug. This was in good agreement with previous 

reports [24]. L-Car showed the main phase transition which corresponded to the melting of the 

compound at 138.5⁰C. The melting of L-Car was in good agreement with the literature [25]. All 

Co-SD systems showed very similar thermograms. There was only one phase transition, which 

corresponded to the melting of the powder between 118-126⁰C in all systems. Fast DSC heating 

scans were conducted at 20⁰C/min and 40⁰C/min for all systems, however any glass transition 

temperature (Tg) was detected (data not shown).  Phase transition temperatures and enthalpies for 

all systems are summarized in table 4. 

Table 19. - 5.4. Phase Transition Temperature (Tpeak) and enthalpy values for Co-SD systems 

(Mean ± Standard Deviation, n = 3) 

 

 

System 

 

Tpeak (⁰C) Enthalpy (J/g) 

0.5 % w/v  Sim:L-Car 

50:50 123.13±2.70 28.34±6.64 

60:40 119.93±1 22.65±3.78 

75:25 123.53±33.71 33.71±14.67 

80:20 125.75±0 54.74±0.38 

1 % w/v  Sim:L-Car 

50:50 120.84±3.11 14.96±7.8 

60:40 117.09±2.34 9.45±3.79 

75:25 124.55±1.17 23.95±15.37 

80:20 125.62±2.34 24.23±4.16 
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5.4.5. Karl Fisher Titration (KFT) 

 

 

Figure 57. - 5.7. DSC thermograms of: a) 0.5% w/v Co-SD 50:50 Sim:L-Car; b) 0.5% w/v Co-

SD 60:40 Sim:L-Car; c) 0.5% w/v Co-SD 75:25 Sim:L-Car; d) 0.5% w/v Co-SD 80:20 Sim:L-

Car; e) all. 

Figure 56. - 5.8. DSC thermograms of: a) 1% w/v Co-SD 50:50 Sim:L-Car; b) 1% w/v Co-SD 

60:40 Sim:L-Car; c) 1% w/v Co-SD 75:25 Sim:L-Car; d) 1% w/v Co-SD 80:20 Sim:L-Car; e) 

all. 



190 
 

The residual water content of all raw and Co-SD powders was quantified by KFT. Residual 

water content was shown in table 5.2. Co-SD 50:50 molar ratio systems presented more residual 

water content than the other systems. The residual water content decreased by increasing the 

amount of Sim in the systems. The starting feed solution concentration did not affect the 

measurements. In general, the residual water content of all systems ranged between 3.7%-8.5%.  

5.4.6. HSM under cross-polarizer lens 

 

Representative images from HSM for both feed solution concentrations are presented in 

figure 5.9. The Co-SD systems exhibited birefringence under the cross polarized light. This 

confirmed the crystallinity previously observed in XRPD diffractograms. There was not any 

visible minor phase transition in the HSM images. The melting point was clearly observed in both 

systems at ˜120˚C, which was very similar to the melting in the DSC thermograms.  

 

 

 

 

Figure 58. - 5.9. HSM images at different temperatures of: a) 0.5% w/v Co-SD 75:25 Sim:L-Car; 

b) 1% w/v Co-SD 80:20 Sim:L-Car. Scale bar= 10µm. 
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5.4.7. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

 

Formulated Co-SD particles and their raw counterparts underwent ATR-FTIR analysis to 

define the functional groups present in the systems, as shown in figures 5.10 and 5.11. The ATR-

FTIR spectra of Raw Sim was in accordance with what has been previously reported [26]. The 

characteristic peaks were shown as described in chapter 3 [26]. Raw L-Car HCl spectra was 

described in chapter 4 [27]. ATR-FTIR spectra of Co-SD powders had representative peaks at 

2950, 1840, 1770, 1650, 1260, 1160 cm-1 

 

Figure 59. - 5.10. ATR-FTIR spectra of: a) 0.5% w/v Co-SD 50:50 Sim:L-Car; b) 0.5% w/v 

Co-SD 60:40 Sim:L-Car; c) 0.5% w/v Co-SD 75:25 Sim:L-Car; d) 0.5% w/v Co-SD 80:20 

Sim:L-Car; e) all 
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5.4.8 In Vitro Aerosol Dispersion Performance  

 

In vitro aerosol dispersion performance was successfully done using NGI™. The 

comprehensive aerosol dispersion performance parameters of all Co-SD systems are listed in Table 

5.5. In general, all the systems had 100% of the dose emitted from both of the devices tested. The 

FPF and RF values were higher for the 0.5% w/v Co-SD systems and in general using the 

NeoHaler™ device. The 1% w/v Co-SD systems had lower FPF and RF values and in general the 

values were lower using the HandiHaler® device. In terms of the MMAD values, also the 0.5% 

w/v systems presented smaller aerodynamic diameters using the Neohaler™ device. The MMAD 

Figure 60. - 5.11. ATR-FTIR spectra of: a) 1% w/v Co-SD 50:50 Sim:L-Car; b) 1% w/v Co-SD 

60:40 Sim:L-Car; c) 1% w/v Co-SD 75:25 Sim:L-Car; d) 1% w/v Co-SD 80:20 Sim:L-Car; e) 

all. 
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values for the 1% w/v Co-SD systems did not show the same trend. The aerodynamic diameters 

were smaller using the HandiHaler® device. Figure 5.12 showed the mass deposition on each stage 

of the NGI™. Almost all of the powder was deposited on the first stage. It was observed that the 

0.5% w/v system presented more deposition in further stages with both devices than the 1% w/v% 

system. 

 

Table 20. - 5.5. In Vitro Aerosol Dispersion Performance Using the Next Generation 

Impactor™.Mass Median Aerodynamic Diameter (MMAD), Geometric Standard Deviation 

(GSD), Fine Particle Fraction (FPF), Respirable Fraction (RF), and Emitted Dose (ED). (n=3, 

ave±SD) 

System composition ED (%) FPF (%) RF (%) MMAD (m) GSD(m) 

 

0.5 % w/v Sim:L-Car (NeoHaler™) 

50:50 1000 7.180.42 23.332.97 17.401.82 2.940.02 

60:40 100±0 9.540.56 30.691.58 13.480.2 2.80.12 

75:25 100±0 7.620.01 24.93.08 19.83.04 3.640.15 

80:20 100±0 12.136.6 33.3210.71 20.381.09 3.840.12 

 

0.5 % w/v Sim:L-Car  (HandiHaler®) 

50:50 1000 7.583.38 19.898.03 24.526.69 3.510.25 

60:40 1000 8.780.36 23.802.49 20.331.64 3.630.15 

75:25 1000 8.322.14 22.754.28 18.115.15 3.190.12 

80:20 1000 6.860.3 18.0206 33.125.6 4.460.78 
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1 % w/v Sim:L-Car  (NeoHaler™) 

50:50 1000 4.04±0.16 10.60.4 39.66.21 3.660.29 

60:40 1000 4.55±0.89 12.180.52 44.240.45 4.250.5 

75:25 1000 5.01±0.12 11.31.16 54.2910.37 4.820.13 

80:20 1000 6.15±0.34 17.370.2 41.7514.6 5.521.80 

 

1 % w/v  Sim:L-Car  (HandiHaler®) 

50:50 1000 2.470.28 8.443.4 46.5419.76 3.20.42 

60:40 1000 3.660.03 8.70.36 30.333.15 5.611.68 

75:25 1000 2.850.36 8.042.91 54.282.91 4.570.83 

80:20 1000 5.060.03 11.543.66 33.5±2.14 4.361.3 
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5.4.9. In Vitro Cell Dose Response Assay in a 2-D Cell Culture 

 

Figures 61. - 5.12. In Vitro Aerosol Deposition using: a) 0.5% w/v Co-SD systems; b) 1% w/v Co-

SD systems. 
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As seen in figure 5.13, after 72 hours of exposure to different concentrations of the Co-SD 

systems, both cell lines (H358 and A549) remained safe (no decrease in viability). There was a 

minimum decrease in the viability of the cells after the exposure to the maximum tested 

concentration (100 µg/ml). At all other concentrations, the percentage of viability persisted close 

to 100% taking into consideration the standard deviations. 

 

5.4.10. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells 

 

 After 100 µg/ml of exposure, the electrical resistance of H441 had a minimal decrease as 

it can be seen in figure 5.14. However, overtime, TEER kept increasing until it was about the same 

as it was before the exposure to the formulations. 

Figure 62. - 5.13. In vitro drug-response graphs for a) H358, and b) A549 and cells after 72 

hours of exposure to different concentrations of Co-SD Sim-L-Car systems (n=6, Mean ± SD). 
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5.4.11. In Vitro Cell Dose Response Assay in a 3-D Cell Culture 

 

The relative viability of the SmallAir™ cells after exposure to 1000 µg/ml of 1% w/v Co-

SD 50:50 Sim:L-Car was 0%. After decreasing the concentration to 100 µg/ml, the relative 

viability increased to 63%, as observed in figure 5.15. 

Figure 63. - 5.14. Transepithelial electrical resistance (TEER) analysis of H441 lung 

epithelial cells exposed to 100 µg/ml Co-SD Sim:L-Car in air liquid interface culture (ALI) 

conditions using a micropipette (n=3, mean ± SD). 
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Figure 64. - 5.15. In Vitro drug-response graphs for SmallAir™ cells after 72 hours of exposure 

to different concentrations of Co-SD 50:50 Sim-L-Car system (n=6, Mean ± SD) 

 

5.4.12. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to 3-D Human Small Airway Epithelia 

 

When cells were exposed to 1000 µg/ml solution of 1% w/v Co-SD 50:50 Sim:L-Car, the 

epithelium was totally disrupted. TEER values were below 100 Ω/cm2 after the exposure and they 

never recovered. On the other hand, when the concentration was decreased to 100 µg/ml the values 

were above 200 Ω/cm2, as shown in figure 5.16. 
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Figure 65. - 5.16. Transepithelial electrical resistance (TEER) analysis of SmallAir™ cells 

exposed to 100 µg/ml Co-SD 50:50 Sim:L-Car in air liquid interface culture (ALI) conditions 

using a micropipette (n=3, mean ± SD). 

 

5.5 DISCUSSION 
 

To the author’s knowledge this was the first time Sim was formulated in combination with 

L-Car as a DPI employing organic solution advanced closed mode spray drying. The 

comprehensive physicochemical characterization and in vitro aerosol dispersion performance was 

completed in this study. Co-SD systems of Sim with L-Car can synergistically ameliorate PH 

because of the pleiotropic and antioxidant effects these components exert. In order to achieve this, 

it is necessary for the particles to have an upright aerosol performance and reach the smaller 

airways (i.e., bronchiolar region) and peripheral lung regions, that is, the bronchioalveolar region 

[1, 4, 28]. Decreasing to the minimum the interparticulate interactions could lead to high FPF 

values. Structural cohesion and aggregation due to interparticulate interactions such as van der 
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Waals forces, capillary forces, electrostatic forces, and mechanical interlocking avoid the proper 

aerosolization of the powder leading to low FPF values.  

Particle characteristics such as morphology, size, surface, density, among others, which are 

theoretically of importance in the development of therapeutic powder aerosol formulations can be 

manipulated depending on the desirable formulation and the parameters employed on spray drying 

[29]. In this study, the formation of particles was achieved at low pump rate (25%) in all the 

systems. Different molar ratios and two starting feed solutions were rationally designed in order 

to compare their physicochemical characteristics and their in vitro aerosol dispersion performance 

using two human FDA approved DPI devices. Equivalent sphere shape with irregular and rough 

surface particles were achieved in all Co-SD systems as seen in SEM micrographs (figure 5.3 and 

5.4). Nanostructures were visibly perceived on the surface of the particles leading to their 

aggregation. This occurrence was what made difficult to size the particles using Sigma Scan™, 

leading to broad geometric size distributions. It was clearly observed that where single particles 

could be identified, the size was much smaller than on the aggregates.  Even though corrugated or 

wrinkled particles had larger surface areas than spherical particles, the asperity of their surface 

decreased the surface area of true contact between particles leading to a the decrease of cohesive 

forces between them [29]. This could be an explanation of how the emitted dose in the aerosol 

dispersion performance was 100% even though SEM micrographs showed aggregation of the 

particles.  Most of the powder was deposited on the first stage of the NGI™, however there was 

also measurable powder on the lower stages (figure 5.12). This gave comparable FPF and RF 

values with what is currently on the market [5]. Even though particles were forming aggregates, 

the interparticular forces were not strong enough to avoid a proper aerosolization. High ED and 

decent FPF values were achieved in all Co-SD powders. In regard to the KFT, by decreasing the 
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amount of the hygroscopic L-Car salt, the residual water content also decreased in all the systems. 

This was seen in the 80:20 systems which had a very low residual water content in comparison 

with the 50:50 system. Sim is a very hydrophobic drug, so it did not adsorb moisture while it was 

in contact with the environment. On the contrary L-Car did. In summary, all these values were 

acceptable for dry powder inhalation aerosol formulations. The low residual water content in all 

the systems also played a role in their deposition. In DPIs, water should be strictly limited since it 

may have a significant effect on characteristics such as aerosolization of the particles, particle size 

distribution, crystallinity, and stability. Likewise, capillary forces can be extensively reduced by 

having low residual water content [4, 30]. In general, better aerosolization was achieved with the 

0.5% w/v systems. The MMAD values were smaller and therefore the FPF and RF values had an 

impact, showing higher numbers. This was in good agreement with the literature which says that 

spray drying more diluted solutions give smaller particles.  The comparison between the two DPI 

devices showed that in general this Co-SD systems aerosolized better with the NeoHaler™ device. 

This was a device with medium resistance which made it more optimal for these DPIs.  

By observing the 3-D plots (figure 5.17) of the statistical analysis, it was clearly observed 

that there was no significant statistical difference in the ED by changing the start feed solution 

concentration or by changing the DPI devices. In regard to the RF, there was a significant statistical 

difference by changing the start solution concentration, favoring the lower one. There was an 

observable statistical difference by changing the DPI devices, although not in all systems. Only 

the 80:20 molar ratio showed statistical difference in RF by changing the DPI device. The same 

trend was observed in FPF where there was a significant statistical difference by changing the start 

solution concentration. Also, only for the 80:20 system the difference was significant using 
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different devices. The last parameter analyzed was the MMAD which did not show a significant 

statistical difference by changing feed solution concentration or by using different DPI devices. 
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Retention of crystallinity after spray drying was demonstrated in all Co-SD systems. 

XRPD diffraction pattern showed sharp peaks in all powders which were attributable to the long-

range molecular order (figures 5.5 and 5.6) due to the crystallinity of the drugs. The molar ratio 

and/or spray drying parameters had no apparent effect on the XRPD diffractograms. DSC 

thermograms (figure 5.7 and 5.8) also confirmed the presence of crystalline composites. Fast DSC 

heating scans were conducted at 20⁰C/min and 40⁰C/min on all systems and any Tg was detected 

Figure 66. - 5.17. 3-D surface response plots showing the influence of the molar ratio and the 

different DPI devices on the in vitro aerosol dispersion performance of Co-SD Sim-L-Car 

formulations for a) ED; b) RF; c) FPF; d) MMAD. 
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(data not shown). This suggested that the powders were crystalline which agreed well with the 

XRPD diffractograms. Moreover, The DSC thermograms suggested a molecular mixture formed 

between Sim and L-Car after spray drying. This could be explained because there was a single 

phase transition which corresponded to the melting of the mixture and suggested a eutectic mixture 

because it was not close to the melting of Sim nor to the melting of L-Car. Therefore, it could be 

suggested that a molecular mixture was achieved by spray drying both APIs. 

HSM (figure 5.9) enabled the visualization of the particles as a function of temperature and 

confirmed the phase transitions of the DPIs. It also demonstrated the stability of the particles at 

room and physiological temperatures. The temperature of melting of the mixtures agreed with the 

thermograms. In the HSM image, birefringence was observable. This also confirmed the 

crystallinity of the powders. 

ATR-FTIR spectra of the Co-SD systems had peaks matching with both Sim and L-Car, 

and other peaks that might be a reference of the bonds that were forming after spray drying, which 

were confirming the molecular mixture. Characteristic bands of both molecules were seen in the 

spectra, such as the band corresponding to the OH group and the bands corresponding to the 

stretching vibration of ester and lactone carbonyl functional group of Sim; and the bands 

corresponding to L-Car such as the ones corresponding to the CN group.  

The in vitro cell culture assays demonstrated that our formulations were safe at different 

concentrations and in different human pulmonary cell lines. Also confirmed was the fact that the 

aerosols did not disturb the tight junctions of cancer cells such as H441cells. 

The 3-D model has characteristics such as the possibility to grow in air-liquid interface, 

active cilia-beating, tight junctions, cytokines, chemokines, metallo-proteinases release, long 

shelf- life, production of mucus, active ions transport, metabolic activity, among others. It was 
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clear that these models were much more sensitive than cancer cells. This was reflected in the 

relative viability and the TEER values which were measured after the exposure of the cells to the 

same concentrations of the drug formulations. TEER values below 100 Ω/cm2 suggested that the 

tissues are not in a healthy condition. This SmallAir™ model was taken from patients with several 

pathologies such as COPD, asthma, cystic fibrosis, smokers and also from healthy patients. This 

being said, the higher sensitivity to our drug formulations made sense, because as it is known 

cancer cells are more resistant to many kinds of agents.  

 

5.6 CONCLUSIONS 
 

Dry powder aerosol powders of Sim with L-Car were rationally designed and were 

successfully developed by organic solution advanced co-spray drying from two different dilute 

solute concentrations. The comprehensive physicochemical characterization provided valuable 

information of all systems. In general, we concluded that, equivalent spherical particle shape, 

relatively smooth particle surface, low residual water content and chemical stability were achieved. 

All these properties will minimize the interparticulate interactions and will enhance the aerosol 

dispersion efficiency as DPIs of the systems. This RhoA/RhoK pathway inhibitor in conjunction 

with the antioxidant L-carnitine targeted to reach lower airways have promising effects to treat 

this fatal disease, PH.  

Since the effect on PH using Sim has been reported to be dose-dependent, particle size 

could be the limiting factor for these formulations in order to have optimal aerosol dispersion 

performance parameters (i.e., FPF, RF and MMAD) higher. Future studies using other carriers to 

improve particle sizing are being planned.  
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CHAPTER 6 DRY POWDER INHALER DEVELOPMENT AND SOLID-

STATE CHARACTERIZATION OF A NEW DRUG CANDIDATE FOR 

THE TARGETED TREATMENT OF PULMONARY HYPERTENSION 
 

 6.1 INTRODUCTION 
 

Pulmonary hypertension (PH) affects close to 97 persons per million with a female/male 

ratio of 1.8, and the mortality rate ranging from 4.5 to 12.3 per 100,000 population [1]. 

PH is a fatal disease characterized by increased pulmonary arterial pressure (>25 mm Hg 

at rest). Some of the physiological changes seen in patients with PH include, among others, 

excessive vasoconstriction, inflammation, and remodeling of the vessels. The excessive 

vasoconstriction is due to the imbalance in the production of vasodilators, such as nitric oxide 

(NO) and prostacyclin, and vasoconstrictors, such as endothelin-1 (ET-1) and serotonin, produced 

by the endothelium [2]. Other factors involved include, thrombosis (due to endothelial dysfunction 

and platelet aggregation) [2], and the remodeling of the vasculature due to the proliferation and 

the inhibition of the apoptosis of endothelial and vascular smooth muscle cells [3]. Ultimately, the 

right heart fails due to all these tremendous changes and unfortunately leads to the patient’s death. 

Although survival rates are improving slowly, there remains an unacceptably poor survival rate. 

On average, after 3 years of diagnosis, patients with PAH die because of the lack of an optimum 

treatment [4]. In addition, current treatment requires frequent administration (4 and 6 times daily), 

and have the tendency to cause airway symptoms, such as coughing and wheezing, which can lead 

to intolerance to the drugs [5]. 

For years, metformin has been used to treat type 2 diabetes mellitus and has been proven 

to activate AMP-activated protein kinase (AMPK) in many tissues, which is not related to the 

hypoglycemic actions of metformin [6]. Studies have also hypothesized that an additional 
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therapeutic mechanism of metformin may be aromatase inhibition [7]. Moreover, since glucose 

oxidation is inhibited in patients with PH, and glucose levels are increased in endothelial and 

smooth muscle cells, there are currently studies showing that since metformin decreases glucose 

levels, it has positive effects in the treatment of PH [4]. However, the exact mechanisms that 

metformin uses to prevent and/or ameliorate PH remain unknown. These findings make metformin 

a possible candidate to treat this complex disease. 

Being a disease, which principally affects the respiratory tract, targeted aerosol drug 

delivery is a rapidly advancing route for novel respiratory pharmaceuticals such as metformin to 

potentially treat PH. The respiratory route offers several advantages for the administration of many 

kinds of pharmaceuticals. This is a non-invasive delivery system, which exerts a rapid onset of 

action in the organ, with lower systemic exposure and reduced side effects. Moreover, this route 

avoids first-pass metabolism in the liver and overcomes poor gastrointestinal absorption following 

oral dosing [8]. 

There are different delivery systems employed to aerosolize drugs through the lungs. 

Nebulizers, pressurized metered-dose inhalers (pMDIs), soft mist inhalers, and dry powder 

inhalers (DPIs) are currently used for this purpose. Among the different delivery systems, DPIs, 

in general, are smaller and easier to use than the others and cause fewer irritant effects. These 

systems do not use propellants, the deposition of the powders into the patient’s lungs is given by 

the patient’s own inspiration, and their shelf-life is greater due to the chemical and physical 

stability that the solid powders provide [9, 10].   

There are some limitations and challenges that need to be overcome in order to have an 

optimum dry powder aerosol deposition in the lungs. Some of the limitations include the particle 

size, the surface morphology, the aerodynamic diameter, particle shape, the degree of crystallinity, 
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among others [11]. Particles with an aerodynamic diameter ≤5 µm will deposit properly in the 

deep airways of the lungs. Other aspects that have to be considered are the interfacial and 

interparticular forces that can interact within the particles. Electrostatic interactions, Van der 

Waals forces, mechanical interlocking, and capillary condensation must be reduced to the 

minimum to have an appropriate dispersion and aerosolization of the powders [11].   

There are many existing methods to develop dry powders. Spray drying is a common 

practice of powder preparation for a wide range of drugs. It offers many advantages and the 

physicochemical properties of the particles can be tailored by changing the parameters of the 

instrument.  In this study, organic solution closed mode advanced spray drying was employed to 

achieve the unique advantages of organic solvents over aqueous solution in forming dry particles 

that are both inhalable and high performing as DPIs, as we have reported [12-18]. 

Formulation aspects were studied in addition to the influence of  FDA approved human 

DPI devices. Diverse DPI devices have different internal geometry, resistance and their 

performance depends on multiple factors [10]. Aerosolization of dry powders can be improved by 

increasing air velocity or air pressure drop [19]. Air velocity can be improved when a patient 

inhales harder and the air drop can be increased with changes in the design of the DPI. In general, 

devices with higher resistance can create more turbulence and, therefore, assist with the 

deaggregation of the powders [19]. 

To the author’s knowledge, there is not any dry powder inhaler of metformin in the market, 

neither is any being investigated. For this reason, dry powder inhalers (DPIs) of metformin have 

been designed for this purpose using organic solution closed mode advanced spray drying. 
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6.2 MATERIALS AND METHODOLOGIES  
 

6.2.1 Materials 

 

Metformin Hydrochloride (Met) [C4H111N5.HCl] molecular weight (MW): 165.625 g/mol 

g/mol]) was purchased from Spectrum Chemical MFG CORP (New Brunswick, New Jersey); 

showed in figure 6.1 (ChemDraw Ultra Ver. 15.0.; CambridgeSoft, Cambridge, Massachusetts), 

Methanol (HPLC grade, ACS –certified grade, purity 99.9%), and Chloroform (HPLC grade, ACS 

–certified grade, purity 99.8%) were obtained from Fisher Scientific (Fair Lawn, New Jersey). 

HYDRANAL®-Coulomat AD and resazurin sodium salt were from Sigma-Aldrich (St. Louis, 

Missouri). Raw Met was stored in sealed glass desiccators over indicating Drierite/Drierite™ 

desiccant under ambient pressure. Other chemicals were stored also under room conditions. Ultra-

high purity (UHP) nitrogen gas was used for all experiments and it was obtained from the 

Cryogenics and gas facility, The University of Arizona, Tucson, Arizona. 

Pulmonary cell lines were purchased from the American Type Culture Collection ATCC® 

(Manassas, Virginia). A549 (ATCC® CCL-185™), H358 (ATCC® CRL-5807™), and Calu-3 

(ATCC® HTB-55™). The Eagle’s minimum essential medium (EMEM) was also purchased from 

ATCC®, Dulbecco’s modified Eagle’s medium (DMEM), Advanced 1X, Fetal Bovine Serum 

(FBS), Pen-Strep, Fungizone®, and L-Glutamine were obtained from gibco® by Life Technologies 

(Thermo Fisher Scientific Inc, Waltham, Massachusetts). SmallAir™ is a unique 3D human small 

airway epithelia reconstituted in vitro and its SmallAir™ special growth media (which is serum 

free and contains growth factors and phenol red) were both purchased from Epithelix (Geneva, 

Switzerland). 
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6.3 Methods 
 

6.3.1 Preparation of Respirable Powders by Organic Solution Advanced Spray Drying (No 

Water) in Closed Mode 

 

Organic solution advanced spray drying (SD) in the absence of water, as previously 

reported [13-15, 20, 21], was utilized to develop dry particles of Met. Specifically, a Büchi B-290 

Mini Spray Dryer with a high-performance cyclone in closed mode using UHP dry nitrogen gas 

as the atomizing and drying gas and connected to a B-295 Inert Loop (Büchi Labortechnik AG, 

Flawil, Switzerland) was employed. The SD conditions were tailored in order to get the most 

optimum particles. Met was SD at a concentration of 0.1% w/v in methanol; at pump rates (PR) of 

25%, 50%, 75% and 100%.  The drying gas atomization rate was 670 L/h at 35mmHg, the 

aspiration rate was 35 m3/h at 100% rate and the inlet temperature was 150˚ C. The diameter of 

the stainless-steel nozzle was 0.7 mm. All these parameters were maintained constant during all 

the experiments. Table 6.1 lists the spray drying conditions. The SD particles were separated from 

the nitrogen drying gas in the high-performance cyclone and collected in a small sample collector. 

All SD powders were carefully stored in sealed scintillation glass vials and stored in sealed 

desiccators over indicating Drierite/Drierite™ desiccant at -20 ˚ C. 

Figure 67. - 6.1. Chemical structure of Metformin HCl (Met). 
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Table 21. - 6.1. Advanced spray drying parameters for spray dried (SD) powders from methanol 

(MeOH) solution using organic solution advanced close mode spray drying particle engineering 

design. 

Spray Drying conditions 

Parameter 
 

Inlet Temperature 150 ˚C 

Aspirator rate 100% 

40 m3/hour 

Pump rate 25% (7.5 ml/min) 

50% (15 ml/min) 

75% (22.5 ml/min) 

100% (30 ml/min)  

Gas Flow 670 L/hour 

55 mm Hg 

Feed Solution Concentration 0.1% w/v 

Solvent Methanol 

Atomizer and Drying gas UHP Nitrogen 

Nozzle type diameter Stainless steel 

0.7mm 

 

 

 

6.3.2 Laser Light Diffraction Particle Sizing and Size Distribution 

As previously reported [22], the mean size and size distribution of the particles were 

determined by ultraviolet (UV) laser diffraction using a nanosize analyzer SALD-7101 

(Shimadzu, Japan). SD Met particles were dispersed in chloroform and sonicated for 5 seconds 

before the analysis in order to break up the agglomerates. A quartz glass cell was used under 

stirred conditions. The low refractive index 1.35–0.10 was used. Number-based dimension of 

particle amount distribution was obtained for samples. In addition to acquiring the particle size 
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distributions, the D v10, D v50, and D v90 parameters were measured. The span value was 

calculated using the equation defined as [(D v90 − D v10)/D v50]. 

6.3.3 Scanning Electron Microscopy 

 

The visual imaging, the analysis of particle morphology, particle size, surface morphology 

and other microscopic characteristics were achieved by scanning electron microscopy (SEM) using 

a FEI Inspect S microscope (FEI, Brno, Czech Republic). The conditions have been previously 

reported [13-15, 20, 21]. Samples were placed on double-sided adhesive carbon tabs (TedPella, 

Inc. Redding CA), which were adhered to aluminum stubs (TedPella, Inc.) and 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 90 seconds. 

The electron beam with an accelerating voltage of 30 kV was used at a working distance of ~9-12 

mm. Several magnification levels were used. 

6.3.4 Particle Sizing and Size Distribution Using SEM Micrographs  

 

In order to compare the particles mean size, standard deviation, and size range obtained 

from the laser light diffraction particle sizer, representative micrographs for each SD powder at 

5000x magnification were analyzed by measuring the diameter of at least 100 particles per sample 

using SigmaScan™ Pro 5.0.0 (Systat, Inc., San Jose, CA). This was reported before in [13-15, 20-

23]. 

6.3.5 X-Ray Powder Diffraction 

 

The crystallinity of the powders was determined by X-ray powder diffraction (XRPD). As 

in former reports [13-15, 20-23], XRPD patterns of Raw Met and SD Met were collected at room 
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temperature with a PANalytical X’pert diffractometer (PANalytical Inc., Westborough, 

Massachusetts) equipped with a programmable incident beam slit and an X’Celerator Detector.  

The x-ray radiation used was Ni-filtered Cu Kα (45 kV, 40 Ma, and λ = 1.5418 Å).  Measurements 

were taken between 5.0˚ and 50.0˚ (2θ) with a scan rate of 2˚/min. The powder samples were 

loaded on zero background silicon sample holder. 

6.3.6 Differential Scanning Calorimetry (DSC) 

 

 A TA Q 1000 differential scanning calorimeter (DSC) (TA Instruments, New Castle, 

Delaware) equipped with T-Zero® technology, RSC90 automated cooling system, and an auto 

sampler was used to perform thermal analysis and phase transition measurements for the Met 

samples. The instrument was previously calibrated with indium.  Approximately 1-3 mg of powder 

was weighed and placed into anodized aluminum hermetic DSC pans. The T-Zero® DSC pans 

were hermetically sealed with the T-Zero hermetic press (TA Instruments). For all the experiments, 

an empty hermetically sealed aluminum pan was used as reference. UHP nitrogen was used as the 

purging gas at a rate of 40 mL/min. The samples were heated from at 0.00⁰C to 250.00⁰C at a 

scanning rate of 5.00⁰C/min. All measurements were carried out in triplicate (n = 3). This has been 

previously reported [13-15, 20-23]. 

6.3.7 Hot Stage Microscopy (HSM) under Cross-Polarizers  

 

As published before [13-15, 20-23], 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 

fixed on a glass slide and heated from at 25.0⁰C to 250.0⁰C at a heating rate of 5.00⁰C/min. The 
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images were digitally captured using a Nikon coolpix 8800 digital camera (Nikon, Tokyo, Japan) 

under 10x optical objective and 10x digital zoom. 

6.3.8 Karl Fischer Titration (KFT) 

 

 Using conditions similar to those previously reported [13-16, 23, 24], the residual water 

content of SD powders was chemically quantified by Karl Fischer Coulometric Titration (KFT) 

using a TitroLine 7500 trace titrator (SI Analytics, Weilheim, Germany) following similar 

conditions reported before [13-15, 20-23].  Approximately 1-5 mg of powder were added to the 

titration cell containing Hydranal® Coulomat AD reagent.  

6.3.9 Raman Spectroscopy  

 

Using similar conditions previously reported [21, 23], 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 had 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 was achieved using 1% of laser power, and 10 seconds 

of exposure in all samples.  

6.3.10 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, New York) attenuated total reflectance (ATR) accessory 

was used for this kind of spectroscopy. Each spectrum was collected for 32 scans at a spectral 

resolution of 2 cm-1 over the wavenumber range of 4000–400 cm-1. A background spectrum was 
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carried out under the same experimental conditions. Spectral data were acquired with EZ-OMNIC 

software. These conditions were similar to our previous reports [13-16, 20-24]. 

6.3.11 In vitro Aerosol Dispersion Performance  

 

 According to USP Chapter <601> specifications on aerosols, the aerosol dispersion 

performance of SD Met formulations were 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 different FDA-approved human DPI 

devices: a) HandiHaler® (Boehringer Ingelheim, Ingelheim, Germany); b) NeoHaler™ (Novartis 

AG, Stein, Switzerland), and c) Aerolizer® (Novartis Pharma AG, Basle, Switzerland) were tested. 

As reported previously [13-16, 20-24], the experiments were conducted with an airflow rate (Q) 

of 60 L/min, which 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 

gravimetrically quantified using type A/E glass fiber filters with diameter 55mm (PALL 

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™ at a 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 
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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 the aerosolization. The 

ED (%) Equation 6.1 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 6.2 was expressed as the percentage of FPD to ED. The respirable 

fraction (RF %) Equation 6.3 was used as the percentage of FPD to total deposited dose (DD) on 

all impactor stages. 

𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝐷𝑜𝑠𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝐷%) =  
𝐸𝐷

𝑇𝐷
𝑋 100%     (Equation 6.1) 

𝐹𝑖𝑛𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐹𝑃𝐹%) =
𝐹𝑃𝐷

𝐸𝐷
𝑋 100%  (Equation 6.2) 

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑏𝑙𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑅𝐹%) =
𝐹𝑃𝐷

𝐷𝐷
 𝑋 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 written by Dr. Warren Finlay.  

6.3.12 Statistical analysis 

 

Design of experiments (DoEs) was conducted using Design Expert® 8.0.7.1 software (Stat 

Ease Corporation, Minneapolis, MN). A multi factorial design for SD Met was utilized for in vitro 

aerosol testing. Interaction of the inhaler device resistance and spray drying PR were evaluated 

using the Analysis of Variance (ANOVA) test performed using Design Expert®. The different 

interactions on the performance of the formulations were evaluated using the 3-D surface plot 

generated from Design Expert®. All experiments were performed in triplicate (n= 3). Results were 

expressed as mean ± standard deviation, as previously reported [21]. 
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6.3.13 In Vitro Cell Dose Response Assay in a 2-D Cell Culture 

 

The effects of SD Met formulations on the viability of human representative pulmonary 

cell lines exposed to different concentrations were tested. A549 (a human alveolar epithelial lung 

adenocarcinoma cell line) and H358 (a bronchoalveolar carcinoma pulmonary cell line) were used 

as models of the alveolar type II pneumocyte cells and the alveolar type II cells which express lung 

surfactant associated protein A (SP-A), respectively [8, 20, 25]. These 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 2mM L-Glutamine in a 

humidified incubator at 37 ˚C and 5% CO2, as previously reported [8, 15, 20, 26]. 

Cells were seeded and treated with the drug solution as explained in the previous chapters. 

Seventy-two (72) hours after exposure under incubation at 37 ˚C and 5% CO2, 20 μl of 20 µM 

resazurin sodium salt were added to each well and incubated for 4 hours. At this point, the 

fluorescence intensity of the resorufin (metabolite) produced by only viable cells was detected at 

544 nm (excitation) and 590 nm (emission) as previously reported [6, 33], using the Synergy H1 

Multi-Mode Reader (BioTek Instruments, Inc., Winooski, VT). The relative viability of the cell 

line was calculated as follow by equation 6.4: 

Relative viability (%) =
Sample fluorescence intensity

Control fluorescence intensity
x 100%        (Equation 6.4) 

6.3.14 In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells  

 

Calu-3 cells 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), 
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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 [8, 15, 16]. After confluence, the cells were 

seeded at a concentration of 500,000 cells/ml in Costar Transwells inserts® (0.4 μm polyester 

membrane, 12 mm for a 12- well plate) from Fisher Scientific (Hampton, New Hampshire) with 

0.5 ml of media on the apical side and 1.5 ml of media on the basolateral side as explained in the 

other chapters. After the TEER values reached 500 Ω.cm2 (indicating a confluent monolayer at 

ALI conditions), the cells were exposed to 1000 µM of representative SD formulations dissolved 

in non-supplemented EMEM media. The liquid aerosol formulations were delivered to the Calu-3 

cells at ALI  using a Penn Century MicroSprayer® Aerolizer – Model IA-1B (Wyndmoor, 

Philadelphia) [8]. TEER values were then recorded after 3 hours of exposure and then every 24 

hours up to 7 days after drug exposure, as previously reported [15, 20]. 

6.3.15 In Vitro Cell Dose Response Assay in a 3-D Cell Culture 

 

The SmallAir™ cells were exposed to a 1000 µM solution of SD Met (25% PR). The 

relative viability was measured as it has been described in previous chapters.   

In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle Exposure to 3-D 

Human Small Airway Epithelia 

As formerly described in the chapters above, the TEER measurements were conducted 

under the same conditions after treating the SmallAir™ cells with a 1000 µM solution of SD Met 

(25% PR). 
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6.4 RESULTS 
 

6.4.1 Preparation of Respirable Powders by Organic Solution Advanced Spray Drying (No 

Water) in Closed Mode 

 

 Particles were successfully formed at the conditions reported above, at 25%, 50%, 75%, 

and 100% PR. The corresponding outlet temperatures were noted in table 6.2. 

Table 22. - 6.2. Spray drying outlet temperatures and residual water content quatified by KFT 

(n=3, mean±standard deviation) 

 

 

6.4.2 Laser Light Diffraction Particle Sizing and Size Distribution 

 

The particle size data and the calculated span are summarized in table 6.3. All formulations 

showed narrow and unimodal particle size distributions. This was reflected in the calculated span 

values which were small and representative of that kind of distributions. It was clearly seen that 

the smallest particles are the ones achieved at 25% PR. The other PR exhibited bigger particle 

sizes. The span values were almost the same in all formulations. All SD formulations were in the 

nanometer range from ~0.266-1.36 nm.  

System Composition Outlet T (C) Residual Water 

content (%) 

Raw Metformin HCl N/A 0.33±0.13 

SD Metformin (25% PR) 80-83 3.41±2.39 

SD Metformin (50% PR) 64-65 1.31±1.28 

SD Metformin (75% PR) 62 1.74±0.03 

SD Metformin (100% PR) 53 1.45±0.34 
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Table 23. - 6.3. Particle size parameters of SD Met particles (mean ± SD, n=3). 

System D10 (µm) D50 (µm) D90 (µm) Mean ± std 

dev (µm) 

Span 

SD Metformin 

(25% PR) 

0.266±0.05 0.348±0.05 0.522±0.080 0.363±0.059 0.735 

SD Metformin 

(50% PR) 

0.652±0.09 0.897±0.14 1.366±0.22 0.959±0.16 0.795 

SD Metformin 

(75% PR) 

0.357±0.05 0.46±0.08 0.685±0.12 0.482±0.08 0.712 

SD Metformin 

(100% PR) 

0.469±0.12 0.621±0.18 0.937±0.28 0.653±0.19 0.752 

 

6.4.3 Scanning Electron Microscopy 

 

The SEM micrographs showed a tremendous change in particle shape and size between the 

raw Met and the SD formulations. Raw Met had needle shape (figure 6.2a) and the particle size 

was about 500 µm and beyond. The SD powders displayed spherical shapes in all pump rates. The 

smooth surface was more visible at 25%, 75%, and 100% PR (figure 6.2 b, c, d, and e). The 50% 

PR formulation presented more agglomerates in these micrographs, although the particle shape 

was spherical as well.  
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Figure 68. - 6.2. SEM micrographs of a) Raw Met; b) SD Met (25% PR); c) SD Met (50% PR); 

d) SD Met (75% PR); e) SD Met (100% PR). 
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6.4.4 Particle Sizing and Size Distribution Using SEM Micrographs  

 

The particle sizing using SigmaScan™ 5.0 software (Systat, San Jose, California) from the 

SEM micrographs showed geometric mean diameters from 3.13-5.62 µm. The geometric diameter 

distribution ranged from the nanoscale to the microscale in all SD systems. In table 6.4 it can be 

noted that the particles with the smallest geometric mean diameter were the ones formulated at 

50% PR and the largest ones were the ones formulated at 25% PR. The broadest geometric 

distribution was for the SD Met at 25%, whereas the narrowest was for the SD Met at 75% PR. 

Table 24. -6.4. Particle size. (n=100, Mean ± SD). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

System Mean Size (µm) ± Std Dev Range (µm) 

Raw 281.49±135.35 797.85-94.32 

25% metformin 5.622±2.397 0.859-17.547 

50% metformin 1.1±0.295 0.552-1.805 

75% metformin 3.134±1.503 0.888-8.465 

100% metformin 3.147±2.279 0.721-12.285 
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6.4.5 X-Ray Powder Diffraction 
 

The XRPD diffraction patterns of raw and SD Met presented sharp and intense peaks, 

characteristic of the long-range molecular order. As presented in figure 6.3, all raw and SD 

formulations had the same diffraction pattern and the sharp, intense and most notably 

representative peaks at 2θ angles were 17°, 22°, 23°, 31° and 45°. This was in good agreement 

with previous reports [27, 28]. 

6.4.6. Differential Scanning Calorimetry (DSC) 

The DSC was run at a scan rate of 5.00⁰C/min. All raw and SD formulations had the same 

thermogram (figure 6.4). There was only a main phase transition from order to disorder at ~225⁰C, 

which corresponded to the melting of the drug [27, 28]. The enthalpy and temperature values are 

summarized in table 6.5. 

 

Figure 69. - 6.3 XRPD diffraction patterns of a) Raw Met; b) SD Met (25% PR); c) SD Met 

(50% PR); d) SD Met (75% PR); e) SD Met (100% PR); f) all. 
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Table 25. - 6.5. DSC phase transition values for raw and SD Met powders. (n = 3, Mean ± SD). 

 

 

 

 

 

System 

 

Tpeak (⁰C) Enthalpy (J/g) 

Raw Metformin 

 

226.81±0.16 312.2±5.20 

SD Metformin (25% PR) 

 

225.29±0.01 306.9±7.45 

SD Metformin (50% PR) 

 

225.54±0.35 300.43±11.94 

SD Metformin (75% PR) 

 

225.64±0.42 301.6±6.58 

SD Metformin (100% PR) 

 

225.58±0.42 302.6±6.58 

Figure 70. - 6.4. DSC thermograms of a) Raw Met; b) SD Met (25% PR); c) SD Met (50% PR); 

d) SD Met (75% PR); e) SD Met (100% PR); f) all. 
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6.4.7. Hot Stage Microscopy (HSM) under Cross-Polarizers  

The images from the HSM were in good agreement with the DSC and the XRPD results 

(figure 6.5). Birefringence was clearly present in all samples when observed under the microscope. 

There was only one phase transition at ~226⁰C. The disappearance of the birefringence, and the 

formation of the bubbles helped to confirm that it was the melting of the drug at that temperature. 
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6.4.8. Karl Fischer Titration (KFT) 

 

The residual water content in all systems was quantified by Karl Fisher titration. In general, 

the values were low for all systems. They ranged from 1.31%-3.41% (table 6.2) 

 

 

Figure 71. - 6.5. HSM images of a) Raw Met; b) SD Met (25% PR); c) SD Met (50% PR); 

d) SD Met (75% PR). Scale bar = 10 µm. 
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6.4.9. Attenuated Total Reflectance – FTIR Spectroscopy  

 

 The raw and SD powders presented the same spectrum (figure 6). The prominent and 

typical bands were at 3369, 3294, 3155, 1626, and 1567 cm-1. These spectra were in good 

agreement with former reports [27, 28]. 

 

6.4.10. Raman Spectroscopy 

 

The Raman spectrum for all raw and SD formulation was the same (figure 6.7). Characteristic 

Raman bands appeared in different wavelengths of the spectrum.  The most representative for Met 

were at 3375, 3197, 3301, 2821, 1472, 1169, 1087, 1043, 912, 634 cm-1.The achieved Raman 

spectra were in good agreement with previous reports [184, 185]. 

Figures 72. - 6.6. ATR-FTIR spectrum of a) Raw Met; b) SD Met (25% PR); c) SD Met (50% 

PR); d) SD Met (75% PR); e) SD Met (100% PR); f) all. 
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6.4.11. In vitro Aerosol Dispersion Performance 

 

The aerosol dispersion performance of the SD powders was tested following the USP 

chapter <601> specifications on aerosols as described above. Three different FDA approved 

human DPI devices with different internal geometry and resistance were used for this test. Aerosol 

deposition on each NGI™ stage was measurable and in particular, deposition on the lower stages 

of stage 2 all the way to stage 7 (the lowest stage) was observed (Figure 6.8).  As it was shown in 

Figure 73. - 6.7. Raman spectra of a) Raw Met; b) SD Met (25% PR). 
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table 6.6, the ED values of all formulations remained the same for all formulations with the three 

devices. The ED values were close to 99% for all systems taking into consideration the standard 

deviations. The FPF values were also very close for all formulations with the three devices. The 

values ranged between ~25%-35%, with the exception of SD Met at 100% PR using the Aerolizer® 

DPI device which showed a FPF value of 52%. Regarding the RF values, there were variations 

between DPI devices. Using HandiHaler® and NeoHaler™, the RF values were lower than using 

the Aerolizer® device. The values ranged between 40%-66%, and 77%-92%, respectively. The 

MMAD and GSD values were very similar in all formulations and among the three different 

devices. However, the MMAD values using the HandiHaler® device were a bit larger (~7 µm) than 

using the Aerolizer® and the NeoHaler™ (~5 µm). 

Table 26. - 6.6 In vitro aerosol dispersion performance using the NGI™ for SD aerosol 

systems including mass median aerodynamic diameter (MMAD), geometric standard 

deviation (GSD), fine particle fraction (FPF), respirable fraction (RF), and emitted dose 

(ED). (n=3, mean ± SD). 

 

 

System composition ED 

(% 

FPF 

(%) 

RF 

(%) 

MMAD 

(m) 

GSD 

(m) 

Aerolizer® 

SD Metformin (25% PR) 99.1119 25.422.11 79.381.31 5.570.17 1.900.05 

SD Metformin (50% PR) 99.560.31 26.581.19 77.182.17 5.820.12 1.810.07 

SD Metformin (75% PR) 98.881.04 28.662.08 80.290.89 5.40.19 1.840.04 

SD Metformin (100% PR) 99.470.23 52.063.89 92.090.27 3.610.51 1.790.07 
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NeoHaler™ 

SD Metformin (25% PR) 99.720.49 27.391.44 65.575.5 6.90.36 1.780.08 

SD Metformin (50% PR) 99.870.22 32.052.46 53.561.36 5.120.29 2.250.04 

SD Metformin (75% PR) 97.911.80 35.084.73 77.486.23 4.621.24 1.870.1 

SD Metformin (100% PR) 99.870.22 26.640.97 612.17 5.600.57 1.790.07 

HandiHaler® 

SD Metformin (25% PR) 99.870.22 26.640.67 612.17 70.32 1.910.8 

SD Metformin (50% PR) 99.310.63 31.683.5 66.874.05 7.070.58 2.400.70 

SD Metformin (75% PR) 917.97 24.038.1 43.5313.16 8.951.30 2.470.22 

SD Metformin (100% PR) 94.749.10 27.366.05 55.954.12 7.530.16 1.860.11 

Figure 74. - 6.8. In Vitro Aerosol Deposition using: a) Aerolizer®  ; b) NeoHaler™; c) 

HandiHaler®. 
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6.4.12. Statistical analysis 

 

The statistical analysis of the interaction between the spray dryer parameters and the DPI 

devices was performed as described above. The 3-D plots shown in figure 6.9 illustrates these 

interactions. The ANOVA for the ED values indicated that there was not a significant statistical 

difference between the different PR and between the three different DPI devices with a P value of 

0.1313. In terms of RF values, the ANOVA analysis exhibited that there was a significant statistical 

difference between the PR and the different devices (P value <0.0001), favoring the Aerolizer®. In 

regard to the FPF values, it was reported that there was a significant statistical difference (p value 

of 0.0252) using different devices and different PR, favoring the Neohaler™ and the Aerolizer® at 

100% PR. The last parameter that was run was the MMAD value. The results showed that there 

was a significant statistical difference using this model, with a P value of 0.0001, favoring the 

Aerolizer® DPI device. 

 

 

 

 

 

 

 

 

 

 

 

Figure 75. - 6.9. 3-D surface response plots showing the influence of pump rate and different 

DPI devices on the in vitro aerosol dispersion performance for SD Met formulations for a) ED; 

b) RF; c) FPF; d) MMAD. 
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6.4.13. In Vitro Cell Dose Response Assay in a 2-D Cell Culture 

 

The plots shown in figure 6.10 exhibited that there was not a decrease in the viability of 

the two cell lines after 72 hours of exposure to different concentrations of the raw and SD Met. 

The two cell lines viability remained close to 100% at all concentrations. 

6.4.14. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to Lung Epithelial Cells  

 

Right after the exposure of the cells to the formulations, the integrity of the monolayer was 

disrupted as it was seen in figure 6.11. This was reflected in the decrease of the TEER values. 

However, over time the cell monolayer recovered as to prior exposure values. 

Figure 76. - 6.10. In vitro drug-response graphs for a) H358, and b) A549 and cells after 72 hours 

of exposure to different concentrations of Raw and SD Met. (n=6, Mean ± SD). 
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6.4.15. In Vitro Cell Dose Response Assay in a 3-D Cell Culture  

 

After 72 hours of exposure of the cells to the solution of SD Met, the relative viability was 

98%. This is shown in figure 6.12. 

Figure 77. - 6.11. Transepithelial electrical resistance (TEER) analysis of Calu-3 lung 

epithelial cells exposed to 1000 micromolar of Raw and SD Met in air-liquid interface (ALI) 

conditions using a Penn Century MicroSprayer® Aerolizer – Model IA-1B  (n=3, mean ± SD). 
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6.4.16. In Vitro Transepithelial Electrical Resistance (TEER) Analysis upon Particle 

Exposure to 3-D Human Small Airway Epithelia 

 

As seen in figure 6.13, the TEER values of the Smallair® cells after the exposure to SD 

Met were never less than 200 Ω.cm2. 

Figure 78. -6.12. In vitro drug-response graph for SmallAir™ cells after 72 hours of exposure 

to SD Met. (n=3, Mean ± SD). 
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Figure 79. – 6.13. Transepithelial electrical resistance (TEER) analysis of SmallAir™ cells 

exposed to 1000 micromolar of SD Met in air-liquid interface (ALI) conditions using a 

micropipette. (n=3, mean ± SD). 

6.5 DISCUSSION 
 

To the author’s knowledge, this was the first time that Met was spray dried using organic 

close mode conditions with the purpose of developing an efficient DPI for the targeted treatment 

of PH. 

It had been well established that DPIs must have special physicochemical properties in 

order to function properly. Interfacial and interparticulate interactions should be decreased at 

minimum so that the aerosols can flow and disperse correctly [10]. There are many reported ways 

to overcome these forces. In this particular study, we focused on formulating particles with an 

aerodynamic diameter ≤5 µm. We tailored the particle and surface morphology to be spherical and 

smooth, respectively, to avoid the formation of agglomerates due to mechanical interlocking 
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and/or electrostatic forces. Moreover, we targeted a decrease in the residual water content as much 

as possible so we could avoid capillary condensation between particles and therefore 

agglomeration.  Organic solution advanced spray drying from dilute solution using rationally 

selected spray drying conditions allowed us to successfully develop dry powders of Met as 

previously reported [15, 21, 24]. 

SD Met powders were achieved at the conditions reported above. These powders were 

extensively characterized by different techniques. Even though the aerodynamic diameter is what 

dictates the deposition of the dry powders in the lungs, it was important to measure the geometric 

diameter of the resulting particles. For this purpose, we utilized two techniques described above; 

laser sizer diffraction and SEM sizing. Although these techniques are based on different 

fundamentals, the minimum range of the particles in both measurements was in the nanoscale. 

Sizing from SEM micrographs was very helpful but also made it complicated to choose which 

particles to size. Taking these issues into consideration, it was still clear that the SD particles were 

in the nanoscale size. 

In the SEM micrographs, the formation of the particles and the degree of agglomeration 

was detected. Figure 6.2 demonstrated that particles formed at 75% and 100% PR were more 

spherical, had a smoother surface and presented less degree of agglomeration than the SD at 25% 

and especially the SD at 50% PR, which presented agglomeration. 

By measuring the residual water content of the SD particles, it was shown that particles 

adsorbed more water by decreasing the PR. Met is hydrophilic and therefore hygroscopic, thus 

increasing the time of spray drying led to the particles adsorbing more water during the process. 

Particles formed at 25% PR had the larger amount of residual water. In summary, all SD 
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formulations had very low residual water content and the values are within the parameters accepted 

for DPIs [11]. 

The degree of crystallinity of the formulations after SD was tested by different techniques. 

The XRPD diffraction patterns showed intense and sharp peaks, which were related to the long-

range molecular order of the powders. This was confirmed by DSC, where a single main phase 

transition from order to disorder was observed. The large enthalpy, the absence of glass transition 

temperature Tg and the shape of the peak indicated that the SD powders remained in crystal form 

after SD. The birefringence observed in HSM, was also a key to establish that the formulations 

were in crystal form [16]. 

The spectrometric techniques were performed in order to identify the Met molecule and 

compare it with the literature. It was important to know if any polymorphic change occurred during 

the SD process. Both the Raman and the FTIR spectrum were exactly the same before and after 

SD, hence there was not any change. Regarding FTIR, the characteristic bands observed at 3369 

cm-1 and 3294 cm-1 corresponded to the N–H primary stretching vibration and the band at 3155 

cm-1 was due to the N– secondary stretching; the characteristic bands at 1626 cm-1 and 1567 cm-1 

belonged to C-N stretching [27, 28]. 

The Raman spectra also showed many characteristic bands that complemented the FTIR 

spectrum. In this case, the spectrum before and after SD was the same as well. The bands 

encountered at ~3375, 3197, and 3301 cm-1 corresponded to the N-H stretching vibration. The 

band found at 1472 cm-1 was characteristic of N-H deformation vibration. The C-N stretching had 

bands at ~1169, 1087, 1043 cm-1. The (CH3)2N absorption presented a band at ~2821 cm-1. Other 

bands at 744 and 634 cm-1 corresponded to NH2 vibration and CH bending, respectively [27, 28]. 
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The in vitro aerosol dispersion performance and its statistical analysis gave interesting and 

promising results. All the parameters evaluated in all SD powders with the three devices had values 

much higher than what it is already on the market. The ED were almost 99% for all formulations 

meaning that the design of a DPI device (the flow path of the device between the loaded powder 

and the exit of the mouthpiece of the device) was efficient with the three different tested devices 

allowing consistent and sufficient release of the amount of powder at the tested flow rate [10]. The 

deposition in the stages 2-7 was measurable and it was reflected in the FPF. These values were 

much higher than "conventional” DPIs currently on the market, which provided an FPF in the 

range of 10–20%. The MMAD values for all formulations using the three devices were optimal 

for DPIs. Most of the formulations had MMAD values ≤ 5 µm which made them suitable for 

deposition into the deep airways. The statistical analysis and the 3-D plots showed minimal 

differences between the performance using different DPI devices and different SD pump rates.  

Taking the differences in the resistance and the geometry of the three different tested 

devices, we concluded that devices with low and medium resistance were better for these Met 

formulations. This could be because the particles had very optimum physicochemical properties 

and did not need a very high resistance device to fluidize the particles and aerosolize them. 

The in vitro cell assays demonstrated that the SD formulations of Met are safe and did not 

damage the integrity of the epithelium of the tested pulmonary cancer cell lines. In regards to the 

3-D model, the cell were also safe when they were exposed to a rather high concentration of Met. 

6.6 CONCLUSIONS 
 

After this extensive study, it was concluded that Met can be successfully spray dried using 

these spray drying conditions to form optimal nanoparticles that could be loaded into dry powder 
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devices and these in turn could be deposited into the deep airways to treat a fatal disease such as 

PH.  

The resulting Met DPIs were chemically and physically stable. They showed optimal 

characteristics and they performed really well with the three tested DPIs. Thus, the results of this 

study should be into consideration for further investigation. 

As explained above, the inhaled route has a number of attractive features for treatment of 

PH, including delivery of drug directly to the target organ, thus enhancing pulmonary specificity 

and reducing systemic adverse effects [5]. 

It is also a fact that PH is a very complex disease that involves many mechanisms in its 

physiopathology. For future studies, it will be interesting to combine Met with other already 

approved or investigational therapies for PH so that this disease can be effectively treated. 

 

 

 

 

 

 

 

 

 



242 
 

6.7 REFERENCES 
 

1. Zhang M-Z, Qian D-H, Xu J-C, Yao W, Fan Y, Wang C-Z. Statins may be beneficial for 

patients with pulmonary hypertension secondary to lung diseases. Journal of Thoracic 

Disease. 2017;9(8):2437-46. 

2. Katsiki N, Wierzbicki AS, Mikhailidis DP. Pulmonary arterial hypertension and statins: an 

update. Curr Opin Cardiol. 2011;26(4):322-6. 

3. Loirand G, Pacaud P. The role of Rho protein signaling in hypertension. Nat Rev Cardiol. 

2010;7(11):637-47. 

4. Dean A, Nilsen M, Loughlin L, Salt IP, MacLean MR. Metformin Reverses Development 

of Pulmonary Hypertension via Aromatase Inhibition. Hypertension (Dallas, Tex : 1979). 

2016;68(2):446-54. 

5. Hill NS, Preston IR, Roberts KE. Inhaled Therapies for Pulmonary Hypertension. 

Respiratory Care. 2015;60(6):794. 

6. Goodarzi MO, Bryer-Ash M. Metformin revisited: re-evaluation of its properties and role 

in the pharmacopoeia of modern antidiabetic agents. Diabetes, obesity & metabolism. 

2005;7(6):654-65. 

7. Palomba S, Falbo A, Zullo F, Orio F, Jr. Evidence-based and potential benefits of 

metformin in the polycystic ovary syndrome: a comprehensive review. Endocrine reviews. 

2009;30(1):1-50. 

8. Acosta M, Muralidharan, P, Meenach, S.A., Hayes, D. Jr., Black, S.M., and Mansour, H.M. 

. In Vitro Pulmonary Cell Culture in Pharmaceutical Inhalation Aerosol Delivery: 2-D, 3-

D, and In Situ Bioimpactor Models. Current Pharmaceutical Design. 2016:(IN PRESS) 

[Impact Factor: 3.452] 

9. Crompton GK. Dry powder inhalers: advantages and limitations. Journal of aerosol 

medicine : the official journal of the International Society for Aerosols in Medicine. 

1991;4(3):151-6. 

10. Prime D, Atkins PJ, Slater A, Sumby B. Review of dry powder inhalers. Advanced Drug 

Delivery Reviews. 1997;26(1):51-8. 

11. Muralidharan P, Acosta, M., Hayes, D. Jr., Black, S.M., and Mansour, H.M Fundamentals 

of Solid-State Characterization of Dry Powder Inhalers. . Inhalation. 2016:(IN PRESS) 

12. Duan J, Vogt FG, Li X, Hayes D, Jr., Mansour HM. Design, characterization, and 

aerosolization of organic solution advanced spray-dried moxifloxacin and ofloxacin 

dipalmitoylphosphatidylcholine (DPPC) microparticulate/nanoparticulate powders for 

pulmonary inhalation aerosol delivery. International Journal of Nanomedicine. 

2013;8:3489+. 

13. Li X, Vogt FG, Hayes D, Jr., Mansour HM. Design, characterization, and aerosol 

dispersion performance modeling of advanced spray-dried 

microparticulate/nanoparticulate mannitol powders for targeted pulmonary delivery as dry 

powder inhalers. J Aerosol Med Pulm Drug Deliv. 2014;27(2):81-93. 

14. Li X, Vogt FG, Hayes D, Jr., Mansour HM. Design, characterization, and aerosol 

dispersion performance modeling of advanced co-spray dried antibiotics with mannitol as 

respirable microparticles/nanoparticles for targeted pulmonary delivery as dry powder 

inhalers. J Pharm Sci. 2014;103(9):2937-49. 

15. Meenach SA, Anderson KW, Hilt JZ, McGarry RC, Mansour HM. High-performing dry 

powder inhalers of paclitaxel DPPC/DPPG lung surfactant-mimic multifunctional particles 



243 
 

in lung cancer: physicochemical characterization, in vitro aerosol dispersion, and cellular 

studies. AAPS PharmSciTech. 2014;15(6):1574-87. 

16. Meenach SA, Anderson KW, Zach Hilt J, McGarry RC, Mansour HM. Characterization 

and aerosol dispersion performance of advanced spray-dried chemotherapeutic PEGylated 

phospholipid particles for dry powder inhalation delivery in lung cancer. European Journal 

of Pharmaceutical Sciences. 2013;49(4):699-711. 

17. Willis L, Hayes D, Jr., Mansour HM. Therapeutic liposomal dry powder inhalation aerosols 

for targeted lung delivery. Lung. 2012;190(3):251-62. 

18. Wu X, Hayes D, Jr., Zwischenberger JB, Kuhn RJ, Mansour HM. Design and 

physicochemical characterization of advanced spray-dried tacrolimus multifunctional 

particles for inhalation. Drug Des Devel Ther. 2013;7:59-72. 

19. Demoly P, Hagedoorn P, de Boer AH, Frijlink HW. The clinical relevance of dry powder 

inhaler performance for drug delivery. Respiratory medicine. 2014;108(8):1195-203. 

20. Meenach SA, Tsoras, A.N., McGarry, R.C., Mansour, H.M., Hilt, J.Z., and Anderson, 

K.W.  . Development of Three-Dimensional Lung Multicellular Spheroids in Air and 

Liquid Interface Culture for the Evaluation of Anti-Cancer Therapeutics. . International 

Journal of Oncology. 2016:(IN PRESS)[Impact Factor: 3.025]. 

21. Muralidharan P, Hayes D, Black SM, Mansour HM. Microparticulate/Nanoparticulate 

Powders of a Novel Nrf2 Activator and an Aerosol Performance Enhancer for Pulmonary 

Delivery Targeting the Lung Nrf2/Keap-1 Pathway. Molecular systems design & 

engineering. 2016;1(1):48-65. 

22. Li X, Mansour HM. Physicochemical characterization and water vapor sorption of organic 

solution advanced spray-dried inhalable trehalose microparticles and nanoparticles for 

targeted dry powder pulmonary inhalation delivery. AAPS PharmSciTech. 

2011;12(4):1420-30. 

23. Muralidharan P, Hayes, D. Jr., Black, S.M., and Mansour, H.M. . 

Microparticulate/Nanoparticulate Powders of a Novel Nrf2 Activator and an Aerosol 

Performance Enhancer for Pulmonary Delivery Targeting the Lung Nrf2/Keap-1 Pathway. 

. The Royal Society of Chemistry(RSC): Molecular Systems Design & Engineering. 

2016:1-18. 

24. Li X, Vogt FG, Hayes Jr D, Mansour HM. Physicochemical characterization and aerosol 

dispersion performance of organic solution advanced spray-dried 

microparticulate/nanoparticulate antibiotic dry powders of tobramycin and azithromycin 

for pulmonary inhalation aerosol delivery. European Journal of Pharmaceutical Sciences. 

2014;52:191-205. 

25. Haghi M, Ong HX, Traini D, Young P. Across the pulmonary epithelial barrier: Integration 

of physicochemical properties and human cell models to study pulmonary drug 

formulations. Pharmacol Ther. 2014;144(3):235-52. 

26. Ren H, Birch NP, Suresh V. An Optimised Human Cell Culture Model for Alveolar 

Epithelial Transport. PLOS ONE. 2016;11(10):e0165225. 

27. Patil S, Kuchekar B, Chabukswar A, Jagdale S. Formulation and evaluation of extended-

release solid dispersion of metformin hydrochloride. Journal of young pharmacists : JYP. 

2010;2(2):121-9. 

28. N.R. SHEELA* SMaSSK. FTIR, FT Raman and UV-Visible Spectroscopic Analysis on 

Metformin Hydrochloride. Asian Journal of Chemistry. 2010;Vol. 22 (7):5049-56. 

 



244 
 

CHAPTER 7 

 

General conclusions and future work 

 

7.1 GENERAL CONCLUSIONS  
 

This research study was designed to develop optimal dry powder inhalers (DPIs) of 

different active pharmaceutical ingredients (APIs) that have the potential to treat pulmonary 

hypertension (PH). 

The selected APIs targeted novel molecular and cellular mechanisms of PH 

physiopathology. Moreover, this was the first time that these drugs were intended to be formulated 

as DPIs for the targeted treatment of PH. 

The spray drying technique was found to be optimal for the development of dry powders 

of such molecules. Different parameters were tested in order to get the most appropriate dry 

particles for the designed systems. In general, the same parameters were useful in this dissertation 

to develop dry particles.  

The extensive physicochemical characterization done in every system helped to reaching a 

conclusion that the spray drying particle engineering technique did not degrade the drugs and their 

properties were maintained in the solid state after spray drying.  

This physicochemical characterization helped to correlate the microscopic and 

macroscopic properties of the powders with their in vitro aerosol dispersion performance. Even 

though all the systems did not show the best aerosol performance, it achieved the aerosolization 

of the powders and their deposition in mostly all the stages of the Next Generation Impactor 
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(NGI™). This can be improved with further investigation or by changing the formulation. It is also 

important to mention that in this study, all the different APIs were spray dried without excipients 

or carriers. 

The fact of testing different FDA approved DPI devices made the study results more 

reliable and assisted in the understanding that the powder formulation is not the only important 

factor for the proper aerosol performance. The device resistance and internal geometry also play a 

very important role in deposition. Therefore, it is concluded that DPIs performance has to be 

depend on both formulation design and the right device selection.  

All the formulated powders were tested for their safety in vitro using human pulmonary 

cell lines in liquid-covered (LCC) and air-liquid interface (ALI) conditions, more reliable results. 

ALI conditions mimic better the respiratory tract and its physiology in both healthy and disease 

states. Therefore, it was useful to compare the drug-response of the formulations under both 

conditions. Also, the formulations were tested in 2-D and 3-D models. As it is known, all tissues 

are formed by several types of cells and many layers. Having 3-D models helped to have more 

robust conclusions in how our formulations will be interacting with the respiratory epithelium once 

they are aerosolized.  With these results, the concentration range of each drug formulation and 

their feasibility for pulmonary drug delivery was revealed. 

The in vivo preliminary data was promising for Simvastatin (Sim) and L-Carnitine (L-Car). 

Different aerosol systems were used. L-Car was administered to the rats as liquid aerosol using the 

Penn Century MicroSprayer® Aerolizer – Model IA-1B (Wyndmoor, Philadelphia), whereas Sim 

was administered as a solid aerosol using the Penn Century Dry Powder Insufflator™ – Model 

DP-4M (Wyndmoor, Philadelphia). Both methods were safe, and the goal was achieved. The drug 

formulations were deposited in the airways in a targeted form. It was shown that both aerosols 
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treated PH in the different animal models. These results led to the design of the Co-SD systems of 

both Sim and L-Car. 

7.2 FUTURE WORK 
 

1. Formulation of the same APIs using excipients to improve their aerosol properties 

In the future, it will be useful it to reformulate some of the designed systems such as SD 

L-Car and the Co-SD systems of Sim and L-Car with other excipients. Phospholipids, polymers 

and other FDA approved excipients can help to improve the aerosol performance and result in 

better particles and deposition. 

2. In vivo tests on the Co-SD systems of Sim and L-Car and in SD Metformin (Met) 

Having such promising results by testing separately Sim and L-Car in different in vivo 

models, led to the idea of the development of Co-SD systems. Therefore, it would be worth testing 

these Co-SD systems to determine if they also are capable to treat PH. On the other hand, SD Met 

was not tested in vivo, it would be important to test it and determine if it works for the treatment 

of PH. 
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3. In vitro co-culture models of healthy and diseased pulmonary cells 

  The use of co-culture models to test the efficacy and/or toxicity of new drug formulations 

is very new. Therefore, it would be valuable to design proper co-culture models for PH and test 

the SD formulations. Figure 7.1 shows examples of some co-culture models that can be used in 

the future to test formulations for PH. Since, PH directly affects endothelial and smooth muscle 

cells proliferation, adding the aerosols to these co-culture models can give an idea of how the cells 

are going to respond to the treatments. 

 

Assays such as, cell viability, TEER, MitoSox can be done after the aerosolization of the 

the cells with the SD formulations. 

MitoSOX™ is a fundamental assay that can be done on cells or tissues. It determines the 

amount of reactive oxygen species (ROS) present on the samples, therefore it also can help to 

determine if PH is being ameliorated. 

Figure 80. - 7.1. Co-culture models that can be useful for testing new drug formulation intended 

to treat PH. 
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Figure 7.2 shows some preliminary data ontained after aerosolizing fetal pulmonary arterial 

endothelial cells (FPAEC) and labelling them with the MitoSOX™ fluorophore to quantify the 

amount of ROS. ADMA is an inducer of ROS production. As it can be seen MitoSOX™ signal was 

augmented when ADMA was added. Also, aersolization of Sim decreased the MitoSOX™ signal. 

This signal is directly proportional to the amount ROS. Further experiments need to be done with 

other types of cells and other formulations. 
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Figure 81. - 7.2. MitoSox signal vs. Sim concentration plot of fetal pulmonary arterial 

endothelial cells (FPAEC). 
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4. Use of A bioimpactor to elucidate formulation interactions as a function of aerodynamic size 

with cells. 

The design of bioimpactors also can be so useful to predict the formulation interactions 

with pulmonary cell lines as a function of aerodynamic size. Figure 7.3, shows the design of a 

bioimpactor. The cells model that goes into the transwell insert can be designed as function of the 

disease willing to treat.  

 

5. Conjugation of a fluorescent peptide with the formulated drug molecules to track their fate in 

the respiratory tract and help their penetration into the nucleus of the cells. 

It has been shown that peptides such as the TAT peptide assists with the penetration of 

drugs into the nucleus of the cells. Moreover, this peptide can be marked with a fluorophore and 

with this it can be observed where it is deposited in the respiratory tract. 

Figure 82. -7.3 shows the adaptation of a modified glass twin stage impinger (TSLI; British 

Pharmacopoeia Apparatus A, Copley Scientific, Nottingham, U.K.) for aerosol formulation 

testing in situ on cell culture. Reproduced with permission from [1]. Copyright© 2019. 
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Figure 7.4 shows some preliminary data where the fluorescent TAT peptide was 

aerosolized into the lungs of rats using the Penn Century MicroSprayer® Aerolizer – Model IA-

1B. After doing fluorescence microscopy, it was observed where the TAT was deposited. These 

data are useful because the drug formulations developed in this dissertation were aerosolized using 

the same technique, therefore the data can be correlated. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Another interesting experiment would be to figure out the rate of pulmonary metabolism. 

This can be done by administering the same drug formulations by different routes of 

administration: intra-arterially (IA), intravenously (IV), orally (PO), and vaginal (PV). 

Figure 83. - 7.4 The immunofluorescent micrographs show fluorophore-labeled cell 

penetrating peptide TAT (FITC-conjugated peptide) nanoparticles localized in the lung 

epithelium following inhalation peptide delivery to a rat with a customized hand-held 

inhalation. Courtesy of Dr. Manuela Kellner in the College of Medicine.   
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Subsequently, the area under the curve of the drug at different time points of the different 

routes of administration has to be determined. If the drug does not undergo lung 

metabolism the area under the curve of the IA route of administration must be the 

highest. 
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