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Abstract

]

An ideal drug powder, for use in dry powder inhalers has particles in the respirable size
range (<6 um), which are not adhesive, cohesive or static. The particles should be stable
in most atmospheric conditions, flow well and disperse readily from the liberation device.
In this study, spray drying has been investigated as a means of controlling the particle size
and morphology of nedocromil sodium and the effects of moisture on spray dried and
milled powder assessed. The aerosol behaviour of both powders was evaluated in a new

dry powder inhaler, under varying conditions of storage and testing.

A 10% w/v aqueous solution of nedocromil sodium was spray dried using a Mini Biichi
190 spray dryer. Samples of milled and spray dried powder were exposed to varied
relative humidities (0 to 98%) over a period of time. The thermal behaviour of the
samples was studied using thermogravimetric analysis (TGA), and differential scanning
calorimetry (DSC). The surface morphology and size of the powders were examined by
scanning electron microscopy (SEM) and laser diffraction. Isothermal calorimetry and
dynamic vapour sorption were used to investigate the adsorption and desorption

behaviour of both solids at room temperature.

SEM micrographs indicated that the milled powder was apparently crystalline with
particle agglomerates of approximately 5 um mean size. Spray drying produced discrete,
spherical particles in the size range 1 pm to 5 pm. Relative humidity had a marked effect
on the physical stability of nedocromil sodium. The milled drug existed in different
hydrate forms depending on relative humidity. The amorphous spray dried powder
crystallised at humidities > 35%. The microcalorimetry and DV'S data displayed different
adsorption behaviour between the milled and spray dried powders, demonstrating that
they may experience complicated moisture induced structural changes. Aerosol
deposition studies showed that the milled drug-lactose blend acrosolised more efficiently
from the delivery device than the spray dried drug-lactose blend. The milled formulation
was significantly (p < 0.05) affected by changing testing conditions only to 84% RH, or
changing a combination of storage and testing conditions to 84% RH. However, the
spray dried formulation showed no significant differences in delivery from the device

regardless of changes in storage conditions, testing conditions or a combination of both.
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Chapter 1 Introduction

1.1 Physiology of the respiratory tract

The method of choice for treating respiratory disease is usually the administration of drugs
by means of an aerosol, directly to the respiratory tract. Inhaled drug delivery, is used for
the topical treatment of respiratory diseases, such as; asthma, bronchitis, chronic
obstructive pulmonary disease (COPD), cystic fibrosis, emphysema, microbial infections,
carcinomas and tumours (Clay, 1988). Some drugs (e.g. salbutamol) are effective when
given both orally and by inhalation; others (e.g. sodium cromoglycate) have proved to be
beneficial for the treatment of airways disease only because successful means have been
found of delivering them reproducibly to the lung. The amount of drug required to obtain
the desired pulmonary effect is generally smaller when the drug is directly targeted to the
lung rather than administered systemically. Consequently, the resulting blood
concentrations are low and systemic adverse effects are generally negligible (Barth et al,

1993).

The lung is the organ of respiration. To achieve deposition deep within the lung, inhaled
aerosol particles must travel through a tortuous pathway. The human airway bifurcates
for 23 generations until it reaches the alveolar sacs (Table 1.1). For pulmonary drug
delivery, the administration system must deliver the drug to the appropriate region of the
respiratory tract. The respiratory tract is a complex system of branching tubes of
progressively decreasing size. It comprises the nose, throat, pharynx, larynx, trachea,
primary bronchi, secondary bronchioles, branching down to terminal and respiratory
bronchioles, and finally the alveoli. The terminal and respiratory bronchioles are the
regions where bronchoconstriction occurs in asthma, a common respiratory disorder,
attributed to the contraction of smooth muscle in the walls. Bronchial asthma can also be
caused by the airways narrowing due to inflammation of the small peripheral airways.
Common symptoms of asthma include wheezing, coughing, chest tightness and shortness
of breath (dyspnoea). This disease and its causes are discussed in greater detail in section

L.5.
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Generation  Diameter Total Classification Blood
Number (cm) cross- of airways supply
sectional
area (cm?)
0 1.8 2.54
Trachea
1 1.22 233
2 0.83 2.13
3 0.56 2.00 Bronchi
Large Elastic
4 0.45 2.48 airways pulmonary
(>2 mm) arteries
5 0.35 3.11
6 0.28 3.96
7 0.23 5.10 Small
8 0.186 6.95 Conductive bronchi ]E?ronch}al
zone circulation f————————__
9 0.154 9.56
10 0.130 13.4
11 0.109 19.6
12 0.095 28.8 Small Muscular
airways pulmonary
13 0.082 44.5 (<2 mm) Bron- arteries
14 0.074 69.4 chioles
15 0.066 113
16 0.060 180
17 0.054 300
18 0.050 534 Respiratory
bronchioles
19 0.047 944
20 0.045 1600 Transitory Arterioles
zone
21 0.043 3220 Alveolar
2 0.041 5880 ducts and sacs
23 0.041 11800
Respiratory zone Pulmonary
capillary
bed

Table 1.1 - Airway classification and blood supply (Adapted from Weibel, 1963).
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The respiratory tract has been exploited as a route for introducing drugs to the systemic
circulation, because it has a large surface area of tissue that is abundantly provided with
blood. The total surface area of the human respiratory tract is approximately 30 to 100
m?. The majority of this surface is in the alveolar regions of the lung, which also contain
an abundance of capillaries for rapid gaseous exchange (Gonda, 1988). Thus, any drug
deposited in this region has the possibility for rapid absorption and hence a faster onset
of action. The drug ergotamine for the treatment of migraine (British National Formulary
1999) is an example of how the inhalation route can be exploited in order to administer
drugs rapidly to the systemic circulation. Evading the first pass metabolism by the liver
and or enzymatic degradation in the gastro-intestinal tract is another advantage of drugs
delivered by the inhaled route. It has therefore, been investigated as a route for the
delivery of proteins and peptides, such as insulin and heparin, for systemic absorption.
This exploits the different range of metabolic enzymes found in the lung, compared to the
gastro-intestinal tract, and the large blood/air interface (Liu et al, 1993; Okumura et al,
1994).

The upper respiratory tract comprises all airways above the trachea whilst the lower
respiratory tract consists of the trachea, bronchial tree and the alveolar regions. The
external openings in the nose are lined with skin containing strong filtering hairs which aid
the removal of large inhaled particles. The upper respiratory tract serves to protect the
delicate tissues deep in the lung, and warms and humidifies the inhaled air. From the nasal
passage, the airstream then sharply changes direction downwards through the
nasopharyngeal regions into the pharynx. This change in direction causes substantial
deposition of particles in this region due to inertial impaction. From the pharynx, the air
is directed to the larynx which regulates the total flow of air to and from the lungs. Due
to its smaller cross sectional area, a major resistance in airflow is created which
subsequently causes turbulence downstream. This, together with the jet-like characteristic
of the air exiting the larynx also causes substantial deposition of particles in this region
(Pritchard, 1987).

The trachea, which is the first part of the lower respiratory tract, branches into the left and

right bronchi which enter the two lungs. These two main bronchi continue to divide
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further into secondary bronchioles, branching down to terminal and respiratory
bronchioles, and finally air sacs (alveoli) start to emerge in the walls. The approximate
cross-sectional diameter of the trachea is 1.8 cm, the bronchioles are about 0.5 ¢cm in
diameter and the terminal bronchioles and alveoli are about 0.04-0.06 cm (Lippmann et
al, 1980). The tracheobronchial region (i.e. from the trachea to the terminal bronchioles)
of the airways is lined with ciliated cells. The epithelium of the trachea and the main
bronchi contains tall columnar ciliated cells, scattered with many mucus glands and goblet
cells, non-ciliated cells with a brush border and short basal cells. These combine to sweep
nasal secretions backwards towards the throat by the beating cilia, where it is swallowed.
Therefore, any insoluble particles which deposit in this region, become trapped by the
mucus and can be removed within several hours. The epithelium of small bronchi and
bronchioles mainly contains ciliated columnar cells with only a few goblet cells, called
Clara cells. The epithelium of the respiratory bronchioles and alveolar ducts also consists
of ciliated cells, but they are more squat in shape and a greater number of Clara cells are
found. Gas exchange between the blood stream and the air occurs in the pulmonary
region of the respiratory tract which begins at the respiratory bronchioles. In this region
of the airways, airflow is limited therefore deposition of particles depends on time-

dependent mechanisms such as sedimentation and brownian diffusion (Pritchard, 1987).

- 1.2 Particle size distribution and deposition in the lungs

The particle size and size distribution of the drug are usually the most important variables
determining the site and extent of deep lung deposition. Aerosol mass deposition in the
respiratory tract is most frequently related to mass median aerodynamic diameter
(MMAD) and the geometric standard deviation (GSD or 6,) of their median aerodynamic
diameter. The concept of MMAD has been developed in order to anticipate the eventual
chances of aerosol particles being deposited in the lung, following inhalation. MMAD is
described as the diameter of a spherical particle, with a density of 1 kg/dm’®, having the
same terminal settling velocity as the particle being described. It incorporates the

diameter and density of the particles, being the product of the mass median diameter
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(MMD) and the square root of its density, as shown in equation 1.1 (Gonda, 1988,
Newman and Clarke, 1983).

MMAD = MMD V(p/p,) Jequation 1.1]
where:-
p = density of the particle
Po = ‘unit density’ (1 kg/dm?)

The MMD is the size such that 50% of the aerosol mass is contained in particles larger,
and 50% smaller, than this size. Therapeutics aerosols tend to be heterodisperse in nature
(Brain and Valberg, 1979). A logarithmic normal (“log-normal’) population of particle
sizes is usually the most accurate description of the distribution (O’Callaghan and Barry,
1997). GSD is a measure of the extent of aerosol polydispersity, for size distributions
which are log-normal. Generally, an inspirable cloud with a GSD > 1.2 is considered as

polydisperse or heterodisperse (Gonda, 1981).

Particle size variability is a main factor that will influence the site of deposition within the
lung. The three main deposition mechanisms for inhaled drug particles in the respiratory
tract are inertial impaction, sedimentation (settling) and diffusion (Brownian motion)
(Lippmann et al, 1980) and are described below. There are other deposition mechanisms
namely interception (important for elongated fibrous particles), electrostatic attraction due
to charged aerosol particles and thermophoresis. However, these mechanisms are poorly
understood and are considered to be insignificant for drug aerosols in the respiratory tract

(Brain et al, 1985).

1.2.1 Inertial impaction

The initial deposition of large particles entering the lung is known as inertial impaction and
results in removal of practically all particles with an MMAD greater than 10um for nasal
breathing and over 15 um for mouth breathing (Lippmann et al, 1980). This mechanism
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of deposition is controlled by the particle’s momentum, that is, the product of its mass
(inertia) and velocity. Particles being carried by the airstream are forced to change
direction on encountering a bifurcation in the lung passage. This deviation is resisted by
the inertial force of the particle, causing it to continue in its original direction, for some
distance. If the particle has a high momentum, it will tend to deposit on the lung surface
as opposed to being carried by the airstream entering the lung. The probability of inertial A

deposition follows equation 1.2 (Stuart, 1973).
[ «U,Vsinb / gR [equation 1.2]

where:-

,_
Il

inertial deposition

= terminal settling velocity of the particle

-

= velocity of the airstream
angle of the change in airway direction

= gravitational constant

AR < C
I

= radius of the airway

Inertial impaction becomes a less prominent mechanism of deposition in the lower
airways, as the velocity of the air flow decreases down the successive bifurcations in the
lung, giving way to sedimentation. However, inertial impaction continues to be important
in the deposition of particles down to the tracheobronchial bifurcations for particles

having MMAD > 3 um (Lippmann et al, 1980).

1.2.2 Gravitational sedimentation

Gravitational sedimentation is controlled by the particle’s mass and residence time within
the lung. Particles sediment onto the lung tissue under the influence of gravity, when they
remain suspended in the air flow during breath holding or tidal breathing. Small particles
with MMAD between 0.5 pm and 3 um are deposited by sedimentation in the lower

airways (Lippmann et al, 1980). In these regions the airflow velocity is reduced, and
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becomes laminar in nature. Subsequently, inertial impaction is minimised, and deposition
by gravitational sedimentation predominates. The rate of sedimentation is governed by

the particle density as expressed by equation 1.3 (Stuart, 1973).

Ut = (o-p)gd¥/18y [equation 1.3]
where:-
Ut = terminal settling velocity
c = particle density
p = density of air
g = gravitational constant
d = particle diameter
Y = viscosity of the air
1.2.3 Diffusion

Particles with MMAD less than 0.5 um mainly deposit on the respiratory surfaces by
Brownian diffusion, because their settling velocity is too small for them to be captured by
sedimentation, unless they were held there for a long time. These particles are able to
penetrate the alveoli, where the airflow velocity approaches zero (Morrow, 1964). Gas
molecules present in the respiratory tract bombard with colloidal particles causing random
(Brownian) motion. This results in the particles migrating from the high concentration of
the aerosol cloud to low concentrations of the lung walls. Particles of approximately 0.5
um may also be exhaled during normal breathing, as they are too small to be deposited by
impaction and sedimentation, and yet too large to diffuse through the stagnant air to the
pulmonary surface (Gonda and Byron, 1978). Therefore, particles with MMAD < 3 pum
demonstrate good alveolar penetration whilst those 3-5 pm are dispersed consistently
throughout the lung, and particles with MMAD > 5um are deposited in the conducting
zones, which begins with the trachea and ends with the terminal bronchioles (Lippmann

et al, 1980).
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1.3 Devices for inhalation

Drugs used in the treatment of respiratory diseases such as asthma and irreversible
obstructive lung diseases (e.g. chronic bronchitis) are most often administered via
inhalation. Therapy can be delivered quickly and efficiently to the airways making
inhalation the preferred route of administration. Three types of aerosol devices are in
general clinical use, as a means of drug delivery to the lung - nebulisers, pressurised
metered dose inhalers (MDIs) and dry powder inhalers (DPIs). MDIs are the most
commonly prescribed, but there is also increasing interest in DPI technology (Meakin et

al, 1995).

Inhalation devices originated as hand-operated nebulisers used in the 19" century,
however the development of modern pulmonary devices began in 1955 through the work
of Irving Porush at Riker Laboratories Inc., (now 3M Pharmaceuticals). Medihaler-Iso
and Medihaler-Epi MDIs were the first commercial products to be authorised and
launched in 1956 (Benson and Prankerd, 1998). DPIs have a shorter history than MDIs
and are advantageous in that the generation of aerosol is automatically co-ordinated with

the procedure of inhalation.

1.3.1 Nebulisers

Nebuliser fluids generally comprise an isotonic aqueous drug solution or suspension,
which may contain some additives, e.g., a buffer or preservative. Hand-operated
nebulisers were used for many years for administering drugs in solution form, however
their lack of portability and undependable qualities led to reduced popularity and the
introduction of MDIs and DPIs (Dalby et al, 1996). Nebuliser solutions are aerosolised
by either pneumatic atomisation, where a flow of pressurised gas passes through a small
nozzle, or by ultrasonic vibration that breaks the fluid up into droplets, which are
subsequently inhaled using a mask or mouthpiece. Ultrasonic nebulisers frequently have
a higher output than jet nebulisers, however they are generally more expensive, and have

been less extensively studied and characterised than jet devices. A nebuliser is the
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inhalation device chosen where high-dose therapy is required or where the drug cannot
be conveniently formulated into MDIs or DPIs. Very young and very elderly patients
benefit the most from these devices, as co-ordination between inhalation is not necessary
for efficient nebuliser use, and the drug may be inhaled during normal tidal breathing
(Dalby et al, 1996). However, the main disadvantage of using these devices has been their

lack of portability, noisy operation and expense.

1.3.2 Metered Dose Inhalers (MDIs)

MDI formulations comprise the drug suspended or dissolved in a mixture of a highly
volatile liquefied propellant and a surfactant to improve dispersion of finely powdered
solid drug. The solution or suspension is dispensed from a pressurised metal canister as
a precise dose of the drug (in principle). A schematic diagram of the pressurised MDI is
shown in Figure 1.1. When the MDI is actuated, a metered dose of the
drug/propellant/surfactant mixture is expelled as an aerosol cloud. The aerosol droplets
discharged initially consist of drug and propellant, hence their size is greater than that of
the drug particle alone (1 to 5 um). Due to an initial rapid evaporation of the volatile
propellant, the droplet diameter drops from approximately 43 um to 14 um within 10 cm
of the canister, immediately after actuation (Moren and Andersson, 1980). MDIs are used
with a variety of asthma drugs: B,-agonists, (e.g. salbutamol), corticosteroids, (e.g.
beclomethasone dipropionate), anticholinergics (e.g. ipratropium bromide) and
prophylactic agents (e.g. sodium cromoglycate and nedocromil sodium) (British National
Formulary, 1999). Although MDIs are the most common form of device for inhalation

therapy, a number of disadvantages have always been associated with their use.

Previously, all MDIs contained chlorofluorocarbons (CFCs) as propellants for creating
an aerosol. Usually, the propellant for an MDI comprises a mixture of two or more liquid
CFCs, namely trichlorofluoromethane (propellant 11), dichlorodifluoromethane
(propellant 12), and dichlorotetrafluoromethane (propellant 114). Due to their apparent
inertness, these propellants have been used for many years, and function well in

combination with the surfactants and co-solvents currently used. However, due to
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