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Zusammenfassung

Damit Wirkstoffe die Lunge erreichen, mussen sie eine Gro3e zwischen 1 und 5
pm aufweisen. Um Wirkstoffe dieser Grolde herzustellen, werden unterschiedliche
Verfahren angewendet, wie Mahlen oder Spruhtrocknen. Als Modellwirkstoff flr
diese Arbeit wurde Salbutamol Sulfat (SS) verwendet. Ein Wirkstoff, der zur
Gruppe der R2-Sympathomimetika gezahlt wird und in der Therapie von chronisch
obstruktiven Lungenerkrankungen (COPD) und Asthma bronchiale eingesetzt
wird. In bisherigen Studien konnte gezeigt werden, dass Luftstrahimahlung von SS
nadelférmige, kristalline Partikel erzeugt. Durch Sprihtrocknung hingegen werden
runde, amorphe Partikel hergestellt. Ob, und vor allem wie, sich die Form der
Partikel auf die Wirkstoffaufnahme in Lungenzellen auswirkt, ist von groRer
wissenschaftlicher und medizinischer Bedeutung und zentraler Bestandteil dieser
Arbeit. Um die Wirkstoffaufnahme der unterschiedlich geformten Partikel in den
Lungenzellen zu testen, wurden sowohl Permeabilitdtsstudien, als auch zellulare
Aufnahme-Experimente durchgefuhrt, wobei unterschiedliche Zellarten verwendet
wurden. Fur die Permeabilitatsstudien wurden A549 Zellen, welche ein etabliertes
Model fur Typ-I-Alveolarzellen darstellen, sowie Calu-3 Zellen verwendet. Um die
zellulare Aufnahme zu testen wurden A549 und DMBM-2 Zellen, welche alveolare
Makrophagen reprasentieren, verwendet. Neben den Zellversuchen wurden
Formulierungen der unterschiedlichen Partikel mit einem Modelltrager (Lactohale
100) hergestellt und die in-vitro Lungengangigkeit mittels eines Impaktors ermittelt.
Zusatzlich wurden der Zerfall und die Loslichkeit der unterschiedlichen
Wirkstoffformulierungen mittels Dissolution getestet.

Es konnte gezeigt werden, dass gemahlene, nadelférmige Partikel eine hohere
Lungengangigkeit als spriuhgetrocknete Partikel aufweisen. Sprihgetrocknete
Partikel zeigten jedoch einen hdheren Permeabilitatskoeffizienten (Papp) und eine
schnellere, hohere Aufnahme durch Makrophagen. Beide Partikelformen zeigten
ahnliche Ergebnisse hinsichtlich ihrer Ldslichkeit und nach etwa zwei Minuten
waren die Partikel vollstandig gelost. Die rasche Léslichkeit der Partikel schlief3t
eine Aufnahme der Partikel via Phagocytose weitgehend aus, sodass andere
Aufnahmemechanismen in Kraft treten mussen. Fiur zukunftige Studien soll ein
Wirkstoff mit schlechterer Ldslichkeit gewahlt werden, um den Einfluss der

Wirkstoffform genauer untersuchen zu konnen.
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Abstract

For administering active pharmaceutical ingredients (APIs) to the lung, a particle
size of 1-5 ym is needed. The most common technique to generate small,
inhalable sized particles is milling of the API, but spray drying has shown to be a
suitable alternative. Both techniques lead to inhalable sized particles but the shape
of the particles and other properties, e.g. solid-state, can vary. The model drug
chosen for this study is salbutamol sulphate (SS). It is a beta-2 agonist and a
frequently used drug in the treatment of bronchial asthma and COPD (chronic
obstructive pulmonary disease). Previous studies showed that spray drying of SS
creates spherically shaped, amorphous particles, whereas milling normally keeps
the needle-like shape of the drug crystals. The aim of this work was to identify
whether the particle shape has an influence on the biological effects of the
inhalable particles in the lung. Permeability experiments and cellular uptake
experiments were performed, using distinct cell lines: Calu-3 cells were used for
permeability testing and DMBM-2 cells, which represent alveolar macrophages,
were used for cellular uptake experiments. A549 cells, which represent a well-
established model for type-l-alveolar cells, were used for both experimental set
ups. Inhalable formulations were prepared with jet-milled and spray dried SS
particles and Lactohale 100 (LH100) as a model carrier. The different formulations
were used for determining the dissolution behaviour of the particles, as well as the
in-vitro respirable fraction, which was tested with a next generation impactor (NGI).
Jet-milled particles resulted in higher respirable fractions, compared to spray dried
particles. This has already been shown in previous studies. Regarding the cellular
experiments, lower apparent permeability coefficient values (Papp-values) and
lower uptake in macrophages could be shown for jet-milled particles. Spray dried,
spherically shaped particles, showed higher epithelial permeability and higher
uptake by macrophages. However, both formulations showed similar dissolution
behaviour and dissolution was almost complete after 2 minutes. This fact makes a
prominent influence of phagocytosis rather unlikely and leads to the suggestion
that distinct uptake-mechanisms must occur. It is possible that, after partial
dissolution, the crystalline particles were in the range for preferential active uptake
by epithelial cells. For future experiments, an APl with lower solubility will be

chosen in order to get detailed insight on the impact of particle shape.
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1 Introduction

1.1 Respiratory system

The main function of the respiratory system is the gas exchange between air and
blood. During this process, oxygen is added to the blood and carbon dioxide,
which arises during metabolic processes in our body, is emitted. This vitally
important function takes place in the last part of the respiratory system, the so

called acini, and the capillary system which surrounds the acini.

Topographically the human respiratory system can be separated into upper and
lower airways. Whereas the upper airways, which include the nasal cavity, the
pharynx and the larynx, are the main components for taking up air and oxygen, the
lower airways are responsible for transporting the air into the acini and executing
the gas exchange. In the following section, the lower airways and the bronchial

system will be described in more detail (1).

1.1.1 Lower airways

The lower airways in general include all airways downwards from the trachea,
including the trachea itself. The trachea also marks the origin of the bronchial-
system. It is a highly branched and complex system, resembling a tree and
therefore also called bronchial tree. It consists of 23 generations, initiating at the
trachea (level 0) and ending at the acini (level 23). However, the number of
generations may vary and usually ranges from 18-30 (2). Each airway is
dichotomously divided into two smaller daughter airways. This model was
published by Weibel in 1963 and is called his “A”-model. It is one of the simplest
models of the human lung and therefore widely used. Figure 1 gives a schematic

overview of the respiratory system (3).
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Figure 1: Anatomy of the respiratory system (4)

Weibel divided all 23 airway generations into upper and lower generations. The
main function of the upper generations, which include all airways from level 0 to
approximately level 16, is the air conduction. In these sections the inhaled air is
warmed, humidified and roughly cleaned by the epithelial layer of the inner walls,
which will be described in more detail in section 1.1.3.

No gas exchange takes place in this part of the bronchial tree and the transported
volume is called dead space volume (DSV). All generations that follow afterwards
are summarized as respiratory parts (2,3).

1.1.1.1 Anatomy of the bronchial tree

The initial component of the bronchial tree is the trachea. It is a 10-12 cm long
elastic pipe with a diameter of 1.5-2 cm. The trachea is stabilised through cartilage
rings, open at the posterior side, so that it will not collapse during inspiration. At
the height of the fourth thoracic vertebral body the trachea divides itself into the
two main bronchi.

The right main bronchus is about 1.5-2 cm long and significantly shorter than the

left main bronchus, which measures approximately 4 cm.
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The diameters of the main bronchi range from 12-14 mm. The two main bronchi
then split up into the lobar bronchi. In the right lung there are three lobar bronchi:
Bronchus lobaris superior, medius and inferior. Contrary to this, the left lung
possesses only a bronchus lobaris superior and a bronchus lobaris inferior. Based
on the anatomy of the lobar bronchi, the right and the left lung can be divided into
different lobes (5 in total). The lobar bronchi, which have an approximate diameter
of 8 mm, divide into the segmental bronchi, which separate the lung into even

smaller compartments, called segments. Each lung consists of ten segments.

At the end of multiple divisions (approximately 6-12 steps) the segmental bronchi
lead into the terminal bronchioles. With an approximate diameter of <0.4 mm, the
terminal bronchioles mark the end of the air conducting parts of the respiratory
system and typically start at generation 14-16. All generations that follow after the
terminal bronchioles contribute to the gas exchange and can be summarized

under the term “acinus”.

The respiratory bronchioles rise from the terminal bronchioles. They have an
approximate diameter of 0.4 mm and merge into the alveolar ducts.

These are small ducts that, after about 5 divisions, lead into the final generation of
the respiratory system, the alveolar sacs. Whereas the respiratory bronchioles
contain only a few pulmonary alveoli in their wall, the alveolar ducts are composed
of pulmonary alveoli being tightly stringed together (5,6). This can also be seen in

Figure 1: Anatomy of the respiratory system.

Overall it can be observed that the diameters and the length of the bronchial
airways become reduced with each generation but the number of divisions
increases and therefore also the number of airways. As a result, the total cross-
sectional area of all airways increases with each division. These conditions
influence the velocity of the inhaled air, which is highest in the upper airway

generations and lowers with each division of the bronchial tree (4,7).

1.1.2 Pulmonary Alveoli

Pulmonary alveoli are air-filled compartments with an approximate diameter of 250
pm. The human lung possesses about 300-400 million pulmonary alveoli which
are tightly stringed together, separated only through thin intra-alveolar septa.

These septa work as frames for the dense capillary system.
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Based on this specific composition, the capillary system and the alveoli are in
direct contact and the gas exchange can take place between these two

components.

The inner surface of the pulmonary alveoli is lined with the alveolar epithelium,
which consists of two main cell-types: Type | alveolar cells (AT-I-cells) and type II
alveolar cells (AT-ll-cells), often also called alveolar pneumocytes. All cells of the

alveolar epithelium are connected through tight junctions.

Type | alveolar cells: These cells make up approximately 95% of the surface of
the pulmonary alveoli. They contain few cell organelles and show poor metabolic
activity. With their large and thin cell bodies, type | alveolar cells are in close
contact with endothelial cells of the capillary system and are part of the blood-air
barrier, which as a whole consists of the following three components:

The capillary endothelia, a shared basal lamina and the tails of AT-I-cells. The
thickness of the blood-air barrier in the human lung has an average value of
0.6 um. This value represents the distance between the air inside the pulmonary
alveoli and the blood inside the capillary system and therefore has to be overcome
during gas exchange. This is illustrated in Figure 2. The figure shows the
endothelial cells of the capillary system (EDC), the pulmonary epithelial cells
(EPC) and the basal lamina (BL). Furthermore, red blood cells (RBC) and the

alveolar fluid (AF) are illustrated.

“magnification

Figure 2: Components of the blood-air-barrier (8)

Type Il alveolar cells: Type Il alveolar cells are cubic cells, resting in small niches
and therefore covering only 5-7% of the alveolar surface. The main function of this

cell-type is the production of surfactant, which will be described in more detail
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below. Furthermore, type Il cells act as progenitor cells for both type | and type Il

cells, meaning that they can replace damaged cells (5,9,10).

Surfactant: The inner surface of the pulmonary alveoli is not in direct contact with
the air inside the pulmonary alveoli since it is covered with a fluid, watery film.
Because of the high surface tension at this gaseous-aqueous interphase, the
pulmonary alveoli would collapse during expiration. Surfactant decreases the
surface tension and consequently is an essential factor for maintaining the
structure of the pulmonary alveoli during gas exchange. It consists of 90%
phospholipids and 10% surfactant proteins.

Phospholipids are amphiphilic compounds, which means that they possess both
lipophilic (fat-loving) and hydrophilic (water-loving) properties. They can layer
themselves onto the watery film of the alveolar epithelium and prevent the
pulmonary alveoli from collapsing. The main  phospholipids are
Phosphatidylcholine and Phosphatidylglycerol. Regarding surfactant proteins (SP),
four different types occur: SP-A, SP-B, SP-C and SP-D. SP-A and SP-D are
hydrophilic proteins, SP-B and SP-C show hydrophobic character. The latter
contribute in structural organization of surfactant at the gaseous-aqueous
interphase, whereas the hydrophilic components have immunological functions.
For example, SP-D plays an important role in activating alveolar macrophages.
Additionally, SP-A and SP-D proteins have an impact on the secretion of
surfactant and surfactant reuptake in AT-Il-cells.

As already mentioned above, surfactant is produced by type Il alveolar cells.
These cells feature lamellar bodies inside their cell bodies, so they can store
phospholipids and surfactant. The cells release surfactant through exocytose. The
synthesis and the secretion of surfactant are controlled by complex metabolic and
genetic mechanisms. Furthermore, synthesis of surfactant phospholipids,
especially of phosphatidylcholine, is also regulated hormonally. For example,
thyroid hormones, glucocorticoids, prolactin and estrogen increase the synthesis
of surfactant (5,10).

Alveolar macrophages: These cells are phagocytes, located in the alveolar
epithelia. They are important for cleaning the terminal parts of the bronchial tree,
which do not possess ciliated epithelia. Alveolar macrophages do not only take up

air-borne particles via phagocytosis, but also dead cells and pathogenic germs.
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Thereafter they migrate towards the ciliated epithelia of the air-conducting airways,
where they are segregated together with the mucus. In some cases they can also
be deposited in the connective tissue of the lung and form so called anthracotic
pigments. Furthermore they can enter the lymphatic system.

The alveolar macrophages are part of the human mononuclear phagocyte system

(MPS), which is a summarizing term for all macrophages of the human body (5,9).

1.1.3 Epithelia of the respiratory system

The epithelium, which covers the air-conducting parts of the human lung, has a
specific structure and appears only in the respiratory system, for which reason it is
also called respiratory epithelium. It is a multiple-rowed, ciliated epithelium with

interspersed goblet cells.

Ciliated cells feature kinocilia and microvilli on their apical surface. Due to that they
can transport mucus and therefore contribute essentially to the clearance of the
lung. The ciliated cells are located on basal cells and a basal lamina. These basal
cells additionally work as progenitor cells and can replace dead cells through
proliferation. Pulmonary goblet cells represent another main structure of the
respiratory epithelium. They produce mucus, which then forms a mucus layer on
top of the epithelia of the respiratory airways. This mucus layer collects polluted
particles from the inhaled air. Through tiny movements of the kinocilia and the
microvilli, the mucus is transported towards the pharynx, where it is generally
swallowed. Particles >10 ym usually are collected in the upper airways, whereas
smaller particles (5-8 uym) are captured in the trachea or the bronchial system.
Particles smaller than 5 ym can make their way into the alveolar system. However,
the smaller the bronchial system gets, the less the airways feature ciliated cells
and pulmonary goblet cells in their epithelium. In the final sections of the
respiratory system, these structures, and as a result also the mucus layer, are
entirely missing. According to this, polluted particles reaching these sections can
only be eliminated by alveolar macrophages, as described in Pulmonary Alveoli.

Instead of ciliated cells, the small respiratory airways (meaning all compartments
downwards from the terminal bronchioles with a diameter of less than 2 mm)
feature more club cells (formerly “clara cells”) in their walls. These cells also
secrete the surfactant proteins SP-A and SP-D, as well as the club cell 10 kDa

protein. All three of these factors have anti-inflammatory effects.
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In addition there are two more cell-types in the epithelium of the respiratory
airways: Neuroendocrine cells and brush cells. Brush cells are small cells with
microvilli on their surface and work as chemo receptors. The neuroendocrine cells
are part of the diffuse neuroendocrine system of the human body. They can
release serotonin and different peptide hormones. Furthermore these cells are the
point of origin for the development of the highly malignant small cell lung cancer,

which represents about 25% of all cancer-types in the lung (5,9,11).

1.2 Obstructive lung diseases

Obstructive lung diseases are characterized by shortness of breath and narrowing
of airways. These diseases include COPD, bronchial asthma, bronchiectasis and
cystic fibrosis.

Bronchiectasis is characterized by the presence of structurally abnormal, sack-like
bronchi. These abnormalities are the result of a destruction of muscles and
connective tissue in the bronchi, caused by persistent airway infection and
recurrent exacerbations. The disease occurs with a frequency of 27 (m) - 35 (f)
cases/100.000 patient-years (12,13).

Cystic fibrosis is an autosomal recessive inherited, genetic disorder, which shows
a prevalence of 0.73/10.000 patient-years in Europe (14). The symptoms are
caused by a mutation of the CFTR (cystic fibrosis transmembrane conductance
regulator) gene on chromosome 7. This mutation leads to a dysfunction of the
chloride channels in exocrine glands. As a result, these glands segregate
extremely viscous mucus, which causes an obstruction of the glands and the
excretory duct. Airways, pancreas, the male genital system, intestine, liver, bone,
and kidney can be involved (12,15). Compared to the prevalence of asthma (6%)

and COPD (4%) in Europe, the former two are rare diseases (16).

1.2.1 Bronchial Asthma

Bronchial asthma is a chronic respiratory disease, caused by a chronic
inflammation of the respiratory system. It is characterised by bronchial
hyperresponsiveness (BHR) and a respiratory obstruction, which is partially

reversible.
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Due to aetiology there are two main groups of bronchial asthma: Allergic bronchial
asthma and non-allergic bronchial asthma. In both cases the main symptom is

paroxysmal dyspnoea (12,17).

1.2.1.1 Epidemiology

Bronchial asthma is a widely spread disease. About 5% of adults and 10% of
children suffer from bronchial asthma, which occurs more frequently in men
(m:w=2:1). Furthermore, differences of prevalence can be observed. In 2012 the
global prevalence of clinically diagnosed asthma was 4.5%, whereas the

prevalence of bronchial asthma in Austria was approximately 7.6% (18).

1.2.1.2 Aetiology and pathogenesis
As mentioned above, bronchial asthma can be divided into two main

subcategories due to aetiology. Furthermore, also mixed types can occur.

Allergic bronchial asthma (extrinsic asthma)

This type of asthma usually occurs for the first time at infancy and is often
associated with other atopic diseases, such as conjunctivitis, rhinitis or dermatitis
(19). Animal hair, plants, pollen, mould fungus and other substances, such as
chemicals or house dust, can provoke an Ig-E mediated type-| allergic reaction.
During this reaction, mast cells discharge different inflammatory mediators, like
histamine, eosinophil chemotactic factor of anaphylaxis (ECF-A), leukotriene and
bradykinin. The secretion of these factors causes an inflammatory reaction in the
respiratory airways and within minutes leads to a bronchial constriction (allergic
early phase response). Due to the chronic airway inflammation, structural changes
of the bronchial walls take place (airway remodelling). Studies showed that
administered steroids in asthmatic patients do not only reduce the inflammation of
respiratory airways, but also show beneficial effects on airway remodelling.
Regarding these results, chronic airway inflammation is believed to be the main
factor for airway remodelling. The remodelling processes include a hypertrophy
and hyperplasia of the smooth muscle cells in the bronchial walls, bronchospasm,
mucosal edema development and a hyperplasia of the goblet cells. Furthermore,
an increase of mucus production and higher viscosity of the mucus (dyscrinism)
occur. All of these modifications cause an endobronchial obstruction which results

in a reduction of the airflow in the lung (12,19,20).
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Non-allergic bronchial asthma (intrinsic asthma)

Most frequently non-allergic bronchial asthma is provoked by respiratory infects.
Furthermore it can be triggered by chemical or toxic substances, physical effort
(especially among teenagers) or analgesics. All of these factors induce
inflammatory processes and ultimately lead to an endobronchial obstruction, as

described above.

The analgesic induced bronchial asthma is a special type of asthma which occurs
mainly in adults. It is also called analgesic asthma syndrome and usually is caused
by NSAIDs (non-steroidal anti-inflammatory drugs) or acetylsalicylic acid. These
substances provoke a pseudoallergic reaction, which also leads to a discharge of
inflammatory mediators from mast cells. Contrary to Ig-E mediated type-I-allergic
reactions, pseudoallergic reactions have no sensitizing phase and appear at the

first contact with the triggering substance (12,17,19).

The more often the respiratory system is exposed to the triggers, the more
sensitive it gets and after some time BHR can be observed. This means, that a
bronchial constriction can also be caused by unspecific triggers, for example cold
and wet air. The constriction is caused by a contraction of the smooth muscles and
an increased mucus production. The pathogenesis of the BHR, often also referred
to as bronchial hyper reactivity, is not completely understood. It is believed tough,
that the parasympathetic component of the autonomic nervous system (ANS)
represents a main factor. An altered activity of the vagus nerve causes the muscle
contraction and therefore leads to airflow limitation. BHR occurs in all types of
bronchial asthma and can be identified with metacholine provocation tests,
described in section 1.2.1.4. (21,22).

1.2.1.3 Clinical symptoms

The main symptoms of bronchial asthma are the following: Paroxysmal dyspnoea,
which is the leading symptom, cough, expiratory wheezing and thoracic tightness.
The symptoms often appear during the night and in between asthmatic seizures
patients often have symptom-free intervals. Furthermore, patients who suffer from
allergic bronchial asthma, frequently show symptoms only during specific seasons
(seasonal bronchial asthma), when they are exposed to the triggering substance.



Introduction

The status asthmaticus is a dreaded complication of bronchial asthma. It is a
severe asthmatic exacerbation, which develops rapidly. The symptoms are not
treatable with short-acting bronchodilators, although these drugs normally are
used as first-line therapy during an acute asthma seizure. The status asthmaticus
is a medical emergency and therefore should be treated at an intensive care unit.
The progressive bronchial constriction causes a ventilation/perfusion imbalance,
hyperinflation and after some time respiratory muscle failure may arise because of
increased breathing work. As a result, respiratory insufficiency occurs. The
treatment of a status asthmaticus includes the administration of short-acting beta
agonists via nebulisation, oxygen therapy and systemic corticosteroids. Patients

not responding to the inhaled therapy, have to be intubated (23).

1.2.1.4 Diagnosis

In many cases the diagnosis can be made based on the specific symptoms during
an asthma seizure. However, the leading symptom of paroxysmal dyspnoea can
be absent and some patients primarily suffer from severe cough (so called “cough

variant asthma”), which makes the diagnosis more difficult.

During lung auscultation, rales sounds, as well as expiratory rhonchi and
humming, can be heard. Furthermore, the expiratory phase is elongated and the
respiratory frequency is elevated. In some cases the bronchial constriction leads to
pulmonary emphysema and therefore few or no breathing sounds can be noticed

during auscultation (silent lung).

Another important step for diagnosing bronchial asthma is doing a blood
examination, which delivers advantageous information. For example, inflammatory
parameters will increase when bronchial asthma is caused by a respiratory
infection. On the contrary, allergic bronchial asthma is likely when eosinophilic
granulocytes are high in number and the total amount of Ig-E is raised.

Blood gas analysis gives information about the severity of the respiratory

insufficiency, which is especially important during a status asthmaticus.

As for apparitive diagnostic, several tools can be helpful, but by far the most
important ones are pulmonary function tests, carried out with different systems,
such as spirometry or bodyplethismography. Spirometry is the timed measurement

of dynamic lung volumes. Various parameters can be measured, which then
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provide information about the pulmonary function. Important parameters, relating
to the diagnosis of bronchial asthma, are the FEV,4, the PEF and the FEFso All
three of these values are reduced in patients suffering from bronchial asthma and

will be described in more detail below (12,19,24).

FEV, (forced expiratory volume in one second): For determining the FEV-
value, patients have to inhale as long and deep as possible and then exhale the
air forcefully within one second. If the FEV; is reduced, it is a sign for a bronchial
obstruction. The standard values of the FEV, should be higher than 75% of the
vital capacity, but they depend on the age of the patient as well as on the
performance of the patient during the test. The VC is the maximum amount of air
that can be exhaled after a deep inhalation. The measured FEV4 value is often
related to the Forced Vital Capacity (FVC), which is defined as total expiratory
volume during a maximally forced expiration manoeuvre. The FEV4/FCV ratio is a
helpful parameter to distinguish lung diseases with airway obstruction (obstructive
lung diseases) from lung diseases with reduced lung volume (restrictive lung
diseases). If the calculated value is less than 0.7, an obstructive pulmonary
disease is likely. For restrictive pulmonary diseases the FEV1/FCV value is normal
(19,25).

PEF (peak expiratory flow rate): The peak expiratory flow represents a person’s
maximum speed of expiration during forced expiration. It is not only a meaningful
value for diagnosing bronchial asthma, but it is also a good parameter for patients
to follow up the progression of their disease. With a peak-flow-meter patients can
measure the PEF autonomously at home. These measurements should be done in
the morning, where the measured values are the lowest, and at night, where the
PEF normally is the highest. Fluctuations of more than 20% indicate an
inadequately treated bronchial asthma. The PEF is measured in I/sec or |/min. The
values are dependent on age, sex and body height and can be looked up in
specific tables. A PEF < 100 I/min during an asthmatic seizure indicates a severe
development (12,19,25).

MEF (mid expiratory flow): MEF,5, MEF5, and MEF;s describe the maximal
expiratory flow at 25%, 50% and 75% of the FCV. For example, MEF5 is the
value, where 75% of the FCV are still in the lung and remain to be exhaled. These
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values are used for estimating at which sector of the bronchial system the
obstruction appears. For example, an obstruction of the smallest airways in the
lung will lead to a diminution of MEF 5. For bronchial asthma in most cases MEF 5
is reduced. The maximal expiratory flow values are measured in |/sec. However, in
some studies and books only FEF25, FEFso and FEF7s (forced expiratory flow) are
described. These values indicate the expiratory flow rates, when a specific
percentage (x%) of the FCV has already been exhaled (FEFy). The two values
correlate the following way: The MEFs5, for example, is the expiratory flow rate
where 75% of the FCV have already been exhaled and therefore mirrors the FEF 75
(24,26).

When performing spirometer tests, the volume of the inhaled and exhaled air will
be recorded over the time. The software of the spirometer will then deliver a so
called spirogram, which illustrates a flow-volume loop and a volume-time curve. As
for the flow-volume loop, the y-axis depicts the rate of airflow and the x-axis the
volume of inhaled or exhaled air, shown in Figure 3. The flow-volume loop
graphically displays the values mentioned above.

PEF
PEF

a MEF:a

Volume

Volume

Normal Obstruction

Figure 3: Flow volume loop. Modified from (27).

In some cases bronchodilator reversibility testing is performed to differentiate
between reversible and non-reversible bronchial obstructions and to confirm the
diagnosis of bronchial asthma. Standard spirometry tests are done and afterwards
the patients have to inhale a bronchodilating drug, in most cases R2-
sympatomimetikas, such as salbutamol sulphate. After ten minutes, the spirometry

test is repeated. If the FEV4 increases more than 15% or 200 ml, compared to the
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pre-bronchodilator value, the bronchodilator reversibility test is positive and the

diagnosis of bronchial asthma is very likely (12,19).

When standard lung function tests do not show explicit signs of an obstructive lung
disease, but symptoms suggest bronchial asthma, a so called challenge test can
be done. With this method, the bronchial system is tested for
hyperresponsiveness, which represents a characteristic mechanism in the
pathogenesis of bronchial asthma. Drugs, which show bronchospasmolytic effects,
are administered and the changes of FEV are observed. The most frequently
used drug is metacholine, why this test is also known as metacholine challenge
test or metacholine provocation test. If the FEV, decreases more than 20% from
the primarily tested value, bronchial asthma is most likely to occur. Also, a gain of
the pulmonary resistance of more than 100% is characteristic for bronchial

asthma. The pulmonary resistance is measured with bodyplethismography (19).

Summarized up, bronchial asthma can be diagnosed with certainty if the following
criteria appear: a characteristic anamnesis and asthma specific clinical symptoms,

reduced lung-function values and a positive bronchodilator reversibility test.

1.2.1.5 Therapy

The main goal of the asthma therapy is to control and to stabilise the course of the
disease, so that asthmatic seizures are reduced and patients are symptom-free
during night and day. The therapy of bronchial asthma does not only include
pharmacological treatment, but also causal therapy strategies, which have a high
significance. For example, people suffering from allergic bronchial asthma should
avoid contact with the triggering substance and a hyposensitization therapy should
be considered. In patients, who show non-allergic bronchial asthma, respiratory

infects should be treated immediately to avoid exacerbations.

Every year, GINA (Global Initiative for Asthma) releases new guidelines, not only
giving information about the pharmacological asthma treatment, but also about the
diagnosis and the classification of bronchial asthma.

In general, the medical therapy of bronchial asthma can be subdivided into two
main groups, called “controllers” and “relievers”. Controllers are drugs that, as the

name suggests, are taken constantly to control the disease and show anti-
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inflammatory effects. In contrast, relievers are bronchodilating drugs, taken during

an acute seizure and providing rapid amelioration.

The medical treatment of bronchial asthma is known as a “step-up/step-down
treatment”. This means that after 3 months, in which the disease has been under
control, the medication can be reduced. However, it also means that, if the patient
is suffering from symptoms and the disease is not well medicated, the therapy has
to be adapted. This could require either a raise of the drug dosage, or the inclusion

of other drugs to the treatment plan (12).

To evaluate if the disease is under control, different questionnaires for asthma
patients have been established, but the asthma control test (ACT) is the one most
frequently used. This test refers to a period of four weeks and includes five
questions about asthmatic symptoms during day and night, the demand of reliever
medication and how the disease has affected the daily life of the patients. For
each question, five possible answers can be chosen. In the end, a maximum of 25
points can be reached, which would mean, that the disease is completely under
control (28).

Concerning the pharmacological treatment, GINA released a 5-step-scheme,

which should be used as a guideline in asthma therapy (Table 1).

"Add-on"

therapy

LABA LABA LABA

Controller ; ; ; ;
Low dose Low dose Medium/high  Medium/high
inhalable inhalable dose inhalable dose inhalable
corticosteroids corticosteroids corticosteroids corticosteroids

Reliever SABA SABA SABA SABA SABA

Table 1: Guideline for the pharmacological treatment of bronchial asthma (29)

In step 1, patients use relievers only in case of asthmatic seizures and do not take
permanent medication. The relievers mainly are represented through short-acting
beta agonists (SABAs), which will be described in more detail in section 1.4. If the
patient has to use the relievers more than four times a week, a step up in the

treatment plan should be considered.
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In step 2, low dose inhalable glucocorticoids (ICS), like beclometasone and
budesonide, are added to the medical treatment. These substances have an anti-
inflammatory effect and reduce the chronic bronchial inflammation, therefore
leading to an improvement of the symptoms. If symptoms cannot be controlled
with these medications, long-acting beta agonists (LABAs), such as formoterol or
salmeterol, are added to the treatment plan in step 3. If no improvement can be
achieved, step 4 requests a dose increase of the inhalable glucocorticoids. Step 5,
which is the final step of the scheme, foresees the inclusion of “add-on” therapies,
like omalizumab, mepolizumab or tiotropium bromide. Omalizmuab is an anti-lg-E
antibody and is only administered to patients older than 12 years who suffer from
allergic bronchial asthma. Mepolizumab, which is a mononuclear antibody against
IL-5, and tiotropium bromide, which is a long-acting anticholinergic bronchodilator,
should also only be administered if all previous treatments have failed and the
patients are older than 12 years. In step 2, 3 and 4, leukotriene receptor
antagonists, like montelucast, and theophylline can be used additionally
(12,29,30).

For optimising the therapy of bronchial asthma, the knowledge of patients about
their disease and their active cooperation play an essential role. As mentioned
before, patients are asked to measure their PEF-values twice a day and record the
values. Due to their PEF-values, patients can be categorized into three differently
coloured groups: green, yellow and red.

The classification is based on the highest PEF-value a patient personally has ever
achieved. Patients who are symptom-free and whose PEF-values range from 80-
100% of their personal maximum value, belong to the green group.

If the peak flow represents 50-80% of the maximum value, patients are
categorized as “yellow”. For amelioration of the symptoms, SABAs should be
taken and an adaption of the asthma therapy should be carried out as soon as
possible. If a person has PEF-values lower than 50% of its best value, he will be
added to the red group. This means that the patient should take his emergency

medication and consult a doctor immediately (12).

1.2.2 Chronic obstructive pulmonary disease
Chronic obstructive pulmonary disease (COPD) is a progressive disease, which
causes irreversible airway obstruction. COPD is mostly caused by tobacco smoke,
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but also other inhalable toxic substances can lead to the disease, whose point of
origin is an inflammatory reaction of the pulmonary airways. Furthermore, COPD is

closely linked with other diseases, such as heart disease or lung cancer (12,31).

1.2.2.1 Epidemiology

COPD is the most common chronic disease of the pulmonary system and it is the
third leading cause of death worldwide. In 2014 about 63 million people suffered
from the disease, which occurs more frequently in men than in women. In
Germany, approximately 13% of all people older than 40 years suffer from the
disease (12,31).

1.2.2.2 Aetiology

Without doubt, the leading cause of COPD is cigarette smoke. 90% of all patients
suffering from COPD have smoked cigarettes in the past, but only 20% of all
smokers will develop a COPD, which most likely can be lead back to genetic
factors (12,19). Also, the smoking of other substances, such as cannabis or cigars,
as well as passive smoking, plays an important role in the genesis of the disease.
Still, there are many other factors that can cause COPD, including organic and
inorganic dusts, chemical agents and fumes. Worldwide, many people use coal,
wood or crop residues for heating in poorly functioning stoves, which leads to
massive indoor pollution and is an underestimated risk factor for the development
of COPD (32). In some cases, the appearance of COPD can be lead back to the
profession. An association between pesticide use and the disease was shown
already years ago and it could be observed that farmers, for instance, frequently
develop a COPD (33). Also, people working in coal mines or as road builders,
show an elevated risk to develop COPD. This can be explained by the inhalable
noxes, which these occupational groups are often exposed to during work. If the
disease occurs in patients younger than 50 years, endogenic factors should be
considered, as for example a1 antitrypsin (AAT) deficiency (12). Research also
showed that low birth-weight and severe respiratory infections during infancy, later

on can be a decisive factor for suffering from COPD (33).

1.2.2.3 Pathogenesis
The inhaled particles, whether from cigarettes or other sources, provoke an

inflammatory reaction of the small respiratory airways. At first, these inflammations
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lead to a hypertrophy of the bronchial mucosa and a hyper secretion of mucus.
Secondly, a remodelling of the respiratory epithelia can be observed and the
clearing function of the microvilli and the kinocilia diminishes gradually. As a result,
the overproduced mucus cannot be transported towards the pharynx and remains
in the small airways. Ultimately, all these factors cause a severe bronchial
obstruction (12,19,34).

Neutrophilic granulocytes and macrophages, located in the pulmonary interstitium
and the pulmonary alveoli, produce proteolytic enzymes, called proteases.
Because of the inflammatory reactions, the secretion of these proteases is
increased. Normally, the proteases are counterbalanced by anti-proteolytic factors,
like AAT, but due to the inhaled noxes, the anti-proteases partially lose their
function (19). Furthermore, the amount of submucosal neutrophils increases with
the intensity of smoking and also the number of macrophages correlates to the
severity of COPD. The result is a proteolysis/anti-proteolysis imbalance, and as a
consequence proteases begin to destroy the lung tissue (33). This, over time,

leads to the development of pulmonary emphysema.

1.2.2.4 Symptoms
The two main symptoms of COPD are a severe cough with sputum production and
an exertional dyspnoea, which increases with the progression of the disease. Both

symptoms normally develop slowly and worsen over the years.

The productive cough can be explained by the elevated mucus production and the
metaplasia of the respiratory epithelia. Because the mucus cannot be transported
by the actual cleaning-systems of the lung anymore, the patients have to cough,
trying to clear the bronchial airways that way (12). Typically, the productive cough
occurs in the morning hours and many patients are symptom-free during the day.
However, some patients may have symptoms also during night, keeping the
patients from finding sleep (31).

Exertional dyspnoea can be lead back to the pulmonary emphysema and is
therefore weakly developed at the beginning of the disease. Initially, it only occurs
during exacerbations, which are defined as acute situations of symptom
deterioration beyond normal day-to-day variations, which last for more than 24
hours and necessitate a change of medication. Exacerbations can be caused by

bacterial and viral respiratory infects (80% of all cases) but also by indoor and
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outdoor air-pollution, such as passive smoke (19,33). The following symptoms
may be observed during an acute exacerbation: Gain of sputum production and
cough, colour change of the sputum, severe shortness of breath, even when the
patient is resting, and a general malaise (19). However, the longer the disease
persists, the more frequent exertional dyspnoea appears and in the final stadium
of COPD, it occurs constantly.

Most patients, suffering from COPD, also show systemic manifestations. It is
assumed that extra-pulmonary manifestations origin in the lung but then disperse

systemically.

The systemic manifestations, amongst others, include weight loss, osteoporosis,
skeletal muscle dysfunction, anemia, diabetes, depression, cardiovascular
diseases and malignancy. For example, 17% of all patients diagnosed with COPD,

show a ventricular dysfunction (31).

1.2.2.5 Diagnosis

The first step for diagnosing COPD is a properly conducted anamnesis. The
patient should be asked precisely about former or current smoking habits, as well
as an exposure to other risk factors. Also, the pattern of the symptom development
and the presence of extra-pulmonary comorbidities can give important information.
As for diagnostic tools, pulmonary function tests have a high significant value.
Spirometry tests should be performed in each patient to determine a potential
airflow limitation, which is not only useful for diagnosing COPD, but also for
therapy control. In patients with COPD, FEV4 and FVC are diminished and the
resistance of the airways is increased. Based on the severity of the airflow
limitation, patients can be categorized into four different groups. The scheme has
been released by GOLD (Global Initiative for Obstructive Lung Diseases) and is

used worldwide. It is illustrated in Table 2.

Patients with FEV,/FVC < 70%:

GOLD 1 Mild FEV, = 80% predicted
GOLD 2  Moderate 50% < FEV, < 80% predicted
GOLD 3 Severe 30% =< FEV, < 50% predicted

GOLD 4 \Very severe FEV, < 30% predicted
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Table 2: GOLD classification of COPD, based on measured FEV, values

There are different validated questionnaires for patients, like the Modified British
Medical Research Council (IMMRC) questionnaire of breathlessness or the COPD
Assessment Test (CAT). The goal of these tests is a subdivision of COPD

patients.

Regarding the severity of their symptoms there are two main groups: “patients with
mild symptoms* and “patients with more severe symptoms”. By combining the
results of the questionnaires with the previously demonstrated GOLD stadia, you

will receive a combined COPD assessment, shown in the following figure:

4
[C] [D]
Less symtoms More symtoms 22
3 High risk High risk
Risk
GOLD _
classification (Exacerbation
2 [A] [B] 1 history)
Less symptoms = More symptoms
Low risk Low risk
1 0
mMRC 0-1 mMRC = 2
CAT <10 CAT 210
Symptoms

Figure 4: Combined Assessment for COPD. Modified from (35).

The combined COPD assessment has been established by GOLD (Global
Initiative for Chronic Lung Disease) because FEV alone is a poor descriptor of the
disease status. It includes three different, highly important parameters of the
disease and therefore reflects the complexity of COPD. As shown in Figure 4, the
exacerbation risk of the patients is also a part of the combined assessment of
COPD. It is based on the number and severity of exacerbations during the last
year. The combined assessment test categorizes the patients into four different

GOLD-groups: A, B, C or D. Based on this allocation, individualized treatment
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guidelines for each group have been released, described in more detail in section
1.2.2.6 (12,32).

In many cases, to confirm the diagnosis of COPD, a bronchodilator reversibility
test is done. If the FEV-value increases less than 15% or 200 ml, compared to the
primarily measured value, COPD is very likely to occur. This test therefore can be

helpful to differentiate between bronchial asthma and COPD.

In some cases, the symptoms of the diseases can be quite similar and therefore it
can be difficult to make the right diagnosis. However, a main distinction of the
diseases is that dyspnoea in bronchial asthma occurs as a sudden attack,

whereas in COPD it develops slowly (19).

Blood examination is especially important during acute exacerbations. For
example, the rise of inflammatory parameters, such as CRP (c-reactive protein), or
a gain of leukocytes can indicate a fundamental infection. Furthermore, blood gas
analysis gives information about the severity of the respiratory insufficiency. If
COPD and/or pulmonary emphysema occur in young patients, the AAT-value
should be dictated. Values lower than 90 mg/dl are highly suspicious for AAT

deficiency syndrome (19).

Chest x-ray is a standard diagnostic tool, which is used as a matter of routine in
COPD patients. A hyperinflation, an increased retrosternal airspace, flattened
diaphragms and a “barrel chest” can be observed (31). However, the purpose of
the chest x-ray is not to establish the diagnosis, but to exclude other possible
diagnoses (32). For identifying and detecting pulmonary emphysema, computed
tomography (CT) should be preferred, because it provides more detailed imaging
of the lung parenchyma and a proper differentiation of the emphysema-type can
be done (31).

1.2.2.6 Therapy

The main goals of COPD treatment include an improvement of current symptoms
and a risk reduction of future events, such as exacerbations and disease
progression.

The therapy of COPD also includes non-pharmacological treatments, like
pulmonary rehabilitation. It is a multidisciplinary programme, where patients learn

about their disease plus its consequences and different physical exercises.
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Studies showed that physical exercise has a significant impact on the disease and
patients, who maintain physical activity, have less exertional dyspnoea and a
better quality of life. However, smoking cessation is by far the most important
intervention in COPD treatment. It is essential to completely quit smoking, but for

many patients this may be a very challenging task.

For this reason, patients should be encouraged continuously and the use of
pharmacological substances, like for example varenicline, a partial agonist of the
nicotinic receptor, should be considered at an early stage. Furthermore,
vaccinations against pneumococcus and influenza should be considered in each
patient to reduce respiratory infections and acute exacerbations. Additionally,

influenza vaccinations may minimise the mortality rate (31,36).

Regarding the pharmacological treatment of stable COPD, many different
guidelines have been released. The most commonly used tough, is the GOLD-
guideline, which gives treatment recommendations referring to the different GOLD-

groups, demonstrated in Table 2.

Patients with few symptoms and a low risk of exacerbations, who therefore belong
to group A, initially should be treated with short-acting, inhalable beta agonists,
only in case of need. However, if the airflow limitation is more severe, a
combination of different SABAs or the additional use of long-acting beta agonists

should be considered.

Patients belonging to group B show more severe symptoms but still a low
exacerbation risk. The pharmacological treatment should be started with LABAs.
Short-acting bronchodilators can be taken additionally when needed. If no
improvement can be achieved, a combination of different LABAs can be
administered, but patients receiving this combined therapy should be followed up

accurately. Another possibility is the combination of SABAs and theophylline.

Group C patients have few symptoms but a high exacerbation risk. The initial
treatment should include either a therapy with a long-acting anti-cholinergic
substance or a combined ICS/LABA therapy. Both of the long-acting substances
will reduce the exacerbation risk. In cases, where LABAs are not available or too
expensive, the previously mentioned combination of SABAs and theophylline

should be used.
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Group D includes all patients suffering from severe symptoms and showing high
exacerbation risks. The initial treatment is the same as for group C patients.
However, for this group it is especially important to avoid noxes, which may lead to
exacerbations. Therefore, the non-pharmacological treatment has a high value in

this group.

Furthermore, if the initial therapy does not lead to amelioration, in some cases a
combination of ICS, LABAs and long-acting anti-cholinergics can be administered.
If the patient has chronic bronchitis, a phosphodiesterase-4-inhibitor (PDF-4-
inhibitor) can be added to the treatment plan. This is also valid for group C
patients. It is most effective, when combined with LABAs. To achieve the best

possible therapy, follow ups should be done regularly in each patient group.

Patients suffering from an acute exacerbation need an intensified therapy because
exacerbations can be lethal and have to be treated at an intensive care unit.
Bronchodilators, corticosteroids and antibiotics are the most effective substances
when treating AECOPD (acute exacerbation of COPD). Regarding corticosteroids,
oral substances are preferred and normally a dose of 30-40 mg prednisolone for
10-14 days is administered. Studies showed that corticosteroids have positive
effects on lung function (FEV4), arterial hypoxemia and can reduce the recovery
time. SABAs are used to reduce bronchial obstruction and therefore deliver a rapid
amelioration of the symptoms. In most cases, SABAs are already included in the
therapy scheme, why the drug dose has to be increased to achieve results.
Antibiotics should be given to all patients, when a bacterial infection is assumed.
Increased sputum amount, greenish colour of sputum and impaired dyspnoea
often are decisive symptoms. Placebo-controlled studies showed that antibiotics
reduce the short-term mortality, treatment failures and sputum purulence. In
general, the choice of the antibiotic should always be based on an antibiogram,
but in some cases the treatment has to be initiated before receiving results. In this
case, antibiotics, which are also effective against gram-negative bacteria, should
be preferred. If acute exacerbations occur, blood gas analysis should be
performed to determine respiratory insufficiency and decide whether a patient
needs temporary oxygen therapy (19,32).
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Patients suffering from very severe symptoms and showing values of PaO;
<50 mmHg in rest (<60 mmHg if patients additionally suffer from cor pulmonale)

need a permanent oxygen therapy.

A therapy at home can be considered if the patient is still mobile and reduced
PaO; values occur mainly during exertion. Otherwise, the oxygen therapy has to
be administered in hospital. If PaCO, values increase under the therapy and
patients show signs of mild CO, intoxication, like headache or sleepiness, the

therapy has to be adapted and O2 should be administered only during night.

In the final stadium of the disease, when patients show distinctive emphysema,
surgery can be an option. During bullectomy, large bullae, which do not contribute
to gas exchange, are removed and therefore other lung sections are
decompressed. In a lung volume reduction surgery (LVRS), whole parts of the
lung are removed, often bilaterally. As a last, life-saving option in end-stage

COPD, lung transplantation can be considered (19,36).

Concluding it is important to mention that not only COPD has to be treated, but
also comorbidities. These diseases often have a very high impact on the prognosis

and sometimes even represent the life determining factor (32).

1.2.3 Asthma COPD overlap syndrome (ACOS)

Although definitions of ACOS vary, it is clinically described as a persistent airflow
limitation in patients, who show features of bronchial asthma and COPD. This
definition was released by GINA and GOLD in 2014. Over the last few years,
ACOS has gained a lot of attention because it is widely spread - it affects about a
quarter of patients, who suffer from COPD, and almost a third of patients who
previously had bronchial asthma. Patients with ACOS have significantly worse
respiratory symptoms, a poorer quality of life and an increased risk of
exacerbations than patients who suffer from asthma or COPD alone, indicating
that ACOS is an independent phenotype in the airways disease spectrum and may
have its own clinical appearance. However, it is still uncertain, whether ACOS is
merely an evolution from longstanding COPD or asthma or is its own disease
entity with a unique pathogenesis. This lack of knowledge has also limited the
discovery of ACOS specific treatments. Furthermore, patients with ACOS are often

overlooked or excluded in clinical trials investigating novel treatments for bronchial
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asthma and COPD. As a result, it can be extremely difficult for clinicians to identify
and treat patients with ACOS. The investigation of this group of patients is highly
important (37,38).

1.3 Anti-obstructive medication

In general, there are three groups of anti-obstructive medication: bronchodilators,
like beta-2 agonists, muscarinic antagonists and methylxanthines. They act by
different mechanisms, as shown in Figure 5, and have different indications.
Methylxanthines inhibit different enzymes of the phosphodiesterase (PDE) enzyme
family and this, as a result, leads to higher concentrations of intracellular cAMP
(cyclic adenosine monophosphate). The increase of CAMP then causes, amongst
others, a relaxation of the smooth muscles. Furthermore, methylxanthines can
also inhibit adenosine receptors on the surface of cells. Adenosine normally
causes a contraction of smooth muscles in the airways and the release of
histamine from airway mast cells. However, the use of methylxanthines, such as
theophylline and aminophylline, is restricted to acute exacerbations.

Beta-2 agonists and muscarinic antagonists can be short-acting (SABA and
SAMA) and long-acting (LABA and LAMA), depending on the compound.
Muscarinic antagonists, also known as parasympatholytic drugs, block muscarinic
receptors. Both smooth muscle and secretory glands of the small airways in the
lung receive vagal innervations and therefore show muscarinic receptors. The
administration of atropine, which represents the classical anti-muscarinic drug,
causes a blockade of the cholinomimetic action at muscarinic receptors. This
results in a bronchodilatation of the airways and furthermore reduces the secretion
of mucus. However, anti-muscarinic drugs are still not as useful as beta-2 agonists
regarding the treatment of asthma patients, but ipratropium and tiatropium, which
are synthetic analogues of atropine, are often used in patients who suffer from
COPD.

To reduce systemic side effects, these substances are administered via inhalation.
Ipatropium is a short-acting drug, whereas tiatropium is categorized as long-acting
muscarinic antagonist with a terminal elimination ty, of 5-6 days. It has been
shown that tiatropium reduces the incidence of COPD exacerbations (39).

The short-acting beta agonists will be described in more detail in the following

section.
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Figure 5: Mechanisms of different anti-obstructive drugs (39)

1.4 Short-acting beta agonists

Short-acting beta agonists, abbreviated as SABAs, represent an important
pharmaceutical agent regarding the treatment of bronchial asthma and COPD.
The most common used agents are albuterol, fenoterol and terbutalin.

All of these substances have a bronchodilating effect, which starts a few minutes
after the drug intake and lasts for approximately 3-5 hours. The substances in
general are administered as inhalable formulations, either via metered-dose
inhalers (MDIs) or dry powder inhalers (DPIs).

SABAs release its effect via activating R, adrenergic receptors. By binding to the
receptors, different enzymatic cascades are activated which, in the end, lead to a
smooth muscle relaxation and therefore bronchodilatation. More precisely, the
binding causes the activation of adenylyl cyclase and this step on the other hand
causes an elevation of cAMP, which in turn will activate the protein kinase A and
lead to smooth muscle relaxation (40).

However, B2 receptors are not only located in the respiratory airways and
therefore SABAs can cause extrapulmonary side effects, such as peripheral
vasodilatation, which results in tachycardia. Furthermore, an increased insulin
release and a relaxation of the uterine muscle can occur. Due to the last fact,

SABAs should be administered carefully during pregnancy (41-43).
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1.5 Particle deposition in the lung

The prerequisite for a therapeutic action of the afore mentioned drugs is the
deposition of the drug particles in the lower airways. The most crucial factor for
this deposition process is the particle size. It is well known that only particles with
an aerodynamic diameter between 1 and 5 ym can reach the last instances of the
lung. Studies showed that particles larger than 5 ym impact in the upper airways
and particles smaller than 1 ym will be exhaled by the patient (7). Depending on
the particle size, there are three main deposition mechanisms: Impaction,

sedimentation and diffusion (Figure 6).

Airflow ------- > Particle deposition -

Inertial impaction Gravitational sedimentation Diffusion

Figure 6: Mechanisms of particle deposition in the lung (44)

Impaction only affects large particles, which show diameters above 5um. Because
of their size and their inertia, these particles are likely to impact on the walls of the
upper airways and then are swallowed by the patient.

Sedimentation, which typically occurs in particles with a diameter between 1 and 5
pMm, describes the deposition of particles due to gravity and can be described with
Stokes’ law for sedimentation. The sedimentation velocity is highest in particles

with large diameters and great density.

Diffusion concerns particles with an aerodynamic diameter <1 ym. These particles
are influenced by the Brownian motion of the encircling gas particles and therefore
can only be deposited via diffusion. The diffusion velocity is inversely proportional

to the aerodynamic diameter (7).
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1.6 Particle synthesis

In order to generate small, inhalable sized particles, different techniques are
available. The most common one is milling the active pharmaceutical ingredient
(API) to the required size. As an alternative, spray drying can be used. The
processes will be described in more detailed in chapter 2.2.1 and 2.2.2. Both
techniques lead to inhalable sized particles but important properties of the
generated particles, like shape and solid-state, can vary. For example, milling
normally keeps the needle-like shape of the drug crystals, whereas spray drying

creates spherically shaped particles.

1.7 Inhalation therapy and different inhalers

The use of inhalable drugs in the treatment of respiratory diseases is associated
with  many advantages over oral and parenteral routes of delivery. The
administration is painless, a reduction of systemic side effects can be observed
and most inhalable drugs show rapid onset of action. Additionally, the direct
deposition of the drug in the lung leads to in higher local drug concentrations for

much lower doses compared with a systemic administration.

To apply inhalable drugs, inhaler devices are used. There are many different
systems on the market, such as dry powder inhalers (DPIs), pressurized metered-
dose inhalers (pMDIs) or nebulizers. Each system has specific advantages and
disadvantages and the choice of which system to use should be made individually
for each patient, since it depends on many factors. Table 3 gives an overview of
advantages and disadvantages of the different systems.

As a rule of thumb, children and infants (<4 years) are treated with nebulizers,

which are also used for the treatment of acute symptom episodes.

Deposition in the gastrointestinal tract is lowest for nebulizers and deposition in the
apparatus is highest. The control of obstructive lung diseases in adults is mainly
achieved by pMDiIs or DPIs, which show higher deposition in the gastrointestinal
tract but lower deposition in the apparatus. The choice between DPI| and MDI is
mainly driven by patient's parameters (e.g. inspiratory flow and coordination).
More precisely, in DPIs the drug is delivered as a dry powder and the energy to
disperse the powder during inhalation relies on the patients inspiratory flow rate.

Due to this, patients, who suffer from a severe airflow limitation, often may not be
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able to properly use DPIs. Nebulizers and pMDIs use liquid formulations. The
difference between these two systems is that nebulizers use an external energy
source to produce aerosolized fine particulate droplets of the formulation, while
pMDlIs incorporate a propellant into the formulation, which provides the energy for
aerosolization upon actuation. Currently, most medications for local lung therapy
are applied by pMDIs, but the market of DPIs is increasing (45-47). Figure 7

shows different dry powder inhalers, which are currently available on the market.

Inhalation device Disadvantages

Time consuming

No specific inhalation technique required ~ Non portable
Nebulizers Aerosolizes most drug solutions Contents easily contaminated

Delivers large doses Relatively expensive

Suitable for infants and children <4 years  Poor delivery efficiency
Drug wastage

Compact

Portable Inhalation technique required

Multidose (approximately 200 doses) High oral deposition

pMDls . .

Inexpensive Maximum dose of 5mg

Reproducible dosing Limited range of drugs available
Dependent on inspiratory flow rate
Humidity may cause powder aggregation

Compact Most DPIs containe lactose

Portable

DPls Breath actuated
Easy to use

Table 3: Advantages and disadvantages of different inhaler devices. Modified after (46).

In all powder inhalers, the APl has a powder formula. The small API-particles are
attached to the surface of larger carriers, which show diameters ranging from 50—
200 um. These carrier-based formulations are necessary to improve the flowability
of the API, which would be highly unsteady without carriers due to the cohesive
properties of the small, powdery API-particles. As a result, carriers improve dosing
accuracy and minimize the dose variability. There are different substances that
can be used as carriers but most frequently they are represented by a-lactose
monohydrate. It is important to mention, that the API has to detach from the carrier
in the upper airways, so that only the API reaches the lower airways and can

execute its function. The detachment process is influenced by the force of the
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patient’s inspiration and the velocity of airflow — the more powerful the inspiration,
the more likely is a detachment of API and carrier. The patient’s collaboration and
inhalation technique has a high impact on the efficacy of inhalable drugs. Studies
showed that errors in the inhalation technique occur in 20-80% of all patients.
Therefore, it is necessary to show each patient how to use their inhalers

appropriately (7,47,48).

| Dry powder inhalers l

M

Nonreusable dry powder Reusable dry powder
inhalers inhalers
Single dose Multiple dose Single dose Multiple dose
S}'S‘l\.\l“s 5}'5[(:!1:15 systems 5}"5tc:l'l"|5

Diskus Turbuhaler Easyhaler Acrolizer Rotadisk MNovolizer
Useable for
605D 005D 2005D 505D 3months 1 year

SD: single dose

Figure 7: Different dry powder inhalers (49)
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1.8 Aim of the study

As mentioned above, different API processing techniques, such as jet-milling or
spray drying, can lead to differences in shape and solid-state of the generated
particles. Previous studies showed that for salbutamol sulphate, these different
properties will lead to different results concerning in-vitro lung deposition, which
can be determined with NGl-experiments (Next Generation Impactor). Salbutamol
sulphate was chosen as a model drug because it is a frequently used drug to
relieve obstructive symptoms in pulmonary diseases. Consequently, this study
aims to test whether the differences in particle properties also impact biological
interactions with lung cells. The particle shape, spherical versus needle shaped, is
the key parameter investigated as macrophages are expected to ingest rod like
structures to a higher extent than spherical particles. Therefore, the API primarily
was modified through jet-milling and spray drying and particle properties like size,
shape and solid-state were determined. Afterwards, permeability-tests and cellular
uptake experiments with different cell-types were performed. Namely, Calu-3 and
A549 cells were used as representatives of bronchial and alveolar epithelial cells,
respectively DMBM-2 murine macrophages as model for alveolar macrophages.
Furthermore, adhesive mixtures were prepared with jet-milled and spray dried
salbutamol sulphate and a-lactose monohydrate as model carrier. These
formulations were filled manually into capsules and dissolution tests, coupled with

NGI experiments, were performed.
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2 Materials and Methods

2.1 Salbutamol Sulphate

Salbutamol sulphate, also known as albuterol sulphate, represents the API which
has been used for this study. The substance in USP25 quality was purchased from

Selcetchemie AG (Zurich, Switzerland).

Figure 8: Different racemic structures of salbutamol sulphate

Salbutamol sulphate is a white, crystalline solid. It is prepared as a racemic

mixture of R(-) and S(+) stereoisomers, shown in Figure 8 (50).

2.2 Modifying of the API

For creating particles of inhalable sizes, two different methods were used.

2.21 Jet-milling

Jet-milling is a commonly used process to create inhalable sized particles with an
aerodynamic diameter ranging from 1-5 ym. During the process the raw material is
reduced by collision of particles induced by high-pressure air or nitrogen fed
through the nozzles.

In the present study, the modification of the APl was performed with an air jet mill
(Spiral Jetmill 50 AS, Hosokawa Alpine AG, Augsburg, Germany), shown in Figure
9. An injection pressure of 6 bar and a milling pressure of 3 bar were used. The

powder feeding was done manually.
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Figure 9: Hosokawa Spiral Jetmill 50 AS

2.2.2 Spray drying

The second method, which was used to create inhalable sized particles, was spray
drying. Spray drying is a method to produce a dry powder from a solution or
suspension by rapidly drying it with a hot gas. The liquid input stream is sprayed
through a nozzle into the spraying tower and vaporized. Passing the drying
chamber, moisture quickly leaves the droplets resulting in dry, solid particles that

can be collected on the bottom of the drying chamber.

Before starting the spray drying process, aqueous solutions

of salbutamol sulphate and purified water, with a

salbutamol sulphate concentration of 7.5%, were prepared.
The solutions were prepared directly before starting the
spray drying process. Purified water was taken from “TKA
MicroPure UV  UltraPure Water System” (TKA

Wasseraufbereitungssysteme GmbH, Niederelbert,

Germany).

As for the spray dryer, the following model was used: Nano
Spray Drier B-90 (Buchi Labortechnik AG, Flawil, Figure 10: Buchi Nano
Switzerland). It is illustrated in Figure 10. Spray Drier B-90

The spray drier was equipped with the long version of the drying chamber. A mesh
of 7 um was used to create inhalable sized particles. The spray drier was fed with

the 7.5% concentrated solution using the following conditions:

e Inlet temperature: 120°C
e Flow: 110 I/h

e Pressure: 36 mbar

32
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e Spray intensity: 30%

After the spray drying process, the powder was collected from the collection

electrode and then stored in a dessicator over silicia gel at room temperature.

2.3 Preparation of adhesive mixtures

For NGI experiments and dissolution testing, two 10 g mixtures of Lactohale 100
(LH100) and the primarily modified APIs were prepared. The API content of the
mixtures was 2%. For preparing the blends, a sandwich method was used. More
precisely, half of the needed LH100 was layered in a metallic vessel, then the
calculated amount of APl was added and lastly the remaining part of LH100 was
added to the vessel. The two substances then were mixed with a tumble blender
(T2F Turbula®, Willy A. Bachhofen AG Maschinenfabrik), using the following

mixing conditions:

¢ Mixing for 60 minutes at 62 rpm (revolutions per minute)
e Milling the blend through a 400 uym sieve

e Final mixing for 60 minutes at 32 rpm

As mentioned in the introduction, carriers in dry powder formulations most
frequently are represented by a-lactose monohydrates. Lactose is a natural

disaccharide and a condensation product of galactose and glucose.

Lactohale 100 (DFE Pharma, Goch, Germany) comprises of a-lactose
monohydrate and is a commercially available standard carrier for inhalation
products. The particles are crystalline, have a tomahawk-like shape with a smooth

surface and a mean particle size of about 100 microns (51).

After the preparation of the two different mixtures (LH100 + spray dried SS and
LH100 + jet-milled SS), the mixing homogeneity was determined. Therefore, 10
samples of approximately 250 mg were taken from each mixture with a spatula.
More detailed, 3 samples were taken from the top of the blend, 4 samples from the
middle and the last 3 samples from the bottom. The samples then were dissolved
in 100 ml of buffer. For the buffer, purified water was adjusted to a pH of 3, using

acetic acid.

The samples were put into the ultra-sonic bath for approximately 5 minutes and
afterwards the salbutamol sulphate concentration of each sample was determined
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using reversed phase HPLC (high performance liquid chromatography). The
homogeneity of the blends was expressed as the coefficient of variation of the

drug content of n=10 samples.

2.4 Particle characterisation

As already mentioned, studies showed that different methods of modifying particle
size can lead to different particle properties. In order to determine particle
properties and characteristics, different methods were used. In general, all

experiments performed for particle characterisation were done in triplicate.

241 Laser diffraction

Laser diffraction (HELOS/KR, Sympatec, Clausthal-Zellerfeld, Germany) was used
to determine particle size and particle size distribution. Laser diffractometers, in
general, interpret light scattering patterns from solid particles or liquid droplets in a
collimated beam of coherent light (52). The different powders were dispersed
using a dry dispersing unit (Rodos/L, Sympatec, Clausthal-Zellerfeld, Germany)
and a vibrating chute (Vibri, Sympatec, Clausthal-Zellerfeld, Germany). The
dispersing pressure was 2 bar. The collected data was analysed with the Windox 5
software (Sympatec). Using this technique, three characteristic particle diameters

were determined: X409, Xs0 and Xgp.

2.4.2 Small and wide angle x-ray scattering (SWAXS)

Small and wide angle x-ray scattering was used to determine the solid-state of the
powder particles. It gives information about the distribution, the size and the shape
of macromolecules. SWAXS is a technique, where x-rays are scattered by an
inhomogeneous sample in the nanometre-range at wide angles (>5°) and small
angles (typically 0.1-5°). Small angle x-ray scattering (SAXS) normally delivers

structural information of molecules between 1 and 200 nm.

Wide angle x-ray scattering (WAXS) can measure samples between 0.33 nm and
0.49 nm (53). The WAXS measurements were performed with Microcalix (Bruker
AXS, Karlsruhe). An exposure duration of 600s was chosen and the samples were
analyzed at 25°C, 120°C, 170°C, 200°C and after 30min again at 200°C.
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2.4.3 Differential scanning calorimetry (DSC)

DSC 204 F1 Phoenix (Netzsch, Selb, Germany) was used to analyse the glass
transition temperature of the samples. The thermograms give information about
the thermal behaviour and the corresponding solid-state of different particles. Prior
to the measurements, 3-5 mg of the samples were put into hermetically sealed
pans. For the weighing of the samples, a high precision scale (XP205DR, Mettler
Toledo GmbH Vienna, Austria) was used. During the DSC measurements, the
samples were heated from 25°C to 230°C, using a heating rate of 5°C/min. For the
evaluation of the thermograms the Netzsch Proteus Thermal analysis software,

version 6.1.1 (Netzsch, Selb, Germany) was used.

2.4.4 Scanning electron microscope (SEM)

A scanning electron microscope was used to analyse the morphology and the
particle structure of the modified APIs and the different blends. The microscope
used was a Zeiss Ultra 55 (Zeiss, Oberkochen, Germany). The samples were gold
palladium sputtered prior to analysis and the operating energy was 5 kV. All SEM
images in this work were taken at FELMI (Austrian Center for Electron Microscopy

and Nanoanalysis, Graz, Austria).

2.5 Testing of the aerodynamic performance

For testing the aerodynamic properties of the particles, a next generation impactor
(NG, Copley Scientific, Nottingham, United Kingdom) was used. Impactors, as
described in the Pharmacopoeia, represent an artificial lung and therefore in-vitro

lung performances of different substances can be evaluated.

The NGl is a multistage cascade impactor. An airflow passes through the impactor
in a saw tooth pattern and the velocity of the air stream is successively increased
by forcing it through a series of nozzles, which show progressively reducing jet
diameters. By increasing the airstream, particle separation and sizing can be
achieved: larger particles will follow inertia and deposit and smaller particles will
reach the next impactor stage.

During the experiments the aerosol is discharged from the inhaler and, because of
the airflow, sucked through the whole impactor. The powder formulation then is
collected in a series of collection cups and consequently the amount of API,

deposited in each stage, can be quantified via HPLC.
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Various important parameters for characterizing DPI formulations can be received
from NGI experiments. The mean dose delivered and the delivered dose
uniformity are important parameters regarding the development of new
formulations. They are used to guarantee the quality and efficacy of newly
developed formulations.

Furthermore, according to the European Pharmacopoeia (preparations for
inhalation, Ph. Eur., 7.0), the fine particle dose (FPD) and the emitted dose (ED)
can be calculated. The FPD depicts the amount of APl with an aerodynamic
diameter below 5 um. The ED represents the total amount of API, which has been
collected from all stages of the impactor.

Additionally, the fine particle fraction (FPF) can be determined. It is defined as the
percentage of relative to total mass (FDP/ED), and represents the percentage of
APl-particles, that have been separated from the carrier and show aerodynamic
diameters below 5 ym. As already mentioned, all particles having an aerodynamic
particle size smaller than 5 ym, can reach the deep lung. Consequently, the FPF is
the main parameter for characterizing the performance and the efficiency of a DPI
carrier system. In addition, the FPF is by far the most common parameter to
compare the performance of different DPI formulations among each other.

The MMAD (mass median aerodynamic diameter) is defined as the diameter at
which 50% of the particles by mass are larger and 50% are smaller. This governs

the respirable fraction and represents the particle deposition pattern in the lungs.

In general, the NGI consist of different parts: the lid, the seal body, the different
nozzle pieces, the collection cups, a cup tray and the bottom frame. However, to
perform NGI experiments, a pre-separator, an induction port and a mouthpiece
adapter were attached to the NGI. The induction port has a right-angled shape and
represents the human throat. The mouthpiece was used to attach a suitable
inhaler and the pre-separator is important for capturing large particles.

By connecting the NGI to a vacuum pump (SV1040, Busch, Chevenez,
Switzerland), the airflow through the NGI was guaranteed. Figure 11 illustrates the

fully assembled NGI.
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Figure 11: Fully assembled NGI

The setting conditions of the NGI and the procedure of the experiments were
based on the European pharmacopoeia.

Preliminary to the experiments, the cups of the NGI were coated with 2% Tween in
ethanol and stored under the hood until they were dried. The vacuum pump was
turned on 30 minutes before starting NGI experiments. The NGI then was fully
assembled and 10ml of buffer (purified water and acetic acid with a pH-value of 3)
were added to the pre-separator. As NGI experiments and dissolution
experiments, which will be described in section 2.6, were performed successively,
stage 2, 3 and 4 were equipped with an impaction insert for dissolution testing. For
all experiments, Aerolizer® devices (shown in Figure 12) were used and the
capsules were filled manually with approximately 25 mg of the two different
blends.

During each experiment, 6 capsules were used consecutively to reach a
detectable amount of API. In general, NGI and dissolution experiments were
repeated 4 times (n=4).

Air outlet

*

Mouthpiece

Grid
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Figure 12: lllustration of the Aerolizer® device (54,55)
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As the Aerolizer® is a low resistance inhaler, a flow rate of 100 ml/min was
adjusted. By choosing an opening time of the solenoid valve of the critical flow
controller (TPK, Copley Scientific, Nottingham, United Kingdom) of 2.4 seconds,
an airflow of 4 I/min was guaranteed. This reflects the average amount of airflow
during inhalation in adults. Before starting the NGI experiment, the assembling of
the impactor and its tightness were checked by performing a leak test. The
solenoid valve was opened and the mouthpiece was sealed with a plastic stopper.
During 60 seconds, the pressure must not increase more than 2 kPa. Lastly, the
P3/P2 quotient was calculated — values higher than 0.05 kPa, may indicate that the

vacuum pump is too weak.

Six capsules, which had been filled before, were put sequentially into the same
device. Before opening the solenoid valve, each capsule was pierced manually by
pressing two buttons on the outside of the device. This step guarantees a
sufficient release of the blend inside the capsule. The solenoid valve was opened
five times consecutively for each capsule for 2.4 seconds. By opening the solenoid
valve, air is sucked through the impactor, followed by powder discharging into the

impactor.

The NGI then was disconnected from the vacuum pump and the critical flow
controller was turned off. For receiving samples for HPLC analysis, the NGI was
dissembled and its different stages were rinsed with a specific amount of buffer.

The inhaler device was rinsed with 10 ml of buffer.

The mouthpiece and the induction port of the NGI were rinsed with 10 ml of buffer
into the same glass beaker. Regarding the pre-separator, an amount of 50 ml was
used and the collection cups in general were rinsed with 10 ml of buffer, except for
stage 2, 3, and 4, which were used for dissolution testing and therefore will be
described separately in chapter 2.6.

The samples were transferred into vials and the salbutamol sulphate concentration

of each stage was measured with HPLC.

2.6 Dissolution
Inhalable drugs, in general, layer themselves onto the lung lining fluid after
inhalation and therefore have to dissolve in the lung fluid for being efficient. The

dissolution rate determines the pulmonary residence time of the drug and
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therefore represents an important parameter concerning pulmonary targeting.
There are different techniques for dissolution testing, but a standardized method
has not been proposed yet (56). In our case, dissolution testing was performed
corporately with the NGI experiments, respectively directly after the NGI
experiments, using a modified, more physiological set up with lower volumes

instead of the standard dissolution apparatus and method.

Initially, simulated lung fluid (SLF) was prepared, using the following materials:
PBS, 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (TCl Deutschland
GmbH, Germany), absolute ethanol (Sigma Aldrich, Germany). For the DPPC
stock solution 39 mg DPPC were weighed in with a high precision scale and
added to 3 ml ethanol. The DPPC stock solution was then added slowly and
carefully to 195 ml of preheated buffer (approximately 37°C) while stirring. The
slightly turbid solution then was put into the ultra-sonic bath for approximately 20
minutes at 37°C.

Preparing the dissolution testing, 55 ml of the SLF were added to crystallizing
dishes with a volume of 250 ml, which then were placed onto a laboratory shaker.
The temperature was set to 37°C and a rpm of 60 was chosen. The rest of the
SLF was kept in a glass beaker and also placed on the laboratory shaker for later

use.

As already mentioned above, stage 2, 3 and 4 of the NGI were adjusted with the
impaction insert. After performing the NGI experiment, as described in chapter 2.6,
the impaction inserts were removed from the NGI cup. A membrane, which had
been pre-soaked with SLF, was put on top of the inserts and sealed in place with
the securing ring of the membrane holder. Each of the 3 sealed membrane holders
then was placed separately into the dissolution vessels on the laboratory shaker.
Directly after placing the membrane holders into the vessels, the first sample
(time: 0 minutes) was taken. A sampling-volume of 500 pl was chosen and the
samples were taken after 0, 2, 5, 10, 20, 40, 60, 120 and 180 minutes. Whenever
a sample was taken, 500 pl of SLF were added to the dissolution vessel to keep
the total volume stable. The samples were transferred directly into HPLC vials and
the salbutamol sulphate concentration was measured using HPLC. In between the

sample-taking, the impaction inserts, from which the membrane holder had been



Materials and Methods 40

removed before, were rinsed with 10 ml of buffer and samples were filled into

HPLC vials for measurement.

2.7 Cell culture

2.7.1 Cultivating the cells

Cell cultivation in general means, that cells are transferred into sterile culture
flasks and a specific culture medium is added. Due to this, the cells can grow
outside an organism, using the culture medium as nutritive substance. The cell
culture flasks are stored in an incubator with a specific CO, concentration and
specific temperature conditions. When the entire bottom of the flask is covered by
cells, they will stop to grow and inhibit each other’s proliferation. Because different
cell-types grow with variable velocity, it is highly important to control the cell
growth frequently, using specific inverted microscopes for cell culture. If the cells
are growing adherent and cover approximately 80% of the flask bottom, splitting of
the cells should be performed (2.7.2: Subculturing of the cells). Furthermore, it is
important to mention, that the culture medium has to be changed approximately

every second day.

All cells were manipulated under aseptic conditions using Herasafte™ KSP class |l
Biological Safety Cabinet (Thermo Scientific, Thermo electron GmbH, Mannheim,
Germany) to prevent a contamination of the cells. Furthermore, aseptic equipment
was used for the experiments and all media or solutions were pre-warmed to 37°C

prior to use.

Calu-3 cells: The cells derived from a human adenocarcinoma of the lung, can
produce mucus and form tight monolayers (57). Calu-3 cells were obtained from
the American Type Culture Collection (ATCC, HTB-55, LGC Standards GmbH,

Wesel, Germany).

The cells were cultured in 175 m? cell culture flasks (Greiner Bio-One GmbH,
Rainbach, Austria), using 90% Minimum Essential Medium (MEM) with Earle’s
salt, 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% penicillin-
streptomycin. It was provided by Life Technologies (Vienna, Austria). The cells
were cultured at 37°C in humidified air containing 5% CO, (Galaxy R CO;
Incubator, RS Biotech, Scotland, Great Britain).
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A549 cells: This cell line derived from an adenocarcinoma of a human lung.
Because the cells form confluent monolayers with type |l alveolar cell
characteristic morphology, A549 cells represent a standard in-vitro model for type
Il alveolar cells and are often used to study pulmonary toxicity (58). The cells were
obtained from Deutsche Sammlung fur Mikroorganismen und Zellkulturen GmbH
(Braunschweig, Germany).

A549 cells were also cultivated in 175 m? cell culture flasks but a different culture
medium was used. It contains 450 ml DMEM (Dubeccos Modified Eagle Medium,
provided by Life Technologies, Vienna, Austria), 10% FBS, 2mM L-glutamine and

1% penicillin-streptomycin.

DMBM-2 cells: These cells are macrophages, which derived from the bone
marrow of a mouse. DMBM-2 cells are round cells, which grow in loose
aggregates and do not form tight junctions. The cells were obtained from Deutsche
Sammlung fir Mikroorganismen und Zellkulturen GmbH (Braunschweig,
Germany) and cultured in DMEM, supplemented with 80% RPMI 1640, 20% horse
serum, TmM sodium pyruvate, 1mM non-essential amino acids, 1,25 pg/ml vitamin
B12, 2mM L-glutamine and 1% penicillin-streptomycin (provided by Life

Technologies, Vienna, Austria).

2.7.2 Subculturing of the cells

If cell proliferation is inhibited because the cells cover the entire bottom of the
culture flask, a specific number of cells has to be transferred to a new cell culture
flask. In this manner, the growth of the cells can be guaranteed. For subculturing,
the following steps were performed:

Initially, the culture medium was removed with a Pasteur pipette. The cells then
were washed with approximately 10 ml of PBS buffer to remove residues of FBS.
Afterwards, 2 ml of a 0.05% concentrated Trypsin-EDTA solution were added to
the culture flask and distributed evenly on the surface of the flask by swirling the
flask gently. Trypsin is responsible for detaching the cells from the surface of the
culture flask. EDTA (Ethylenediaminetetraacetic acid) is a Ca®" chelator and
loosens the junctions between the cells. The flasks then were put into the
incubator (5% CO,, 37°C) for a specific time. DMBM-2 cells normally don’t form
tight junctions and due to this, the incubation time was only a few minutes (2-3
minutes). A549 cells and Calu-3 cells had to rest in the incubator for approximately
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10 minutes because they form more adhesive layers. Using an inverted
microscope (Olympus CKX41, Olympus Austria GmbH, Wien, Austria), the
condition of the cells was checked and it was possible to determine, if the cells
were already in suspension or not. The detaching process can be facilitated by
tapping carefully to the outer side of the flask. As soon as all cells were detached,
10 ml of fresh culture medium was added to the culture flask, spreading it on the
whole surface of the flask, to inhibit further trypsin reaction. The cells then were
suspended thoroughly by pipetting the medium slowly up and down. The 12 ml
cell-medium solution inside the flask then was transferred into a 15 ml falcon tube.
Depending on which dilution was chosen, a specific amount of the cell-suspension
was transferred to a new culture flask and new culture medium was added to
guarantee cell growth. Trypsin-EDTA solution and PBS were provided by Life
Technologies (Vienna, Austria).

The cells then were centrifugalized for 5 minutes at 800 U/min (Heraeus Biofuge

Fresco).

Afterwards, the supernatant was removed with a pipette, making sure not to
damage the cell-pellet at the bottom of the falcon. New culture medium was added
to the falcon, to be specific the same amount that has been removed, and the cells
were resuspended using the pipette.

Prior to seeding the cells, the cell number had to be determined. This was
performed with a Casy® cell counter model TT (Innovatis AG, Reutlingen,
Germany), which is an electric field multi-channel cell counting system. 50 ul of the
cell-suspension were transferred to a CASY-cup and 10 ml of CASYton solution
were added. A suitable programme for each cell-line had to be chosen on the
Casy model TT prior to starting the measurements. After the measurements, the
following values were written down: Total cell-number, number of viable cells and
the percentage of the viable cells. Using these values, it was possible to calculate
the correct dilution of the primarily prepared cell-suspension and new culture

medium, so that a cell number of 0.5 x 10° could be achieved.

2.7.3 Seeding of the cells

For performing cellular experiments, 1 x 10° cells were seeded per 12-well plates
(Greiner Bio-One GmbH, Rainbach, Austria) using translucent ThinCert"-cell
culture PET inserts with a pore size of 0.4 pm translucent (Greiner Bio-One
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GmbH, Rainbach, Austria). 500 ul of the 1 x 10° cell concentration solution were
transmitted to each cell-culture insert while gently swirling the 12-well plate. As a
final step 1500 ul of the culture medium were transferred into the basolateral
department. Figure 13 illustrates the compartments schematically.

The cells were incubated overnight and the next day the culture medium was
removed from the apical compartment to create air-liquid interface (ALI) culture
conditions. ALI culture means that the apical surface of the cells is exposed to air,
whereas the basal surface of the cells is in contact with the culture medium of the
basolateral compartment. This configuration mimics the conditions of the
respiratory airways and inhalation therapy, because drugs are deposited as
aerosols onto the air-facing bronchial and alveolar lung epithelium (59). The
volume of the medium in the basolateral compartment was reduced to 500 pl to

avoid excessive hydrostatic pressure on the cells.

Apical compartment

A
Insert
|7
Basolateral
compartment Celllayer on
the membrane

Figure 13: Schematic overview of the insert and its different compartments

2.7.4 Transepithelial electrical resistance (TEER)

TEER measurements were performed every second day to determine the
tightness of the cell monolayer. Increasing TEER values imply that the intercellular
connections are tightening. As soon as a specific TEER value was reached, the
permeability experiments and cellular uptake experiments were started. Because
DMBM-2 cells do not form tight junctions, no TEER measurements were
performed for this cell line and the cellular experiments were performed one day

after seeding the cells.

For the TEER measurements, an EVOM STX-2- electrode and a Milicell® ERS

Voltohmmeter (Both from World Precision Instruments, Berlin, Germany) were
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used. The electrode has two arms of different length. It is important to make sure,
that the shorter arm is put into the apical compartment and the longer arm reaches
into the basolateral compartment.

Before starting the measurements, the old culture medium of the basolateral
compartment was removed with a pipette and new culture medium was added:
500 ul into the apical compartment and 1500 ul into the basolateral compartment.
The electrode then shortly was put into distilled water and directly afterwards the

TEER measurements were started by measuring the blank resistance.

The blank resistance represents the resistance of the membrane without a cell
layer and is important for calculating the TEER values of the other inserts. The
resistances of the other inserts were determined systematically and the value of
each insert was taken down. The process of the TEER measurement is illustrated

in Figure 14.

Figure 14: Performing TEER measurements

Afterwards, the TEER values were calculated using the following formula,

considering that the membrane area for 12-well inserts is 1.12 cm? per well:
TEER (Q * cm?) = (Sample — blank resistance in Q) * membrane area (cm?

After finishing the TEER measurements, the culture medium was removed from
the apical compartment and 500 ul of new culture medium were added to the

basolateral compartment.

2.7.5 Cellular experiments
Cellular experiments were performed to determine the permeability and the
cellular uptake of salbutamol sulphate with different particle characteristics.

Therefore, three different samples of salbutamol sulphate (raw material, jet-milled
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and spray dried samples) were applied to the cells on the insert membrane. To
determine which concentration of salbutamol sulphate has to be used to receive
detectable concentrations for HPLC measurement, a pilot experiment was
performed. For this first experiment, raw salbutamol sulphate was used in 4
different concentrations: 50, 100, 200, and 1000 pg/ml. The pre-experiment
showed that a concentration of 800 pg/ml has to be used for the following

experiments.

In general, the permeability tests were performed with Calu-3 and A549 cells and
cellular uptake was determined using A549 and DMBM-2 cells. This decision was
made due to the characteristics of the different cell lines. DMBM-2 cells were not
used for permeability experiments, because the cells do not form adhesive layers
or tight junctions. However, because these cells are macrophages, they are
perfectly suitable for determining the cellular uptake of salbutamol sulphate and to
check whether the particle shape has an impact on the cellular uptake.

As mentioned above, a salbutamol sulphate concentration of 800 pg/ml was used
for all experiments. The three different samples of salbutamol sulphate were
suspended in SLF. The experiments were performed under light protected
conditions, using a microplate incubator (THERMOstar, BMG LAB TECH GmbH,
Ortenberg, Germany) with a temperature of 37°C and a shaking intensity of 200
rom. Before starting the experiments, the TEER-values were measured not only
with culture medium, but also with Krebs-Ringer-Buffer (KRB). The buffer was
prepared directly before starting the experiments and contained the following
substances: 142 mM NaCL, 3 mM KCI, 1.2 mM MgCl; 1.5 mM K;H4POy4, 4.2 mM
CaCly, 25 mM NaHCOs3;, 4 mM glucose, 10 mM Hepes (60). The pH was adjusted
to 7.4 and afterwards the solution was sterile filtered.

The KRB then was removed from all inserts, except two, and the 12-well plates
were placed on the microplate incubator. 510 ul of each formulation (raw, jet-milled
and spray dried) were deposited into the apical compartment of the inserts. Each
formulation was tested in triplicate, more precisely each formulation was used for
three different inserts, guaranteeing reproducible results. Furthermore, one single
insert was filled with 510 pl of 0.02 % DPPC and the last two inserts were kept

empty, being used for the determination of the cell-number of the inserts.
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Figure 15 demonstrates the disposition of the different formulations schematically.

Al A2 A3 A
raw SS raw SS raw SS spray-dried SS
B1 B2 B3 B4

spray-dried SS | spray-dried SS | jet milled SS jet milled SS

C1 C2 C3 C4

jet milled SS 0.02% DPPC Empty Empty

Figure 15: Schematic overview of the formulation disposition

Directly after adding 510 ul of the different formulations into the apical
compartment, 10 ul samples were taken from each compartment, representing the
initial concentration of salbutamol sulphate at the beginning of the experiment.

To determine the permeability of the different formulations, 1500 ul of KRB were
added to each basolateral compartment and immediately afterwards, samples of
100 pl were taken from each compartment (time point: 0 minutes). After 30, 60, 90
and 120 minutes 100 ul samples from the lower departments were taken. Every
time a sample was taken, 100 pyl of KRB were added to the basolateral
compartment to substitute the loss of volume. After 120 minutes a second sample
of 10 ul was taken from the apical compartment, representing the end-
concentration of salbutamol sulphate in the apical compartment. All samples were

directly transferred into vials for HPLC measurements (Figure 16).

The inserts were washed with approximately 0.5 ml of PBS and afterwards 100 ml
of Trypsin-EDTA solution were added. The plate was put into the incubator for 2-3
minutes and the trypsin reaction was stopped with 500 pl of culture medium.
Subsequently, cells were counted.
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Figure 16: Performing cellular experiments

After all the samples for the permeability experiment had been collected, the
remaining volume in the apical and basolateral compartments was removed and
transferred into separated and labelled Eppendorf Tubes®, which then were

stored in a fridge.

The TEER was measured once more, using KRB and the standard procedure, as
described in chapter 2.7.4. This step was performed to check, if the cell-

connections had remained intact or had been damaged during the experiment.

As a final step, the cellular uptake was determined. Therefore, 500 ul of a specific
solvent (60% of 5mM hexanesulfonic acid sodium salt in water + 1% acetic acid
and 40% of methanol) were added to the apical compartment of each insert and
the cells were loosened from the insert membrane by carefully scratching the tip of
the pipette along the membrane surface. The cells then were resuspended,
transferred into specific cyrovials and put into liquid nitrogen for 30 minutes to
break up the cell membranes and release salbutamol. Afterwards, the cells were
thawed for 30 minutes before being centrifuged for 10 minutes at 4000 rpm. After
centrifugation, 333 pl were transferred into HPLC vials and the residue was stored
in sterile Eppendorf Tubes® at 20°C.

Prior to the measurements, the samples were diluted with HPLC mobile phase to
achieve a proper sample volume for HPLC measurements. The samples from the
lower compartment were diluted 1:10, the samples from the apical compartment

1:100 and the cell-suspension samples 1:3.
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2.8 HPLC

The salbutamol sulphate concentration of all samples was measured via HPLC
(Waters 2695; Waters Corporation, Milford, USA), using an autosampler and a
photodiode array detector (Waters 2996), based on a validated HPLC method
previously established (48). For all measurements, the following mobile phase was
used: 60% of 5mM hexanesulfonic acid sodium salt in water + 1% acetic acid and
40% of methanol. As stationary phase a Luna® 3um C18 100 A, LC column was
used. Furthermore, a flowrate of 1 ml/min and a column temperature of 30°C were
chosen. For each analysis a sample volume of 50 ul was injected into the HPLC

system.

2.9 Calculation of P,,,-values

To compare the permeability of the different formulations, the Py, value was
calculated. The Papp value is the in-vitro apparent permeability coefficient and it is
based on the time dependency of the substance transport across the monolayer. It

is defined as the following (60):

dQ

Papp = ————
P dt XA X ¢
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3 Results and discussion

3.1 Particle characterisation

3.1.1 Particle size
Table 4 shows the particle size distribution (PSD) of raw salbutamol sulphate, jet-
milled salbutamol sulphate and spray dried salbutamol sulphate, measured via

laser diffraction.

Ny Ty

Raw SS . 7, 20.65
. 0.65 + 2.65 + 6.35 +
RGeS 0.03 0.08 0.19
0.63 + 3.47 + 74+

Szl e 0.02 0.52 0.71

Table 4: Particle size distribution of raw SS, jet-milled SS and spray dried SS

Xgo is @ measured diameter, where 90% of the particles contained in the total
sample have a smaller particle size than this diameter. X4 is defined equally, only
that it is the diameter, where 10% of the particles have a smaller particle diameter.
In general, these two diameters are always measured by default but a three point
specification, including also Xsp, is considered to be more precisely. X5y is the
median particle dimension, meaning that 50% of the remaining particles of the
total sample are smaller and 50% of the remaining particles are larger than this
value (61).

Table 4 shows that both spray dried and jet-milled particles show X5 values below
5 um, whereas raw salbutamol sulphate exhibits Xso values higher than 5 ym. Due
to this fact, only modified salbutamol sulphate particles can reach the last sections
of the human lung and therefore are suitable for inhalation therapy.

However, when comparing the jet-milled and the spray dried particles, it can be
seen that the PSD is slightly higher for the spray dried sample than for jet-milled
salbutamol sulphate. This leads to the assumption that the modified APls may also

interact differently with the pulmonary cells.
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3.1.2 Surface properties

The surface properties and the shape of the different salbutamol sulphate particles
(raw, jet-milled and spray dried) were observed using a SEM.

It is already well known that jet-milling mostly leads to needle shaped particles and
spray drying to spherical shaped particles. This fact could be confirmed by
comparing and analysing the different SEM pictures, shown below (Figure 17-
Figure 19).

0 um ug584
Salbutamol FELMI-ZFE-GRAZ e

Figure 18: SEM images of jet-milled salbutamol sulphate
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1
Salbutamol spray dried FELMI-ZFE-GRAZ

Figure 19: SEM images of spray dried salbutamol sulphate

Figure 17 and Figure 18 show that raw salbutamol sulphate and the jet-milled
particles both show needle-like structures. However, the jet-milled particles are
smaller than the starting material and it seems that their edges are not as sharp as
the edges of raw salbutamol sulphate. Contrarily, spray dried particles are
spherical and have partly smooth and partly undulated surfaces, shown in Figure
19.

3.1.3 SWAXS

In order to identify the solid-state of the different particles, SWAXS measurements
were performed as described in chapter 2.4.2. It was reported before that jet-
milled particles show crystalline structures and spray dried particles show
amorphous structures. This could be supported by results from the present study.

When comparing the different graphs, it can be seen that the graph for jet-milled
salbutamol sulphate (Figure 20) shows characteristic bragg peaks for crystalline
material, described before by Pinto et al (62). On the other hand, amorphous
powders lack long-range order in their structure and therefore their graphs do not
show any peaks but an amorphous halo.

Comparing the patterns of the jet-milled and the spray dried sample, an obvious
difference can be seen, confirming that the samples obtained via spray drying and

jet-milling show different solid-state.
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Figure 20: SWAXS pattern of jet-milled salbutamol sulphate
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Figure 21: SWAXS pattern of spray dried salbutamol sulphate

3.1.4 DSC

DSC measurements were performed for both jet-milled and spray dried salbutamol
sulphate. As already mentioned, during these measurements the glass transition
temperature can be determined. After the measurements, characteristic diagrams
for both materials were received. The total heat flow of the sample (bottom line) is
the sum of the heat capacity component or reversing heat flow (upper line) and the

kinetic component or non-reversing heat flow (middle line).

Figure 22 illustrates the graph for jet-milled salbutamol sulphate. The graph shows
a characteristic melting of salbutamol sulphate at 184°C with a typical melting

enthalpy (AH) of approximately 175.5 J/g.
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Figure 22: DSC graph for jet-milled salbutamol sulphate
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The DSC graph of spray dried salbutamol sulphate, illustrated in Figure 23, shows
three different peaks, distinguishing it clearly from the jet-milled DSC graph. The
first peak most probably represents the evaporation of water, whereas the second
peak represents the melting of spray dried salbutamol sulphate at an approximate
temperature of 138°C. The measured melting enthalpy was 101.5 + 3.2 J/g. The
sample also showed a glass transition event at 114.1 + 0.3°C, indicating the
amorphous nature of the analysed particles. Although a recrystallization event was
expected to be seen at 120°C, it could not be observed. This might be explained

by the lower melting temperature of spray dried salbutamol sulphate — the graph of

| To=114.1£0.3
ACp=0. 293 +0.015
i
NES

To=13832%13
AH=101.5+32 —
- —

To=864£257 . .
AH= 866+ 2.2
-
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Temperature /°C

Figure 23: DSC graph for spray dried salbutamol sulphate

the melting event hides the recrystallization event.
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Comparing the DSC diagrams of the modified APIs, it can be seen that spray dried
salbutamol sulphate has a lower melting temperature and a lower enthalpy than
jet-milled salbutamol sulphate. Furthermore, glass transition could only be

observed in spray dried salbutamol sulphate because of its amorphous structure.

3.2 Characterisation of the mixtures

Two different adhesive mixtures with a lactose model carrier were prepared
(described in chapter 2.3) in order to perform NGI experiments and dissolution
testing of the spray dried and the jet-milled API. To evaluate the quality of the

mixtures, SEM images were taken and the mixing homogeneity was determined.

3.2.1 SEM images

ELMI-ZFE

Figure 24: SEM images of LH100 + jet-milled SS

SEM images of Lactohale100 and jet-milled salbutamol sulphate (LH100 + JM SS)
show that the needle shaped particles are distributed over the whole carrier
surface (Figure 24). By contrast, Figure 25 shows that the spray dried particles are
distributed more inhomogeneously over the carrier surface and fewer API-particles

are attached to the carrier surface.
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LH100 + SD 55

~ u103285.tif R
LH100 + SD 55 ELMI-ZFE

Figure 25: SEM images of LH100 + spray dried SS

3.2.2 Mixing homogeneity and mean drug content
Table 5 shows that the mean drug content recovered is around 2% and therefore

matches the target drug content.

m Mean drug content/ % | Mixing homogeneity (RSD) / %

LH100 + JM SS 1.99 2.22
LH100 + SD SS 1.89 7.49

Table 5: Mixing homogeneity of the different blends (n=10)

The mixing homogeneity is expressed as the relative standard deviation (RSD) of
the mean drug content. In general, it can be said that, the lower the homogeneity
values, the higher is the achieved mixture homogeneity. As shown in Table 5,
better results were achieved when jet-milled salbutamol sulphate was used for the
mixtures, in comparison to spray dried salbutamol sulphate. This is indicated by
lower variations of the drug content, respectively the RSD. This data also matches
the interpretation of the SEM images, illustrated in chapter 3.2.1. It seems that the
jet-milled, needle shaped particles are distributed more homogenously over the
carrier surface than the spherical particles of spray dried salbutamol sulphate,

which tend to concentrate especially in voids and clefts of the carrier.
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3.3 NGI

The following table shows the results of the most important values obtained from
NGI measurements. FPF, MMAD and ED were determined for both LH100 + spray
dried and LH100 + jet-milled salbutamol sulphate and the standard deviation (SD)

was calculated for all values.

LH100 + SD SS 12.49 83.23

LH100 + JM SS 27.68 512 2.78 0.23 78.99 9.17

Table 6: NGI results

Results in Table 6 and Figure 26 show, that the FPF of jet-milled salbutamol
sulphate is significantly higher than the FPF of spray dried salbutamol sulphate.
This is in accordance with previous studies comparing jet-milled and spray dried

salbutamol sulphate (63).

35
% = FPF [%]
= MMAD [um]
25
20
15
10
5 e
) ]
LH100+SD SS LH100+JMSS

Figure 26: FPF and MMAD for the different mixtures

The ED is around 80% and within the same range for jet-milled and spray dried
API. Considering the different FPFs and the same EDs, this indicates that drug
detachment from the carrier is more inefficient for spray dried API-particles
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compared to the milled API, as the same amount leaves the inhaler but much less

API reaches the lung.

The MMAD for jet-milled salbutamol sulphate is lower compared to the MMAD of
spray dried salbutamol sulphate. The larger MMAD for the latter indicates particle
aggregation. These aggregates could possibly not be fully dispersed during
inhalation what in turn could also explain the low FPF compared to the same ED of

the two formulations.

3.4 Dissolution

The results of the dissolution experiments (Figure 27 - Figure 29) showed no
significant difference between the two formulations. Both jet-milled and spray dried
salbutamol sulphate rapidly dissolve in SLF and it can be seen that after 2 minutes
nearly the total amount of the API is dissolved. Therefore it can be assumed that
the shape of the particles has very little impact on the solubility of a good soluble
drug. Additionally, the impact of the particle shape on biological effects in the lung
may also be very little, since the drug substance dissolves rapidly and loses its

particle shape.
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Figure 27: Results of dissolution experiments for stage 2
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Figure 28: Results of dissolution experiments for stage 3
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Figure 29: Results of dissolution experiments for stage 4

It can be seen that the spray dried formulation dissolves slightly slower than the
jet-milled formulation and shows higher variations. This fact may have an influence
on the results of the permeability experiments, which also show more instable
results for spray dried salbutamol sulphate. Again, the formation of particle

aggregates of the spray dried material and the resulting delayed dissolution of the
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aggregates (representing larger particle sizes) could explain the variations in the

dissolution.

3.5 Cell studies

As already mentioned, two main biological functions were determined via cellular
experiments, namely permeability and cellular uptake. These biological functions
are essential for pulmonary drug delivery. The aim of the experiments was to
identify whether the different formulations of salbutamol sulphate lead to
differences regarding the cellular uptake and the permeability. Furthermore, for
each experimental set up, two different cell lines were used. Therefore, it was
possible to identify also differences between the differing cell lines regarding their

cellular uptake and the permeability of salbutamol sulphate.

3.5.1 Permeability

Calu-3 cells and A549 cells were used for permeability experiments. Both cell lines
represent in-vitro systems for pulmonary epithelial cells. Calu-3 cells are used as a
model for bronchial epithelial cells, whereas A549 cells represent type Il alveolar
epithelial cells. The cell lines differ, however, in the tightness of their intercellular
junctions. This difference can be seen in Figure 30, which illustrates the TEER-

values of A549 and Calu-3 cells after 8 days in medium.

TEER-values TEER-values

Inserts (Q/lcm?) (Q/cm?)
A549 cells Calu-3 cells
A1 11 935
A2 24 886
A3 15 869
Ad 19 860
B1 17 914
B2 32 1057
B3 27 1018
B4 23 928
C1 20 935
C2 15 954
C3 25 998
C4 19 944

Figure 30: TEER-values of A549 and Calu-3 cells, measured on day 8 in medium
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The diagrams on the following page graphically illustrate the permeability of the

different salbutamol sulphate formulations over time. As described in section 2.7.5,

samples were taken after 0, 30, 60, 90 and 120 minutes from the basolateral

compartment and the corresponding salbutamol sulphate concentration at each

time point was determined via HPLC. In general, an increasing salbutamol

sulphate concentration could be observed because the particles pass the cellular

layers on the membranes and penetrate into the basolateral department.

Concentration (ug/ml)

Concentration (ug/ml)

140.000 -

120.000 -

100.000 -

80.000 -

60.000 -

40.000 -

20.000 -

0.000

Permeability results Calu-3 cells

=== Raw SS
=@~ Spraydried SS

Jet-milled SS

0 30 60 90 120

Time (min)

Figure 31: Permeability results of Calu-3 cells
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Figure 32: Permeability results of A549 cells
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Comparing the two cell-types, it can be seen that the transport of raw salbutamol
sulphate was significantly higher when using A549 cells. In the same manner, the
concentration of jet-milled and spray dried salbutamol sulphate was also higher in
A549 cells. Salbutamol sulphate is a hydrophilic molecule, which is mainly
transported between cells (paracellular transport). Since A549 cells possess less
tight junctions, salbutamol can pass the monolayer to much higher extend than

Calu-3 monolayers with higher TEER-values.

The transport of salbutamol sulphate in all formulations was linear, suggesting that
no active transporters are involved. If receptor-mediated transport is involved,
time-dependent transport follows a saturation curve (64).Taking standard deviation
(data not shown) into account and as seen in the graphs, no difference between

the different formulas for each cell type could be observed.

Table 7 and Table 8 show the P, values for the different formulations and the two

different cell lines.

_m

Raw SS 1.5085 E-05 1.0759 E-06 Raw SS 8.3401 E-07 4.8934 E-08

Jet-milled SS 1.5938 E-05 4.0039 E-07 Jet-milled SS 8.5348 E-07 1.1003 E-07
Spray dried SS  1.6163 E-05 2.9564 E-07 Spray dried SS  1.4036 E-06 7.6044 E-07

Table 7: P4y, values for A549 cells Table 8: Py, values for Calu-3 cells

As it can be seen in the table, the Py, values for all three formulations are similar,
but a slightly higher value could be achieved when spray dried salbutamol
sulphate was used. The standard deviation was highest for jet-milled salbutamol
sulphate.

When Calu-3 cells were used, the Py, values in general were lower, compared to
the values for A549 cells (E-07, E-06 compared to E-05). Py, values in this study
are in the same order of magnitude compared to the values reported by Bur et al.
(2.8 £ 1.6 E-07 cm/s) (65) and lower than the P, values reported by Ehrhardt et
al. (1.9 £ 0.25 E-06 cm/s) (66). A direct comparison of the values from the

literature is not possible, because they were obtained from Calu-3 cells, which
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were not cultured in ALI-condition. The effect of the tightness of the intercellular
junctions in clearly visible; Pap, values of salbutamol sulphate across A549 cells

were about 10 times higher than Py, values of Calu-3 cells.

3.5.2 Cellular uptake

Data show higher uptake of SS in DMBM-2 cells, mainly referable to their cell-type
(Table 9 and Table 10). As already mentioned, DMBM-2 cells are murine
macrophages, which phagocytise particles similarly to human macrophages. The
main function of macrophages is the uptake of foreign material, pathogens and

damaged cells via phagocytosis.
pvBM-2cells fasavcels

Cellular uptake Cellular uptake
(ng/Mio cells) (ng/Mio cells)

Raw SS 3.5069 0.5097 Raw SS 1.5891 0.2237
Jet-milled SS 2.1838 0.5211 Jet-milled SS 1.3766 0.1739
Spray dried SS 4.0822 1.5102 Spray dried SS 1.4840 0.2048

Table 9: Cellular uptake, DMBM-2 cells Table 10: Cellular uptake, A549 cells

In general, there are two different endocytotic uptake mechanisms: pinocytosis
and phagocytosis. Whereas pinocytosis, which includes macropinocytosis,
caveolin-mediated endocytosis, clathrin-mediated endocytosis and clathrin- and
caveolin independent endocytosis, involves the uptake of fluids and particles
within small vessels, phagocytosis mainly applies to the uptake of larger particles
(67). Furthermore, phagocytosis is carried out only by professional phagocytes,
namely monocytes, macrophages, dendritic cells and neutrophilic granulocytes.
The cellular uptake is influenced by several different parameters but size, shape
and surface properties are the most decisive particle-related parameters and might
influence the relation of phagocyte to non-phagocyte uptake. More precisely,
phagocytosis affects only particles, which have a diameter greater than 0.5 um.
Particles with diameters smaller than 0.5 ym are too small to trigger phagocytosis.
Pinocytosis, on the contrary, occurs in all cells and macropinocytosis covers a
broad range of particle sizes ranging from 100 nm to 5 um (68).

As seen in Table 4, the mean particle size of the spray dried and jet-milled
salbutamol sulphate particles is approximately 3 ym. Due to their size, the
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particles could perfectly be taken up by the macrophages via phagocytosis.
However, as discussed in section 3.4, the particles dissolve rapidly in SLF
because salbutamol sulphate is a very soluble drug. It can be assumed, that
during the dissolution process, the particle size diminishes. Therefore it is rather
unlikely, that the particles are taken up via phagocytosis, which means that other
uptake mechanisms, such as macropinocytosis, must occur. It has been reported
that macrophages possess also higher uptake rates by other routes. The
pinocytosis rate of murine fibroblasts 18.7 um®h/cell compared to 46.5 pm*/h/cell

in murine peritoneal macrophages (69,70)



Conclusion and outlook

4 Conclusion and outlook

In this study spherical, predominantly amorphous and needle shape, crystalline
particles of salbutamol sulphate were generated via two different engineering
techniques in order to investigate the impact of particle shape on biological effects
in the lung.

This study confirmed results previously described for salbutamol sulphate
particles. Particle engineering of SS and the resulting distinct particle properties,
like particle shape, impacts the in-vitro aerosolization behaviour. The inhalation
performance (higher fine particle fraction) is significantly improved for jet-milled SS
compared to spray dried SS. Spray dried, spherical and predominantly amorphous
particles resulted in lower FPFs, compared to the jet-milled, needle shaped and
predominantly crystalline particles, when blended and tested with a lactose model
carrier. This could probably be explained by the agglomeration tendency of spray
dried amorphous salbutamol sulphate particles and the insufficient drug dispersion
and detachment during inhalation.

By contrast, spray dried particles showed higher Py, values and higher uptake by
macrophages compared to the jet-milled particles. The fact that rod-shaped but
not needle-shaped particles are better targets than spherical particles for
macrophages and the larger size of the spherical particles could well explain the
preferential uptake of these particles by macrophages. The extremely fast
dissolution, on the other hand, argues against a prominent role of particle shape
and size because it was reported that only 20-40% of 2 ym particles had been
ingested by macrophages after 2 minutes of incubation (71).

Dissolution tests of formulations containing spray died and jet-milled drug particles
revealed quite fast dissolution of both APls, independent of their shape, due to the
good solubility of SS in water. Nevertheless, dissolution profile of spray dried
particles showed larger variations. This could probably also be related to particle
agglomerates of different sizes that show modified and retarded dissolution
depending on the size of agglomerates. In future experiments, an API with lower
solubility will be tested in order to evaluate the influence of shape on cellular
uptake in more detail. Moreover, to better attribute changes either to shape or
other properties like solid-state, additional needle shaped-amorphous particles will

be generated e.g. via milling.
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