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Abstract

With the enforcement of the Montreal Protocol on ozone depleting gases, non-ozone
depleting hydrofluoroalkanes (HFAs), i.e. HFA-134a and HFA-227ea, are now
replacing the ozone depleting chlorofluorocarbon (CFC) propellants in pressurized
metered-dose inhalers (pMDIs). The transition has proven to be difficult due to
differences in the physical and chemical properties, e.g. higher polarity and higher
vapour pressure. Since commonly used surfactants in CFC pMDls, i.e. Span 85, oleic
acid and lecithin are effectively insoluble in HFAs, a surfactant solubility study was
carried out in this work in order to find HFA soluble surfactants. Further on, surfactant
solubility in HFA-134a and HFA-227ea was compared with those in 2H,3H-
decafluoropentane in order assess the latters suitability as a model propellant. This
was followed by UV/VIS and fluorescence spectroscopic investigations into surfactant
aggregation and aggregate orientation in HFA propellants. Beclomethasone
dipropionate (BDP) nanoparticles were formulated from an emulsion template a;nd
dispersed in HFA-227ea with the aim of improving pulmonary drug deposition efficiency
and drug targeting to smaller airways. In vitro drug deposition profies of BDP
nanoparticle suspension pMDIs were determined using Andersen Cascade impaction
and compared to a commercially available BDP suspension CFC pMD! (Becotide™)
and a BDP solution phase HFA pMDI (Qvar™). Furthermore, the stability of BDP
nanoparticle suspension pMDls at elevated conditions was assessed.

Soluble surfactants could be found among the polyoxyethylene-ethers and poly
(ethylene oxide)—poly (propylene oxide) block copolymers. 2H,3H-decafluoropentane
has proven to be a good model propellant for HFA-134a only. The investigations into
surfactant behaviour in HFA propellants suggests a stepwise aggregation of L,
orientated surfactant aggregates. Depending on formulation variables, e.g. drug
concentration, surfactant concentration and the addition of cosolvent, an improved drug
deposition profile compared to the microparticle CFC pMDI was shown for BDP
nanoparticle pMDIs. The addition of polyvinylpyrrolidone (PVP) to the nanoparticle

suspension proved to reduce particle growth, thus improved pMDI stability.
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1 General Introduction
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1.1 Pulmonary drug delivery

Pulmonary drug delivery is primarily used for the local treatment of respiratory diseases
(e.g. asthma, respiratory distress syndrome (RDS), chronic obstructive pulmonary
disease (COPD), and cystic fibrosis) but also offers opportunities for drug delivery into
the systemic circulation. The pulmonary delivery of locally-acting drugs directly to their
site of action by inhalation provides potential advantages for the treatment of lung
diseases. These include rapid onset of action, reduced dose to achieve
pharmacological effects, and minimized side effects compared to the same drug
delivered by mouth. First line asthma therapy is currently the administration of inhaled
corticosteroids which minimize the problems associated with oral steroids such as
adrenal suppression, electrolyte imbalance and muscle weakness (Dalby and Suman,
2003). Moreover, the inhalation route provides an option for safe, painless drug
delivery to the systemic circulation, especially for macromolecules such as the newer
class of protein and polypeptide drugs, and is an alternative to injections (Brown,
2002). However, pulmonary delivery is a complex process that requires a safe and
efficacious drug, the incorporation of the drug into a formulation or carrier system, the
design and fabrication of a device to administer the formulation, and the correct use of
the device by the patient. Thus, the development of successful inhalation products is a
challenging task and despite the long-term use of inhalation technology since the early
part of the 20" century, there is still room for improvement in a number of areas,
including deposition efficiency and targeting. These challenges can be addressed in
part by particle and device engineering for pulmonary delivery.

1.1.1 Anatomy and physiology of the respiratory system

The primary function of the respiratory system is to permit gas exchange between the
blood and the atmosphere, i.e. oxygenation of blood and the removal of carbon dioxide
from the body. This is accomplished by firstly exchanging gases between the external
environment and the alveolar space through breathing and secondly by exchanging
gases between the alveolar space and the blood by diffusional processes.

The respiratory system may be divided into three regions (Task-group on lung
dynamics, 1966): (1) the nasopharyngeal region, also referred to as “upper airways”
which includes the respiratory airways from the nose down to the larynx; (2) the
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tracheo-bronchial region, also referred to as “central” or “conducting airways”, which
consists of non-alveolated airways and includes the trachea, bronchi, bronchioles, and
the terminal bronchioles; (3) the alveolar region, also referred to as the “respiratory
airways”, “peripheral airways” or “pulmonary region”’, comprising the respiratory
bronchioles, alveolar ducts and alveoli. This is the principal site of gas exchange and
drug absorption into the systemic circulation. A classic model of the structure of the
airways (constituting the respiratory system) is the symmetrical dichotomously
branching model described by Weibel (1963) (Figure 1.1.1). Every branching of the
“pulmonary tree” leads to a new generation of airways of progressively narrower
diameter. Each airway divides to form two smaller airways, thus the number of airways
in each generation is double that of the previous generation.

Z
Trachea 0
Bronchi 1

(']
: ~<
g ) [ 2
I
3 . :
5 AN N\
&) /7, 4
Bronchioles _4 :
: /N 5
/
. /
Terminal / ]
bronchioles Lﬁ 16

A

/

\ 17
Respiratory | —— —
bronchioles ; 18

19

T, 20
Alveolar
%”' T, 21

ducts __m‘*‘
v; T T, |22
3.

< »
Alveolar N o) T
sace V.JX(Q_Y 23

52

Py

Transitional and
respiratory zones

Figure 1.1.1 Simplified illustration of the human respiratory tract (z = airway
generation) (Weibel, 1963). The respiratory zones are characterized by the existence

of alveoli (site of gas exchange), whereas the conducting zone is involved in air
conduction.
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Generation (z) Diameter (cm) Length Number Total cross
section area

(cm’?)
0 1.80 12.0 1 2.54
1 1.22 4.8 2 2.33
2 0.83 1.9 4 2.13
3 0.56 0.8 8 2.00
4 0.45 1.3 16 2.48
5 0.35 1.07 32 3.11
16 0.06 0.17 6 x 10* 180.0
’ l l l l
19 0.05 0.1 5x10° 10°
20
22 l
23 0.04 0.05 8 x 10° © 104

Table 1.1.1 Morphological changes in the airway generations (Weibel, 1963)

The model proposes the existence of 24 airway generations with the trachea being
generation 0 and the alveolar sacs being generation 23. Airway generationz=1, 2, 3
represents the main, lobar, and segmental bronchi followed by intrasegmental bronchi,
bronchioles, secondary bronchioles, and the terminal bronchioles (z = 4-16). The
terminal bronchioles (smallest airway without an alveolus) mark the end of the tracheo-
bronchial region, which is followed by the alveolar region comprising respiratory
bronchioles (exhibiting alveoli protruding from the airway wall), alveolar ducts, and
alveolar sacs (z = 17-23) (Taylor and Kellaway, 2001). In passing from the trachea to
the alveolar sac, two physical changes occur (Table 1.1.1): (1) the airway diameter

decreases with increasing generation (tracheal diameter ~ 1.8 cm versus alveolar
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diameter ~ 0.04 cm); (2) the surface area of the airways increases with each
generation to the extent that the total area of the human alveoli is in the order of

approximately 100 m?.

The conducting airways do not contribute to gas exchange. The primary function lies in
the humidification of the inhaled air through exposure to fluids lining these airways (e.g.
mucus) before entering the respiratory zone. The respiratory zone is the location of the
gas exchange between the alveolus and the blood in the alveolar capillaries which are
located in the wall of each alveolus (Sherwood, 1993). The large area for absorption,
good blood supply, and short transit distances through the thin alveolar epithelium
(approximately 0.5 pm) optimizes the diffusion process of gases and drug substances
between the alveoli and the blood.

The epithelium of the airways separates the internal environment of the body from the
external environment. It comprises a variety of cell types, the distribution of which
confers different function of the airway type. From the trachea to the terminal
bronchioles, the luminal surface is lined with mucus secreting goblet cells, mucus
glands, and ciliated cells (Hickey and Thompson, 1992). Ciliated cells are responsible
for the mucus movement up the respiratory tract with the purpose of clearing the lung
from inhaled particles which are entrapped in the mucus. The mucus, a viscous fluid
consisting of glycoproteins, builds a thick layer (~ 5 pm) in the epithelium of the
conducting airways and has three main functions (Hickey and Thompson, 1992): firstly
it protects the epithelium from dehydration, secondly it is involved in the humidification
of inhaled air and thirdly it provides a protection barrier against inhaled foreign
substances. Failure to clear the mucus from the airways either due to mucus
hypersecretion or ciliated cell dysfunction (as may occur in cystic fibrosis or chronic
bronchitis) results in airway obstruction.

In the alveolar region, however, mucus secreting goblet cells are not present, thus a
mucus layer does not line the peripheral airways resulting in a much thinner epithelium
(0.1-0.5 pm). Two cell types are predominately present in the alveolar region
(Sherwood, 1993; Taylor and Kellaway, 2001): (1) type 1 pneumocyte alveolar cells
which are thin cells providing a short airway-blood path length for gas and drug
molecules; (2) type 2 pneumocyte alveolar cells which secrete pulmonary surfactants
(a mixture of carbohydrates, proteins and lipids). Pulmonary surfactants are essential in
reducing the surface tension, which diminishes the work of alveolar expansion during
inspiration.
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Smooth muscle cells are present in the airway walls of the bronchi and bronchioles.
Contraction and relaxation of these cells influences the airway diameter, hence the
airflow through the respiratory system. Reversible obstructive airway diseases such as
asthma is a result of bronchoconstriction caused by the contraction of smooth muscle

cells in that region (Hickey and Thompson, 1992; Washington et al., 2001).

1.1.2 Aerosol deposition in the airways

Aerosols used by patients should reach the desired location in sufficient quantity in
order to be effective and hence it is important to consider mechanisms of deposition
and factors influencing aerosol deposition in the lung.

There are five mechanisms of deposition: inertial impaction, sedimentation, diffusion,
interception and electrostatic precipitation (Gonda, 1992).

Inertial impaction is the most important mechanism of deposition for particles greater
than 5 um (Gershwin, 1986). It is caused by the tendency of particles with sufficient
momentum (a product of mass and velocity) to travel in a straight direction, hence they
are unable to follow changes in direction of the airstream within the airway system. The
extent of inertial impaction depends upon the particle momentum, thus particles with
larger diameters and higher densities and those travelling in airstreams with higher
velocities, e.g. in the upper airways or in partially obstructed airways, are more likely to
deposit by impaction. Airflow velocities in the main bronchi are estimated to be 100-fold
higher than in the terminal bronchioles and 1000-fold higher than in the alveolar region
(Taylor and Kellaway, 2001).

Sedimentation occurs when particles settle under the force of gravity (Hinds, 1998). It
typically takes place in airways where the airstream is relatively low, i.e bronchioles
and alveolar region, and therefore particies are subject to gravitational force for a
longer period of time. A sphere of diameter D, and density d, under the influence of
gravitational force, will have a terminal settling velocity vis, governed by Stokes law
(Equation 1.1.1):
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Equation 1.1.1

g = gravitational acceleration

n = viscosity

Similar to inertial impaction, the probability of sedimentation increases with the particle

momentum.

Diffusion is an important mechanism only for particles of less than 1 um and occurs
mainly in airway regions where the airflow is very low, i.e. alveolar region (Martonen
and Yang, 1996; Taylor and Kellaway, 2001). Submicron particles are displaced by
random bombardment of gas molecules and collide with the airway walls. In contrast to
inertial impaction and sedimentation, diffusion processes increase with particle size but
are independent of the particle density (Gonda, 1992).

Deposition via Interception takes place when the dimensions of the airways become
comparable to those of the particle. Electrostatic precipitation may sometimes occur
when charged particles, typically charged during atomization, are electronically
attracted by a charge of the opposite sign in the airways wall. However, interception
and electrostatic precipitation are deposition mechanisms are generally of less
importance (Gonda, 1992). A schematic illustration of the most important deposition
mechanisms is presented in Figure 1.1.2.
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Figure 1.1.2 Schematic illustration of the most important deposition mechanisms in
the airway system

The amount of aerosolized medication that deposits through these mechanisms in a
given region in the lung depends on physical properties of the aerosol particle (size,
shape and density), ventilation factors (e.g. inspiration flow rate) and regional airway
anatomy (e.g. influenced by airway obstruction due to either bronchoconstriction,
inflammation or hypersecretion) (reviewed by Dolovich, 2000). However, the extent and
location of aerosol deposition can be modelled empirically or based on experimental
data (reviewed by Swift, 1996). Each model predicts that particle diameter and airway
diameter have the most potential to influence particle deposition (Simonsson, 1982;
Finlay, 2001). The best known model, however, is the semi-empirical model proposed
by the Task group (Task-group on lung dynamics, 1966). This model, based on nasal
inhalation, relates the deposition in the three areas of the lung, i.e. nasopharyngeal,
tracheobronchial, and pulmonary region, directly to the aerodynamic diameter (D,e),
defined as the diameter of a sphere of unit density with the same settling velocity as
the particle in question. Gonda (1981) converted the deposition in such regions for

nasal inhalation into corresponding quantities for mouth inhalation. The regional
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deposition of monodisperse aerosols following mouth inhalation is presented in Figure
1.1.3.
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Figure 1.1.3 Regional deposition of monodisperse aerosols following mouth inhalation
(fractional deposition versus aerodynamic diameter; tidal volume: 2.15 dm®)(Gonda,
1981)

A more advanced deposition model is the National Council on Radiation Protection
model (Swift, 1996; Hinds, 1998). It allows computation of expected deposition on the
patient’s age and pulmonary condition and is in this respect an innovation in deposition
prediction. However, both theoretical calculations and actual measurement have
indicated that particles > 6 uym deposit in the oropharynx, particles between 2 um and 6
um deposit in the central airways, and particles < 2 ym preferably deposit in the
peripheral airways. Submicron particles will either be exhaled or trapped in the residual
air and eventually deposit in the respiratory bronchioles or in the alveolar region
(Dolovich, 2000). Breath holding for at least 4 seconds, however, allows more time for
submicron particles to deposit by sedimentation and diffusion (Dolovich et al., 1981;
Hakkinen et al., 1999). The fraction of the aerosol containing particles < 5-6 um is
considered as the respirable fraction (RF) or fine particle fraction (FPF) and has widely
been used to describe the quality of the aerosol with respect to its efficiency to deposit
into the lower respiratory tract. However, Newhouse (1998) critically reviewed the
clinical relevance of the respirable fraction and stated that particle fractions < 3 um
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represent better the actual deposition in the lower respiratory tract and may be clinically
more relevant. Nevertheless, for the formulation of aerosols a target size range of 1-5

pm is generally accepted for optimized lung deposition (Hickey, 1992b).

Since in practice most of the therapeutic aerosols are polydisperse with a log-normal
distribution, aerosol distributions are characterized by the mass median aerodynamic
diameter (MMAD) and the geometric standard deviation (GSD). The MMAD is a value
of D,e that divides the particle distribution in two halves with respect to mass, i.e. 50%
of the mass lies in particles above and below the MMAD, whereas the GSD is a
measure of the polydispersity of the aerosol particle population (USP24/NF19, 1999)
(see also 5.1.1.2). A GSD of 1 refers to perfectly monodisperse systems, in practice
however, values < 1.22 are considered as monodisperse (Gonda, 1986).

1.1.3 Pulmonary diseases and clinical relevance of pulmonary drug

targeting

1.1.3.1 Asthma

Asthma is a chronic inflammatory disorder of the lower airways and is characterized by
reversible airway obstruction and increased responsiveness of the airways to specific
and nonspecific bronchoconstrictor stimuli leading to episodes of wheezing,
breathlessness, chest tightness, and coughing, particularly at night or in the early
morning (Caramori and Adcock, 2003). The airway inflammation is caused by
inflammatory mediators, i.e. leukotrienes and prostaglandines, which are released by
degranulation processes of inflammatory cells (e.g. eosinophils, neutrophils,
macrophages and mast cells) that are infiltrated in the airway wall. These mediators
possess potent biological action resulting in bronchoconstriction. This includes: airway
smooth muscle contraction, increased airway permeability (results in mucosal edema),
and increased mucus secretion (Mutschler and Schafer-Korting, 1996; Hope et al.,
1999). Asthma therapy is mainly directed towards bronchodilatation and suppression of
infammation. According to the British guidelines on asthma management, the
treatment of asthma generally consists of the combination of short-acting
bronchodilatory B.-agonists (e.g. salbutamol sulphate, terbutaline sulphate, fenoterol
hydrobromide) or anticholinergic bronchodilators (e.g. ipratropium bromide) with anti-
inflammatory drugs such as corticosteroids (e.g. beclomethasone dipropionate,

budesonide, fluticasone propionate) or alternatively non-steroidal anti-inflammatory
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drugs such as cromoglycate or nedocromil sodium (British Thoracic Society et al.,
1997; Caramori and Adcock, 2003). Depending on the severeness of asthma, long-
acting B»-agonists (e.g. salmeterol xinafoate and formoterol fumerate) may also be
given. Anti-asthmatic drugs are generally administered via inhalation directly to the site
of action. This is associated with a number of advantages compared to oral
administration such as: (1) rapid onset of action, (2) reduced dose required in order to
produce the same therapeutic effect (also associated with reduced systemic side
effects), and (3) avoiding first pass effects.

1.1.3.2 Chronic obstructive pulmonary disease (COPD)

COPD is characterized by slowly progressive development of airflow limitation that is
not fully reversible. COPD encompasses pulmonary emphysema (destruction of the
lung parenchyma, loss of lung elasticity and closure of small airways), chronic
obstructive bronchiolitis (inflammation of the central and peripheral airways with
obstruction of small airways) and mucus plugging (Saetta et al., 2001; Barnes, 2003).
Most COPD patients exhibit all three pathologic conditions. Chronic bronchitis, in
contrast, is defined by a productive cough of more than 3 months for more than 2
successive years; hence it reflects hypersecretion and is not necessarily associated
with airway obstruction. Tobacco smoking is the single most important cause of COPD
(Doll et al., 1994). In non-smokers, a deficiency of aj-antitrypsin, an antiprotease
enzyme that protects the epithelium from proteolytic enzymes, is associated with
emphysema but the risk of developing COPD is higher in enzyme-deficient patients
who smoke (Janus et al., 1985). Environmental factors such as air pollution may also
contribute to the development of COPD. Stopping smoking is the most important and
most beneficial factor in the management of COPD (Janus et al., 1985; British Thoracic
Society, 1997). Drug treatment is based on improving lung function with inhaled
bronchodilators (anticholinergics, 8,-agonists and theophylline) (Barnes, 2003) of which
anticholinergics are the most effective class (Gross, 1991). A new long acting
anticholinergic drug, tiotropium bromide, appears to be the most effective
bronchodilator in the treatment of COPD (Barnes, 2000). However, a combination of
short- or long-acting B,-agonists with an anticholinergic drug is usually used as the
effects are synergistic (British Thoracic Society, 1997). In contrast to asthma treatment,
there is little evidence that inhaled corticosteroids are beneficial in patients with COPD
(Barnes, 2003).
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A broad range of B-adrenergic and anticholinergic bronchodilators, corticosteroids, and
non-steroidal anti-inflammatory drugs for the treatment of asthma and COPD are
available. Drugs administered as aerosols for treatment of pulmonary conditions other
than asthma or COPD include antibiotics and mucus active agents. Examples for
inhaled antibiotics are pentamidine for the treatment of pneumocystis carinii infection
prophylaxis (Simonds et al., 1990) and ribavirin for the treatment of respiratory
syncytial virus infection (BNF, 2003). Inhaled tobramycin aerosol demonstrated efficacy
in cystic fibrosis (Littlewood et al., 1993; Franz et al., 1994, Coate et al., 1997) and
other antibiotics, i.e. gentamicin, penicillin, amikacin, neomycin and ceftazidime show
potential for administration by inhalation (Hodson et al., 1981; Littlewood et al., 1993;
Dequin et al., 1997). The mucus active drug dornase alpha (rhDNase) has been shown
to be effective in improving sputum characteristics in cystic fibrosis when administered
as aerosol (Gonda, 1996). Another example is the delivery of surfactants, i.e.
colfosceril palmitate, via an endotracheal tube to the lung for the treatment of surfactant
deficiency syndromes such as in respiratory distress syndrome (BNF, 2003). In Table
1.1.2, examples of locally-acting drugs for the treatment of pulmonary diseases that are
currently administered by inhalation are listed.
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Condition Drug examples

Asthma / COPD BRONCHODILATORS

B2-agonists:
salbutamol sulphate

terbutalin sulphate
fenoterol hydrobromide

salmeterol xinafoate

formoterol fumerate

Anticholinergic drugs:
ipratropium bromide
oxitropium bromide
tiotropium bromide

ANTI-INFLAMMATORY DRUGS

Corticosteroids:
beclomethasone dipropionate
budesonide
fluticasone propionate
mometasone furoate

Non-steroidal:
cromoglycate sodium
nedocromil sodium

Cystic fibrosis MUCOLYTIC
dornase alpha

Respiratory distress syndrome SURFACTANT
colfosceril palmitate

Infections of the respiratory tract ANTIBIOTIC / ANTIVIRAL
colistin
pentamidine
ribavirin
zanamivir

Table 1.1.2 Existing locally-acting drugs for pulmonary delivery via inhalation

However, inhalation offers not only an opportunity for pulmonary delivery of locally-
acting drugs, the large absorptive alveolar surface with thin epithelial lining and good
blood supply makes aerosol delivery to the alveoli an attractive option for the systemic
delivery of drugs (Patton, 1996; Groneberg et al., 2003). These drugs enter the arterial
circuit directly avoiding first-pass effects. The lungs are in particular a promising route
for the delivery of peptidergic drugs or other macromolecules (e.g. oligonucleotides)
due to their relatively high permeability for macromolecules and relatively low
peptidase/protease activity (Wall, 1995). Currently, the most investigations in this
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respect involve the systemic delivery of insulin via inhalation (reviewed by Patton et al.,
1999), but a number of other drugs, peptidergic and non-peptidergic, have been
reported to reach the systemic circulation following aerosol administration (Table
1.1.3). Large molecular weight drugs such as proteins can be absorbed from the lung
to the body by two general mechanisms (Patton, 1996): (1) by transcytosis (pass
through the cells, i.e. type | pneumocyte cells) or (2) paracellular through tight
junctional processes between two cells. However, for macromolecules > 40 kDa
transcytosis may be the dominant transport mechanism across the epithelia, for
macromolecules < 40 kDA paracelluar and transcytotic processes may both be
involved. The pulmonary bioavailability of macromolecules is controlled by two
processes (Taylor and Kellaway, 2001): (1) by the diffusion through the mucus barrier
in the conducting airways and (2) by clearance processes, i.e. mucociliary clearance
and macrophage phagocytosis. Particles and dissolved drugs entrapped in the mucus
will be removed from the conducting airways via the larynx to the gut (mucociliary
escalator) within a few hours. While mucociliary clearance only takes place in the
conducting airways, macrophages are found in the alveolar region and along larger and
smaller airways. Macrophage phagocytosis is dependent on particle size. While
particles of 3 um are better internalized than particles with 6 um diameter, particles of
0.26 um are prevented from macrophage phagocytosis (Groneberg et al., 2003).

Drug class Example
Migraine (a-adrenoreceptor agonist) ergotamine
Protein / Hormone a-antitrypsin?
insulin®
human growth hormone®
calcitocin®
parathyroid hormone®

cetrorelix’

leuprolide®

Steroid / Hormone estradiol"
Analgetic morphine'

Oligonucleotide )

Table 1.1.3 Existing and potential drugs for systemic delivery via the pulmonary route

(°(Griese et al., 2001); © (Colthorpe et al., 1992; Ward et al., 1997a; McEIduff et al.,
1998); © (Patton et al., 1989); ? (Kobayashi et al., 1996); ¢ (Codrons et al., 2003); f (Lizio
et al., 2001); ¢ (Alcock et al., 2002); " (Wang et al., 1999); ' (Ward et al., 1997b);
(reviewed by Wu-Pong and Byron, 1996))
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The deposition site and pattern of inhaled drugs influence the therapeutic effect, thus
aerosol drug targeting is crucial for optimized pulmonary drug delivery. The alveolar
space accounts for more than 95% of the lung’s total surface area and 95% of the
alveolar epithelium is occupied with ultra-thin type | pneumocyte cells. Moreover, the
alveolar space is directly connected to the systemic circulation via the pulmonary
circulation. Significantly slower clearance processes (no mucociliary clearance) and the
lack of a mucus layer through which molecules have to diffuse makes the alveolar
region the most important area in the respiratory tract for drug absorption into the
systemic circulation. Thus, inhaled drugs for systemic delivery should target the
alveolar region. The intended target site for locally-acting asthma drugs, however,
depends on the location of the disease (e.g. bronchoconstriction and inflammation) and
the location of adrenergic, cholinergic, and glucocorticoid receptors. The M3
muscarinergic receptors and the P,-adrenoceceptors are not distributed uniformly
throughout the respiratory tract and thus the effect of the bronchodilator may be
affected by where the inhaled drug particles are deposited (Howarth, 2001).
Autoradiographic studies show that the trachea is more densely populated with M3
muscarinergic receptors than [3,-adrenergic receptors, whereas B,-adrenergic receptors
are predominately found in the alveolar walls (Barnes et al., 1982; Carstairs et al.,
1985; Mak and Barnes, 1990). However, the distribution patterns of B,-adrenergic and
M3 muscarinergic receptors does not correspond with the distribution of the smooth
muscle cells in the airways which are absent in the alveoli but present in all other areas
of the respiratory tract (Figure 1.1.4).
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Figure 1.1.4 The distribution of airway smooth muscle, Ms muscarinergic receptors,
and B,-adrenoreceptors in the small and large airways (adapted from Howarth, 2001)

Zanen and colleagues (1994; 1996) investigated the effect of particle size of an B,-
agonist (Salbutamol) and an anticholigergic (lpratropium bromide) aerosol on the
bronchodilatory effect in asthma. The data suggested that the most suitable particle
size for optimum bronchodilation is 2.8 pym. A lower MMAD of ,-adrenergic aerosols
does not result in higher efficacy even if B,-receptor are predominately present in the
alveoli. It is therefore suggested that bronchodilatory drugs should primarily target the
compartments of the lung where smooth muscle cells are present, i.e. in the upper
airways. In contrast to the bronchoconstriction which mainly occurs in the
tracheobronchial area, the inflammatory process in asthma is located widespread
through the large and small airways. Recent evidence indicates that inflammation is
also present in the alveoli (Kraft et al., 1996) and investigations on the location of
glucucorticoid receptors show that they are ubiquitous in the airways with the highest
concentration in the alveoli (Adcock et al., 1996). It is therefore believed that
administration of inhaled corticosteroids to the alveolar region may be clinically
advantageous, but to date there is no evidence relating corticosteroid particle size to
site of action and efficacy. However, Leach and colleagues (1998) compared the

deposition patterns of BDP aerosols with average particle sizes of 3.5 ym and 1.1 um,
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respectively. The aerosol containing particles with MMADs of 1.1 pum showed improved
drug deposition to the lung (55-60% compared to 4-7% with the aerosol containing
particles with a MMAD of 3.5 pm). Moreover, the clinical effect was increased by a
factor of two. However, it is not clear whether the increased clinical effect is caused by
the increased deposition to smaller airways and the alveoli as a result of the smaller

particle size or by the improved lung deposition in general.

Even if it is agreed that the particle property is the primary determinant for regional
particle targeting in the lung, other patient-related factors, including breathing pattern,
pathological conditions in the lung, and device-related factors may also influence
targeting. In patients with constricted airways, for instance, particles deposit mainly in
the central airways which does not allow efficient absorption for drug intended for
systemic delivery. On the other hand, breathing at low flow rates (< 20 L/min), breath
holding for 4-10 seconds, and increasing the inhaled volume by deep breathing seem
to enhance particle deposition to the smaller airways and alveoli, especially for
submicron particles (Dolovich et al., 1981; Hakkinen et al., 1999).

1.1.4 Pulmonary drug delivery devices

In order to deliver drugs to the respiratory tract an aerosol must be generated for
inhalation. Currently there are three principal techniques to generate therapeutic
aerosols: Nebulizer, Dry Powder Inhaler (DPI), and pressurized Metered Dose Inhaler
(pMDI).

1.1.4.1 Nebulizer

Nebulizers are devices for converting liquids into therapeutic aerosols of respirable size
ranges of 1-5 um. There are two main mechanisms of converting liquids into respirable
aerosols (Hess, 2000): (1) pneumatically (air-jet nebulizer) or (2) by ultrasonic energy
(ultrasonic nebulizer). Pneumatic nebulizers are the oldest form of aerosol generation
and are primarily used for bronchodilator administration in severe asthma. However,
there are also newer drugs such as dornase alpha, tobramycin and pentamidine which
are delivered to the lung using nebulizer.
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