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Abstract

This study investigated the influence of the addition of Magnesium Stearate (MgSt) with
commercial grade (Lactochem®) and smoothed carrier lactose particles (Nanolac®) on the
performance of a budesonide-lactose dry powder inhaler (DPI) formulation. A Multi Stage
Liquid Impinger (MSLI) was used to investigate the in vitro deposition profile of the
budesonide-lactose formulations containing different concentrations of Magnesium
Stearate (MgSt), a widely used lubricant in the manufacture of pharmaceutical solid
dosage forms. Upon pre-blending Magnesium Stearate using high shear blending process
the aerosolisation performance of the DPI generally increased. This study suggested that
the addition of 0.25% w/w MgSt in the formulation with Lactochem (63-90 m sieved
lactose) resulted in the greatest aerosolisation efficiency amongst the other Lactochem
formulations, while for the Nanolac formulations the addition of 0.5% w/w MgSt resulted
in the most efficient aerosolisation. This difference could be attributed to the different
surface morphology between the two carriers used and therefore the difference in their
interparticulate forces between the drug particles and the surface of the carrier.

The study suggested that an optimum concentration of the MgSt needs to be reached in
order to get balanced interparticulate forces between the drug particles and the carrier
surface which will enable maximum aerosolisation deposition. The influence of storage
humidity on the aerosolisation efficiency and therefore the adhesion properties of the
same formulations were also investigated. The formulations were stored for 3 months at
25°C, 75%RH and 40°C, 75%RH. Storage humidity had a significant effect on the
aerosolisation efficiency of all formulations except from the formulation containing 0.5%
w/w MgSt. This could be due to the formation of a hydrophobic layer on the surface of the
powder formulation, making it less sensitive to moisture. In addition, at high humidity,
surface amorphous regions may have the ability to re-crystallize and effectively fuse to the
lactose carrier surface, reducing the ability for the powder to be aerosolized and
decreasing the FPF. This study suggests therefore, that an optimum concentration of the
MgSt needs to be reached in order not only increase aerolisation efficiency but to maintain
formulation stability upon exposure to elevated conditions of temperature and relative

humidity.



The use of a novel optical technology, the VariDose, was also investigated in order to
obtain a system which can lead to an effective and efficient system for testing aerosol

based systems for design, cycling, manufacturing and therapeutic management.
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Chapter 1

Introduction

1.1 General introduction

Respiratory diseases such as asthma, chronic obstructive pulmonary disease (COPD) and
cystic fibrosis have increased dramatically over the last decade. The increase need to
develop novel ways of administering inhaled drugs has led to increasing attention to the
field of pulmonary delivery. Pulmonary drug delivery is an attractive route of
administering drugs to the lungs since it is non-invasive and thus increases patient
acceptance and compliance. In addition, relative small doses are required (compared to oral
or parenteral administration), minimises side effects and the drug action onset is rapid since

the drug is delivered directly to the target thereby reducing systemic exposure.

Furthermore, delivery via the inhalation route provides a portal entry for systemically
acting drugs, since it offers a large absorptive surface area for the rapid drug absorption in
the peripheral airways'. The first drug to be delivered via the lungs was ergotamine for the
treatment of migraine in the 1960’s. More recently, the first inhalable formulation of

insulin was approved for use in Europe and the United States®.

One of the major issues with the drug delivery via inhalation, however, is in the
inefficiency of the drug delivery systems particularly with issues relating to device related
losses, large deposition of the therapeutic dose in the mouth and throat by inertia and rapid
particle removal from the lungs by various clearance mechanisms. However, these
problems may be addressed by modifying the different factors that influence drug
deposition, such as physico-chemical properties of the drug formulation (particle size and

shape), its delivery characteristics (acrodynamic diameter), charge, density, hygroscopicity



etc. Furthermore, new inhaler devices are continually being developed to increase

deaggregation efficiency.

There are currently three major drug delivery systems: pressurized metered-dose
inhalers (pMDIs), dry powder inhalers (DPIs) and nebulisers. These types of systems
have been extensively investigated and undergone significant technological advancements

in terms of their engineering and in the preparation of their respective formulations.

1.1.1 Respiratory tract delivery

The primary function of the respiratory system is to supply a rich supply of oxygen to the
blood which is delivered to all the organs, muscles etc. of the body. It achieves this by a
respiratory breathing cycle. During an inhalation/exhalation cycle, an exchange in gases
occurs; oxygen is being inhaled and supplied to the heart via the peripheral airways and
carbon dioxide is subsequently exhaled. In humans, it is the main two bronchi (produced by
the bifurcation of the trachea) that enter the roots of the lungs. The bronchi continue to
divide within the lung and after multiple divisions give rise to bronchioles. The bronchial
tree continues branching until it reaches the level of terminal bronchioles which lead to the
alveolar sacs. Human lungs are located in two cavities and are separated into lobes with
three lobes on the right and two on the left’.

The respiratory tract is divided into three regions: 1) the upper respiratory tract which
includes the nose and nasal passages, the paranasal sinuses and throat or pharynx, 2) the
respiratory, or conducting, airways which includes the trachea, bronchi and bronchioles and
3) the peripheral airways, which includes the respiratory bronchiole, the alveolar ducts, the
alveolar sacs and the alveoli. In addition to the main function of the transport of oxygen
into and carbon dioxide out of the body, the respiratory tract has also evolved into a very
effective filter of airborne materials, particularly as it comes into contact with the
environment and is exposed to micro organisms in the air. In addition, it is also exposed to
many potential pathogens via dust and smoke which are inhaled from the air*. In most
cases, asthma is caused by inhaling an allergen that sets off the chain of biochemical and

tissue changes leading to inflammation of the smooth muscle of the airways and



bronchoconstriction’. A schematic diagram of the branching airways of the human

respiratory tract is shown in figure 1.1.
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Figure 1.1 Diagrammatic representation of the structure of a human lung

(Copyright © 1996 Johns Hopkins University)

1.1.2 Particle deposition in the lungs

The deposition of inhaled drug aerosol in the respiratory system is influenced by many
factors such as inertial impaction, gravitational sedimentation, Brownian diffusion,
interception and electrostatic forces’. The degree of lung deposition is strongly affected by
the aerodynamic diameter of the particles and their distribution. Aerodynamic particle size
is the most important physicochemical parameter influencing deposition in the lung. The
optimum size range of particulates for inhalation therapy has been shown to be between 1

and 5um depending on the desired target site®.



The aerodynamic particle size influences where in the respiratory tract the acrosol particles
will be deposited. Particles with an aerodynamic diameter (d,e) larger than 6 pm deposit
mainly in the oropharyngeal region, particles with a d,. between 4 and 6 um deposit in the
conducting airways (e.g bronchioles), while particles with d,e less than 2um deposit in the

peripheral regions of the lung (e.g. alveoli).

Aerosols come in a variety of shapes and sizes therefore different particles characteristics
will be affected by different particle deposition mechanisms. This effect is taken into
account by determining their aerodynamic particle diameter of the aerosol particles. The

main mechanisms of particle removal from an inhaled dose are summarised below:

1.1.2.1 Inertial Impaction

Large particles (d,.>6pum) are affected by inertial impaction when the gas air stream is fast,
changing direction or turbulent’. The impaction is caused by the inertial properties of the
particles, which tends to resist a change in the direction of its path. Thus, particles of a
certain mass travelling in an air stream at a sufficient velocity will not lose momentum
sufficiently quickly to be able to relax into a new direction of the airflow and so will impact
in the upper airways. Inertial impaction is the main mode of particle removal in

oropharynx, larynx and at bifurcations in the upper airways’.

1.1.2.2 Gravitational Sedimentation

When the air velocity in respiratory tract is low and the residence time is high, particles are
affected by gravitational sedimentation. It is dependant on the terminal settling velocity of
the particle and is an important deposition in the bronchioles, where residence time is high
and velocity is low. This process is time dependant, as particles must have sufficient
residence time in the airway to settle from their initial position to deposit on the respiratory

surface’.



1.1.2.3 Brownian Diffusion

Small particles (d,<0.1um) are affected by Brownian diffusion, which is caused when
particles are randomly bombarded by air molecules giving rise to a “random walk.”
Brownian motion results in particles following a random and variable path and for the
particles <0.5um in diameter it will tend to cause greater displacement than sedimentation
and so the primary mechanism of deposition in the terminal bronchioles and alveolar

regions’.

1.1.2.4 Interception and Electrostatic Deposition

Other particle deposition mechanisms include interception where particles travelling
within the air stream are intercepted by contact with the respiratory airway and electrostatic
deposition where deposition where highly charged particles may be efficiently deposited if
the electric field induced by an image charge on the airways is sufficient to direct the

aerosol particles towards the airway walls 7.

1.1.3 Drug delivery systems

Pressurised metered dose inhalers have been the system of choice for delivery of
inhaled therapies for airway diseases for decades, but recent environmental concerns over
the use of chlorofluorocarbon (CFC) propellants, which have been directly linked

to the depletion of the ozone layer, has forced the pharmaceutical industry to re-address
their long term use. Following the Montreal protocol in 1987, the use of CFC driven
aerosols, have been phased out, although an extension was provided for inhaler devices
until an alternative formulation could be obtained®. This led to the reformulation of pMDIs

using hydrofluoroalkanes (HFAs) as alternative propellants.

Formulation of the active pharmaceutical ingredients in these propellants have been fraught

with difficulties particularly because of crucial differences in densities and solubilities of



drugs and excipients’. As a result of the significant issues in formulating new chemical
entities as pMDI formulations, several of the major pharmaceutical companies have
favoured their development of new inhalation products away from the pMDI platform®. In
pMDIs, a high vapour pressure gas, typically a liquid propellant (CFC) and a solution or
suspension of fine drug particles is contained within a pressurised canister'’. Actuation of
an inhaler valve results in the release of a metered volume of this solution or suspension
which is driven at high speed through a narrow orifice by the volatile expansion of the

pressurised liquid, resulting in the delivery of the dose to the respiratory tract .

Nebulisers provide a means of delivering high doses of a drug directly to the lungs’ and are
usually prescribed to people with severe, life-threatening asthma or COPD. A compressor is
traditionally used to provide sufficient energy to a solution to make a fine mist of the solute
material. The mist is being continually aerolised via the nebuliser which allows the patient
to continually inhale the aerosol without the requirements for device-patient co-ordination
with pMDI devices and the forced inhalation breathing manoeuvre required for passive DPI

devices.

The aerosol droplets produced have typically a smaller aerodynamic particle size than
DPIs and pMDIs, making them capable of penetrating the deeper regions of the airways.
However, the use of nebulisers is limited due to the length of time needed to deliver the
required dose (usually 10 to 15 minutes), they are not portable and the nebuliser are

7,11

costly”'".

The problems and limitations with nebulisers and pMDIs has led to the increasing
development and acceptability of the use of Dry powder inhalers (DPIs) for the delivery

of therapeutic agents to the respiratory tract.

The use of DPIs for inhalation therapy for obstructive airway disease management such as
asthma and chronic obstructive airway disease (COPD) has gained significant popularity
during the early part of the 21% century'>. DPIs were firstly used in the treatment of asthma

in the 1960’s and the 1970’s, for the delivery of high powder loads. The first marketed



passive unit-dose DPI device was the Fisons Intal Spinhaler device for the delivery of
sodium cromoglycolate. This was soon followed by the development of the Glaxo

Rotahaler device for the delivery of the f2-agonist salbutamol sulphate."”

DPI formulations typically involve a blend of the drug particles (<5um) and coarse
excipient particles (63-90um).Drug particulates are blended with the inert crystalline carrier
materials to reduce the cohesive interactions between the primary drug particles and to
improve formulation flowability for device filling and subsequently the fludisation of the
formulation during device activation . Carrier based systems also allow accurate metering

of very small quantities of potent drug (>6 pg).

The blend forms an ordered mixture of the drug and excipient * and is typically referred to
as a binary or carrier-based DPI formulation. The most commonly used carrier in DPI
formulations is a-lactose-monohydrate which is relatively cheap and pharmacologically
inert'®. During a forced inhalation manoeuvre, the resistance to the air flow generated via
the passive DPI device may generate sufficient drag and shear forces to overcome the
interparticulate attractive force between the drug particles and carrier particle surface
leading to the re-suspension of the drug particles for lung delivery'’. If the drug particles
are strongly adhering to the lactose surface the aerodynamic forces generated within the
DPI device may not be sufficient for efficient drug re-suspension leading to a low fine
particle dose delivery. The larger carrier particles and the drug particles which have not
been re-suspended during aerolisation impact in the oropharynx and the upper airways and
eventually are swallowed'.

This process of aerolisation is key to understanding the performance (how much drug
reaches the target site of action) of the formulation and is dependant upon a fine balance of
the adhesive and cohesive forces between the drug and carrier particles '®". The adhesive
forces between the drug and carrier particles are known to be dependant upon many factors
such as size, shape, surface roughness and morphology of the particles, the presence of
electrostatic charging, the environmental conditions (relative humidity and temperature)
and the process (e.g. low shear versus high shear processing) by which the blend is

formed'*"*



To achieve the optimum particle size distribution of the drug particles for inhalation
therapy, energy intensive comminution techniques (e.g. air-jet milling) are commonly

used. However, these micronised powders, have a high bulk volume and exhibit very poor
flow characteristics due to the highly cohesive interactive forces between particles, making
them difficult to handle and process. This problem is effectively overcome by the use of

carriers, as mentioned above?'.

The deposition of inhaled drug aerosol in the respiratory system is also influenced by the
variability of the energy source (i.e. the patient) and their inhalation technique, the device
used, the drug substance and the formulation. The performance of a DPI is a direct function
of the energy supplied by the forced inhalation breath of patients to de-aggregate and

deliver the active ingredient to the site of action®.

There are three primary forces in a dry powder inhalation system which influence the total
adhesion and cohesion of the system. These are van der Waals forces, electrostatic and
capillary interactions and their characteristics such as magnitude, total interaction and
subsequent aerolization efficiency which will depend on the physicochemical
characteristics of the drug and the carrier, and the environmental conditions in which they

are stored and delivered, ie humidity, temperature'.

The engineering of the DPI devices are designed to provide sufficient resistance to the
inspiration and the inspiratory flow of the patient to induce the energy required for de-
aggregation and aerosolisation of the medication. High resistance devices, such as the
reservoir based Clickhaler, require a considerable inspiratory flow to produce a dose and
provides effective drug delivery to the lower respiratory tract”. The main problem with the
majority of marketed DPIs is in the variability of the source (i.e. the patient) and its
dependence on the inspiratory flow to deliver the payload. Patients, in particular the elderly
people and/or children, cannot provide sufficient inspiratory flow for efficient drug re-

suspension, thus influencing the possible therapeutic effect’.



1.2 Interparticulate interactions

In order to increase the degree of particle de-aggregation there is a need to understand the
physical forces which may directly influence the particulate interactions within a
formulation and the requirements for overcoming the forces to effectively de-aggregate the
particles. The interparticulate interactions are one of the most important factors in

determining the performance and behaviour of carrier-based DPI formulations.

Particle interactions are primarily dictated by van der Waals forces, electrostatic forces and
capillary forces. The effect of these three forces to the total interaction have been shown to
be dependant on the physicochemical properties of the materials and environmental
conditions such as temperature and humidity. The effect of the environmental conditions on
the interparticulate forces and therefore aerosolization performance, will be drug specific
signifying that a detailed understanding of the DPI and its properties are required for

formulation development.

1.2.1 Electrostatic forces

One of the major problems associated with the DPIs is the generation of electrostatic
charges, which have been shown to influence the performance of the inhaler device™.
Electrostatic charges are generated when two different materials are brought together and
then separated®. Such a charge build-up develops an electric field that has an effect on

other subjects at a distance.

During aerosolisation processes like shaking, priming, metering and dispersion, the
movement of particles and droplets with the surface of the inhaler device provides the ideal
conditions for the development of charge by triboelectrification™.

Triboelectrification is whereby an electrostatic charge is generated by the contact and
separation of two dissimilar materials, resulting in oppositely charged surfaces™.
Electrostatic effects were first reported almost 2500 years ago but it was only in 1780’s

when Coulomb described the electrostatic force:



Equation 1.1 F=

This equation shows that the force (F) between two materials carrying a charge (q) is
inversely proportional to the square of the distance (d) between the materials and C is
constant’. In the simplest case of two point electric charges, the magnitude of the

electrostatic force, F., between them can be described by Coulomb’s law:

9.4,

Equation 1.2 =122
4re,e,.d

el

Where Fel : the force of attraction or repulsion (N)
q. electric charge on the first particle in Coulomb (q)
qe: electric charge on the second particle in Coulomb (q)
4m: constant of proportionality
£o: permittivity of free space (Fm™)

d: distance between the charge points in meters (m)

For a single charged particle near a flat (plane) conducting surface the relationship

becomes:

2

q
Fel = : 2
167ed

Equation 1.3

Equation 1.3 shows that a charged particle will always be attracted to an uncharged

conducting surface’.

1.2.2 Effect of humidity on electrostatic forces

At low relative humidity, electrostatic forces predominate in particle interactions. As

previously stated, the multiple contacts between drug particles and surfaces during handling
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and aerosolization will lead to triboelectric charging. These charges lead to an increase in
the attractive forces between the micronized materials, resulting in an increase in the
contact area and therefore causing a greater degree of cohesion. However, in the presence
of moist air, water can adsorb onto the surface of the material, allowing mobilization of

electrons, increasing surface conductivity and subsequently reducing specific charge®.
1.2.3 van der Waals forces

The van der Waals force is the fundamental quantum mechanical inter-molecular force that
results when molecules come very close to one another. It is a finite attractive force which
is present between all atoms and is short range force?. The adhesive van der Waals force
(Fvaw) between a spherical particle and a plane surface is determined by the following

equation:

Equation 1.4 F, 6 = Ad

vdw ?
Where d: diameter of particle
r: distance between particle and plane surface
A: Hamaker constant which represents the interaction energy that is

dependant on the molecular properties of both interacting materials
Equation 1.5 Where: A=1° V]VZjvd], 2

Where v, & v,: number of atoms per unit volume of particles] and 2

AY,.: constant of dispersion
Equation 1.6 Where: Xdl,z = _3/4 hfa®
Where h: Planck’s constant

f: vibration frequency of the interacting electronic oscillators

a: polarisability of the molecules
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The van der Waals force between two ideally smooth spherical particles in vacuum is

expressed by the equation:

Equation 1.7 F, = 4 | _dd,
127\ d, +d,

As can be seen from both equations, the separation distance (r) of the interacting materials

is a critical parameter’.

1.2.3.1 Casimir-orientation van der Waals forces
These forces arise between two polar molecules each of which has the electric dipole

moment.

1.2.3.2 Debye-induction van der Waals forces

These forces arise between polar and non polar molecules.

1.2.3.3 Dispersive or London van der Waals forces

These are weak intermolecular forces that arise from the attractive force between transient
dipoles in molecules without permanent multiple moments. These forces are finite between
all atoms and are of predominant importance between macroscopic bodies. They are the

most ubiquitous of the van der Waals forces.
1.2.4 Effect of humidity on van der Waals forces
The presence of moisture increases the van der Waals forces as a decrease of the

interparticle distance will occur due to the fact that the adsorbed layers may be considered

as part of the particle®.
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1.2.5 Capillary forces

Capillary forces result from trapped liquid that produce an attractive force due to Laplace
pressure differences and surface tension forces. If the condensation of the water vapour is
significant, usually at high relative humidities, the formation of a liquid bridge may arise
between two conducting surfaces due to capillary interaction, leading to the formation of
the force. In addition, this structure leads to an increased force of adhesion between the
particles due to the surface tension of water. At high humidities, (above 65%), capillary

forces become the dominant force responsible for adhesion’.

The magnitude of the capillary force (F¢) between two identical smooth spheres (radius r)

may be simply calculated as:

Equation 1.8 Fce=2ryreosa

Where: vy is the surface tension of water

a is the contact angle between water and the spheres

The capillary force resulting from the condensation of water in the interface in the case of a

sphere (radius r) is calculated by:

Equation 1.9 Fe=2ryr(cos a+cos p)

The formation of capillary forces by condensation leads to undesirable events such as

an increase in the strength of granules, which leads to flow problems and/or caking of
powder samples during storage and handling. The prediction and control of the magnitude
of capillary forces is necessary for eliminating or minimizing these undesirable events. In
addition, volume reduction with evaporation of the liquid can produce sufficient strength to
collapse fragile suspended structures, resulting in the damage of the devices and the

promotion of the adhesion that results from van der Waals and electrostatic forces’.
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1.2.5 Effect of humidity on capillary forces

At high relative humidity, capillary forces predominate in particle interactions. The
presence of water on the surface of the powders causes attractive forces due to the capillary
action of adsorbed water layers. At high humidities, water vapour can condense in the
capillaries which are present between individual powder particles forming liquid bridges.
The presence of these liquid bridges increases the cohesive forces between particles leading
in an increase in tensile strength. In addition, in extreme cases, where the materials are
highly hydrophilic and hygroscopic, deliquescence and subsequent solidification of the
particle surfaces could potentially lead to the formation of solid-liquid bridges, therefore

increasing the particle size and decreasing the fine particle fraction®.

1.3 Factors affecting interparticulate factors

The interparticulate forces are influenced by many factors such as the particle size,
shape, surface roughness of the particles, surface free energy and relative

humidity. Each of these factors will be described in detail below.

1.3.1 Particle size

Of all the physical parameters that influence the delivery of dry powder inhaler
formulations to the lung, the most critical one is the particle aerodynamic diameter. As
mentioned previously in 1.1.2 section, only particles within the narrow size range of 0.5 to
Sum can reach the deep lung and avoid impaction in the upper airways. In some cases, if
the dry powder particles adsorb moisture, they grow in the presence of a humid
environment or even agglomerate, therefore getting deposited to a different location

in the respiratory tract and affecting the efficacy of the formulation. Furthermore, larger

particles tend to be highly adhesive/cohesive and are influenced by particle interactions.
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The van der Waals, capillary and electrostatic forces all increase with increasing particle

size.

As particle size decreases, the adhesion forces experienced by a particle become more and
more significant when compared to the gravitational forces to which it is exposed’'. The
cohesive and adhesive properties of particles with a diameter less than 10 um are governed
by the van der Waals forces and the relative influence of the dynamic capillary and

electrostatic forces.

1.3.2 Particle shape

Particle shape is one of the most uncontrollable factors which may influence
interparticulate interactions, due to the fact that the methods used to produce particles give
rise to particles with various geometrical parameters. The van der Waals and electrostatic
forces both decrease as a function of the square of the separation distance between
particles. Thus, any effect on particle shape, will therefore have a significant effect on

interparticulate forces.

1.3.3 Surface roughness of particles

Particle roughness is another important factor that affects the interparticulate forces by
determining the level of adhesion to other active particles, excipients and inhaler device
surfaces, via its effect on contact area®’. Smoother particles are likely to reduce particle self-
adhesion, therefore reducing agglomerate formation®'. When the particle surfaces are rough,
the force of adhesion between the drug particles and the carrier surface is low due to the
small surface contact area and therefore a reduced amount of force is required to

detach the drug particles from the carrier surface. A perfect sphere sitting on top of a
perfectly flat surface will have the maximum contact area. Microscopic asperities on
particle surfaces would dramatically decrease the effective contact area of contiguous

surfaces, resulting in a concomitant reduction in particle interactions.
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1.3.4 Surface free energy

The surface free energy of a solid material can be defined as the free energy change during
the formation of a surface by one unit area in vacuo and is analogous to the surface tension
of a liquid®>*. The amount of work required to separate two surfaces is termed the work of
adhesion (Wa) and is related to the surface free energy of the surfaces by the following

equation:

Equation 1.10 Wa=A@G"+y-y?)

Where A: is the area of surface produced by separation
y! and y*: are the surface free energy of the 2 surfaces

712 . is the free energy of the 1-2 interface per unit area

The work of cohesion (Wc), which is the work required to separate two surfaces of the

same material is given by the equation:

Equation 1.11 We =249

In general, solids exhibiting high surface energy are more likely to form strong inter-
surface forces. Therefore, the adhesion and cohesion of respirable drug particles will be

affected by the surface free energies of the interacting particles’.

1.3.5 Relative humidity

In order to get drug delivery into the lungs from a DPI formulation, the drug particles

have to detach from the carrier particle surface and penetrate into the lungs. The key factors
affecting the de-agglomeration and aerosolisation of respirable particles are the
interparticulate forces between contiguous particle surfaces and the physicochemical

stability of DPI formulations upon storing and handling at variable environmental
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conditions of temperature and relative humidity.

DPIs are particularly susceptible to interparticulate forces because micronized powders
have a high specific surface area. Interparticulate forces are affected by relative humidity
via two mechanisms. Firstly, the presence of humidity allows the dissipation of electrostatic
charge from particles, by increasing the conductivity of both the atmosphere and the
materials themselves, thus decreasing the electrostatic forces’. In addition, relative humidity
changes induce changes in water activity; at high RH water can condensate at the contact
points between particles leading to the formation of liquid bridges and an increase in

capillary forces’.

1.3.5.1 Effect of storage and exposure to a high relative humidity

The interparticulate interactions in adhesive mixtures may change with time, depending on
the storage conditions. Braun et al (1996) ** showed that two formulations with different
strengths of disodium cromoglycate had higher fine particle fractions when stored for 27
days at 33%RH than the formulations which were stored at 55%RH. In addition, it has also
been found that the relative humidity of the air during inhalation may influence the fraction
of the drug detached from the carrier surface™. This can be explained by the fact that
humidity influences the energy necessary to separate the drug particles from the carrier

particles.

1.4 Novel developments in improving aerosol delivery performance

Numerous techniques have been applied in modifying the interparticulate interactions in
DPI formulations and thereby increasing aerosolisation performance. The majority have
targeted the physical properties of the carrier such as the particle size, shape and surface

roughness. Other techniques applied include engineering drug particles to produce more
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uniform drug particulates, using methods such as spray drying and supercritcal fluids.
Addition of a wetting agent or an anti-adherent material to improve the dispersibility of the

formulation has been investigated®’**.

In addition, it has been reported that the co-processing of the carrier particles with low
surface free energy materials like magnesium stearate, leucine, lecithin, increases the
aerosolisation efficiencies of dry powder inhaler formulations”, by decreasing the drug-
excipient adhesion and thus facilitating the drug detachment upon device actuation. The
increase in performance is achieved by the anti-adherent and/or anti-friction properties of

these force control agents (FCAS).

1.4.1 Addition of Magnesium Stearate to DPI formulations

Magnesium stearate is the most widely used lubricant in the manufacture of pharmaceutical

solid dosage forms®.The structure of magnesium stearate is shown in figure 1.2.

Molecular formula: C3;sH7(MgO4

Figure 1.2 Chemical structure of Magnesium stearate

During powder formulation, various adjuvants are added to the formulations to form a bulk
mixture in achieving uniform mixing and flow of the powders in capsules or tablets’'. The
adjuvants influence the physical properties of the tablets; the crushing strength of the tablet
decreases and the disintegration time increases®. Lubrication involves adding small
quantities of an antifriction agent to powders or granules and mixing them for a specified

time’'. In general, a lubricant is used to eliminate adherence of the tablet compact to the die,
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and minimise sticking and picking of the punch face surfaces in contact with the

compressed tablet’'.

As mentioned, MgSt is an effective lubricant, anti-adherent and glidant¥and is a

critical excipient for processing tablets®. MgSt has also been proven to be a functional
excipient in dry powder inhaler formulations for inhalation. Studies have shown that the
addition of MgSt improves the powder flow of carrier based ordered mixtures, promotes the
release and dispersion of the drug particles from the carrier surface and manipulates and
modifies the interparticulate forces within a DPI formulation®. In addition, it has also been
shown that MgSt improves the moisture resistance of DPI formulations under high

humidity conditions®.

In contrast, MgSt is commonly known to cause de-stabilization of ordered powder mixtures
if not carefully controlled. Furthermore, due to the variability in source, its lubricant
properties may vary from batch to batch due to the fact that it primarily consists of a
mixture of magnesium stearate, magnesium palmitate in various proportions together with

very small amounts of magnesium laurate and myristate®.

As shown for conventional solid dosage forms, the process of blending and the time of
introduction of MgSt is quite critical to the performance of the formulation. The duration
of mixing in the lubricant component affects the properties of the compact as well as the
properties of the blended mixture by changing the apparent bulk volume, the compression
force required to make a prescribed compact and the hydrophobic character of the

mixture’.
It is suggested that after a mixing time of 1 min there is a good correlation between the

lubricant surface area and the coverage of the base of the material. The distribution of MgSt

in a powder mass upon mixing is shown in Figure 1.3, below™.
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Figure 1.3 Schematic representation of the distribution of lubricant within a formulation

When MgSt is used within a powder blend, it is either distributed as a free fraction and
loose agglomerates or it gets deposited as a surface film on the base material. If the mixing
time is prolonged, then more lubricant will be transferred from the free fraction to the
surface film and would therefore affect the lubricating properties of the MgSt since both

free fraction and surface film is required in order to form the die wall**.

The mechanism of lubrication for MgSt involves covering the surface through physical
mixing upon the initial mixing and the subsequent forming of a film if there is sufficient
shear. As the mixing continues, the shear effects continue to cause delamination or
deagglomeration of the lubricant to harness more stearate particles which slide or adhere on
the excipient surface®. Therefore, the adhered particles, once delaminated, no longer spread
over the excipient surface during mixing. This tendency of the particles to delaminate may
make some forms of MgSt perform better as a lubricant than others under given mixing

times®'.
The lubricant properties of pure MgSt are influenced by many factors such as the particle

size, the surface area, the crystal structure of the compound and more specifically the

crystal spacing which is dependent on the hydration state’.
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According to Ertel and Carstensen®® the lubrication properties of pure MgSt depend on the
moisture content and the crystal structure. Furthermore, studies suggest that the batch with

smaller particle size and larger surface area has considerably better performance®.

1.4.2 Effect of fine excipient particles on carrier based DPI formulations

The amount of fine carrier particles, the shape of the particle size distributions and the
surface roughness of the coarse carrier particles in a dry powder inhaler formulation play a
key role in drug deposition. It has been reported in the literature that the addition of fine
carrier particles in a powder mixture improves the drug deposition through optimizing the
drug-carrier interaction. Fine carrier particles may form agglomerates with micronized drug
and therefore effective respiratory delivery will require the dispersion of the drug from the

agglomerate using energy generated from the inspiratory airflow of the patients™*.

1.4.2.1 The influence of lactose fines on a carrier based DPI formulation

The inclusion of fines in carrier-based DPI systems is an extensively investigated and
useful technique for the improvement of formulation performance. Carriers containing

41,42

greater proportions of intrinsic fines give better performance*'*, and can be decreased by

their removal.

The addition of fine particles of lactose or one of many excipients to a formulation
increases performance, although this may be at the cost of decreasing emission of drug
from the device. The optimum median particle size for additional fines appears to be

approximately 5-10pum®.

1.4.2.2 Removal of intrinsic fine particles from a lactose carrier

A number of studies conducted have incorporated pre-treatment of a coarse lactose carrier

to remove any existing intrinsic fine particles, in order to allow a more accurate
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quantification of the effects of adding fines to a formulation. In such cases, the removal of
intrinsic fines resulted in a decrease in the performance of the formulations and the findings
were in accordance with findings of studies suggesting that formulations containing the
highest proportions of intrinsic fines have the greatest aerosol deposition performance*"*.
study conducted by Islam et al (2004)* investigated the performance of salmeterol
xinafoate containing different grades of carrier lactose modified by wet decantation. The
results suggested that as the number of lactose particles <5um in the carrier increased, the
fine particle fraction (FPF) increased up to the maximum when the proportion of the

intrinsic lactose fines was 15% where thereafter no improvement in performance was

observed*.

In this study, two types of carriers were used in preparing the formulations. The first type
was Lactochem which was used as-supplied as a sieve fraction in the range 63-90pm and
the second type was Nanolac which is etched lactose. The removal of fine lactose particles
in Nanolac was performed by an etching process and the effect of the fines was investigated

in formulations containing MgSt to examine any improvement in the performance.

1.4.2.3 Addition of lactose fines in a formulation

As the presence of fines in the carrier material is one of the most important factors
influencing the formulation performance, extended research has been conducted. Zeng et al
(1996) * investigated the effect of the addition of 6% fines to a carrier-based formulation
containing 1.5% salbutamol sulphate and lactose, which resulted in an increase in the FPF

by up to 116%.

In addition, another study performed by Zeng et al (2001) * using a formulation containing
again salbutamol sulphate, lactose ad lactose fines resulted in an increase in fine particle
dose (FPD) by up to 51%. The majority of the studies performed, found that the addition of

lactose fines to the formulations resulted in an increase in FPF or in FPD of the
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drug. Furthermore, the concentration of the fines in the formulation has also an effect in the
performance of the formulation. However, each study performed on the variation of the
amount of lactose fines, suggested a different optimum concentration which could be due to

the different methods and materials used.

1.5 Current pharmaceutical aerosol testing devices

An in vitro apparatus is used as a substitute for the respiratory tract, acting as a surrogate
particle collector. They reproduce, to a reasonable degree, the aerosol deposition
characteristics within the respiratory tract. These devices classify the particles collected
according to their acrodynamic diameters, therefore indicating the extent to which the
sample would have penetrated the respiratory tract. Impactors are the instruments of choice
for the in vitro assessment of delivery efficiency of inhalation products and the reason is
because they allow the aerodynamic size distribution of the entire inhaled dose to be
characterised in a way that is specific to the drug and which ignores the size of any

excipient particles that are present*’

. Pharmacopoeia acceptable in vitro testing apparatus
include the Andersen Cascade Impactor (ACI), the Marple Miller Impactor, the Multi Stage
Liquid Impinger (MSLI), the Twin Stage Impinger (TSI) and the recently developed Next

Generation Impactor (NGI).

The MSLI and TSI which are used in this study will be described in more detail in Chapter
2, Section 2.2.3.
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1.6 Aims of the study

As mentioned, different strategies have been employed in order to improve the aerosol
deposition performance of carrier-based DPI formulations by affecting the interparticulate
interactions between particles in them. It is clear that the investigation of the
interparticulate interactions between the variable formulations compared to their aerosol
performance may be useful to find out the mechanism by which MgSt and fines improve
the formulation performance. A better understanding of these mechanisms is important to
determine the optimum concentration of MgSt and fines of lactose to achieve better aerosol
performance and more efficient protection at different environmental conditions, as well as

promote faster formulation development.

The primary aim of this study is to investigate the influence of the addition of MgSt and the
presence of lactose fines on the aerosol deposition performance of DPI formulations and
consequently the drug-excipient adhesion properties. In addition, investigative work was
also conducted to investigate and understand the prospective influence of the environmental
conditions such as relative humidity and temperature on the stability of the DPI
formulations and if the addition of MgSt would protect the formulations from de-stabilising
under these conditions. By employing different concentrations of MgSt on carriers with
different morphology, formulations with varying adhesive and cohesive interactions were
produced, enabling the exploration of their relationship to in-vitro formulation

performance.

In addition, the potential use of an in-line optical sensing technology, the VariDose, is
investigated (Chapter 5) which could rapidly test the performance and predict the
variability in the delivery characteristics of both nasal and inhalation based formulations.
The VariDose device, could lead to an effective and efficient system for testing aerosol

based systems for design, cycling, manufacturing and therapeutic management.
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Chapter 2

General materials and methods

2.1 Materials

All the materials and their source used during this study are listed in table 2.1. Materials
were first characterised in terms of sample morphology and particle size. All organic
solvents used in this study were of at least analytical grade. Ceramic balls of 10mm
diameter were used for high shear ball milling. The lactose was vibrated through a nest of

sieves to obtain a 60-90um sieve fraction, which was used throughout the study.

Materials Source
Micronized budesonide Sicor, BN:6157/M1, Santhia, Italy
a-lactose monohydrate (Lactochem®) Lactochem, Borculo, Holland

63-90um fraction obtained by sieving

10% etched a-lactose monohydrate University of Bath, BN: DINAO1

(Nanolac®)

Sorbolac 400 (milled a-lactose Meggle GmbH, Wasserburg, Germany
monohydrate)

Magnesium Stearate Fischer Chemicals, BN:9880836,

Loughborough, UK

Acetonitrile Fischer Scientific Ltd, Loughborough, UK

Methanol Fischer Scientific Ltd, Loughborough, UK

Water Obtained by reverse osmosis

MilliQ, Molsheim, France

Table 2.1 Materials used throughout this study.

It should be stated that for the remainder of this thesis a-lactose monohydrate and 10%

etched a-lactose monohydrate will be referred to as Lactochem and Nanolac, respectively.
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2.1.1 Drug material

Budesonide is an inhaled glucocorticosteroid which is widely used in the treatment of
asthma. It has potent anti-inflammatory actions and thus reduces the inflammation and
hyper-reactivity (spasm) of the airways caused by asthma. The chemical structure of

budesonide is shown in figure 2.1.

and epimer at C*

Molecular formula: C25H3406

Figure 2.1 Chemical structure of budesonide.

2.1.2 Carrier structure

Lactose is a disaccharide, widely used as a carrier in inhalation formulations. Figure 2.2

shows the chemical structure of a-lactose monohydrate.

HOCH,
0

w

HOCH,

OH

HO 0 H0

O OH
<
OH
Molecular formula: C;H,,01;

Figure 2.2 Chemical structure of a-lactose monohydrate.
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2.2 Methods

2.2.1 Scanning electron microscopy (SEM)

The morphology of the drug particle surfaces used throughout the investigation was
investigated by SEM, which is a microscope that uses electrons rather than light to generate
a high resolution image of a conducting sample. It achieves this by collecting and analysing
secondary electrons emitted as a result of high energy electron beam collisions. Scanning
electron microscopy is used to make a qualitative analysis of the particle shape and size of

the various materials used.

Samples were fixed to sticky carbon tabs mounted on aluminium stubs. They were then
coated with gold using a splutter coater (model S150B, Edwards High Vacuum, Sussex,

UK) and examined using a scanning electron microscope (model JSM6310 or JSM6480,
Japanese Electron Optics Ltd, Tokyo, Japan) at 10 KeV. Inspection of the SEM images of
the micronised drug (Figure 2.3) showed the budesonide particles to have both columnar
and irregular plate-like crystal shape. Budesonide part