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Adhesive mixtures for inhalation

Scientists often find themselves in the situation where answering a question or solving a
challenge raises a new one. A striking example can be found in the formulation of
therapeutic powders for the local treatment of respiratory diseases like asthma or chronic
bronchitis and emphysema (chronic obstructive pulmonary disease, COPD). Being one
of the wonders of evolution, the respiratory tract is shaped in such a way that under
normal breathing conditions the vast majority of dust and other particles is either
‘filtered out’ of the inhaled airstream by the oropharynx, or, if they happen to pass this
barrier, exhaled before deposition onto the mucosal lining fluid. As a result, the targeted
delivery of therapeutic powders with the inhaled airstream involves the challenge of
bypassing an effective natural defence mechanism. The solution to this challenge lies in
the presentation of drug particles to the inhaled airstream with such an aerodynamic size
range that the forces causing transport and deposition of the particles are optimally
balanced. Typically, only a very narrow aerodynamic particle size range of roughly 1-5
um may lead to satisfactory deposition profiles, where oropharyngeal drug deposition by
inertial impaction is minimised, yet deposition of drug particles by sedimentation in the
lower airways occurs quickly enough to prevent their exhalation [1, 2].

For such fine drug particles other forces are balanced in a particularly
unfavourable way: adhesion or cohesion forces dominate the force of gravity, which
renders the particles very sticky and gives them undesired bulk properties like poor
flowability [3] (Fig. 1A). This poses a challenge with respect to reproducible dose
metering, especially considering the fact that low doses of only 6-500 pg are common for
the treatment of mentioned diseases. The most widely applied solution to this challenge
is to blend the fine drug with a lactose excipient that consists of relatively coarse ‘carrier’
particles, roughly in the size range of 40-150 um. The drug particles, as a result of their
stickiness, will adhere to the surfaces of the carrier particles during blending to form so-
called ‘adhesive units’ (Fig. 1B). Because of this characteristic phenomenon, these blends
are preferably referred to as ‘adhesive mixtures’ (rather than ‘binary mixtures’, ‘ordered
mixtures’ or ‘interactive mixtures’) [4]. The force of gravity acting on adhesive units
dominates the adhesion and cohesion forces between them, and the powder will have
strongly improved flow properties as a result. The lactose excipient thus acts as a diluent
(formulations mostly contain between 95 to 99.9% lactose) and as an enhancer of bulk
flowability, which solves the challenge of reproducible dose metering when
homogeneous mixtures are produced.

Adhesive units do not fall within the respirable size range of 1-5 um. If drug
particles do not detach from the carrier surface during inhalation they will therefore
inevitably deposit in the mouth or throat region by inertial impaction. Here they do not
exert any therapeutic activity, but may cause adverse reactions. Dispersion of the drug
from adhesive mixtures into the inhaled airstream thus has to include the detachment of
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Figure 1: scanning electron microscopy (SEM) images of adhesive mixtures for inhalation. A:
sticky salmeterol xinafoate particles on the surface of a lactose carrier particle. B: an adhesive unit of
salmeterol xinafoate particles adhered to a coatse lactose carrier particle (250-315 um sieve fraction).
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drug particles from the carrier surface and the breaking up of any drug agglomerates > 5
um. Dry powder inhalers serve the purpose of reproducible dose metering and
enhancing the efficiency with which kinetic energy from the inhaled airstream is
converted into forces causing dispersion of the powder formulation. However, despite
their use, it is currently a great challenge to develop and produce carrier-based dry
powder inhalation products that efficiently and reproducibly disperse the drug with the
pressure drop generated by the patient across the inhaler as the only driving force. In
addition, there is a quest for measurable particle or powder properties that can be used as
predictors of dispersion performance, as this could greatly improve the efficiency and
efficacy of the development and production processes themselves. Obtaining a
fundamental understanding of how different formulation and dispersion variables affect
the dispersion performance of adhesive mixtures will be an important step towards
solving these challenges, and it is the purpose of this thesis to contribute to such an
understanding.

Dispersion of adhesive mixtures

The dispersion of adhesive mixtures during inhalation may be regarded as a three-step
process of consecutively fluidisation of the powder in the airstream, detachment of
primary and agglomerated drug particles from the carrier surface and the break-up of
detached agglomerates into primary particles or small ‘multiplets’. It is common practice
to express the iz vitro dispersion performance of dry powder inhalation products as the
fraction of the drug mass that is aerosolised as particles (including agglomerates) with an
acrodynamic diameter below a certain cut-off value, mostly 5 pm. This fraction is
referred to as the ‘fine particle fraction’ (FPF). Alternatively, the drug fraction that is
detached from the carrier surface during inhalation can be used as a measure of
dispersion performance (Fig. 2). Referring to the three-step process, it may be clear that
this detached fraction is not necessarily representative of the fine particle fraction, as
released agglomerates from the catrier surface may be too large to fall within the size
range < 5 um.

The degree of dispersion obtained during inhalation depends on the balance
between adhesive and cohesive interaction forces in the powder on the one hand and the
separation forces generated by the kinetic energy of the inhaled airstream on the other.
These forces are therefore briefly discussed in the following sections.

Interaction forces

Adhesion or cohesion forces in adhesive mixtures include forces such as Van der Waals
forces, capillary forces and electrostatic forces and they are all well described and
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carrier residue detached drug fraction

Figure 2: different measures of dispersion performance. FPF = fine particle fraction. A difference
between the FPF and the detached drug fraction is caused by detachment of particles (including
agglomerates) from the carrier surface that do not fall within the defined size range for the FPF. In this
thesis, a classifier-based test inhaler will be used in which the carrier particles are retained during a
dispersion experiment. This allows the simple determination of the carrier residue (CR), from which
the detached drug fraction can be calculated (i.e. 100-CR).

understood as far as their origin is concerned. Although the relevance of the different
types of interaction forces in adhesive mixtures is strongly dependent on factors such as
relative humidity and the particles’ chemical nature, it is generally accepted that adhesion
of fine drug particles to lactose catriers or their cohesion to other drug particles is caused
primarily by Van der Waals forces [5]. Basically, the magnitude of the Van der Waals
force between two particles depends on their contact area, separation distance and
material specific properties. A drug-carrier interaction is best represented by that of a
sphere to a plane and the Van der Waals force for such an interaction may be described

by [0]:
F.= Ad/12/? 1.1

in which F.s is the adhesion force (N), A is the (material specific) Hamaker constant
(usually around 107 J), 4 is the diameter of the drug particle (m) and / the separation
distance between the particles (m). Alternatively, Johnson, Kendall and Roberts
developed a model (the JKR model) from which it follows that [7]:

Fog=1.51W. = 1.51t(pa + ye - ya) 1.2

In which 7is the drug particle radius (m), W, the work of adhesion (J/m?) and p,, y. and
va are the sutface free energies (J/m?) of the drug particle, catrier particle and drug-
carrier interface, respectively. Other models exist, such as those by Hertz [8] and
Derjaguin, Muller and Toporov (DMT, [9]), which differ in their assumption regarding

the influence of Van der Waals interaction forces on particle deformation. Of the
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different models, the JKR model is often considered most applicable to the situation of
drug-carrier adhesion in adhesive mixtures for inhalation.

From the above it follows that particle properties such as size and surface energy
are directly related to the strength of an adhesive interaction. However, the above
equations are valid only for perfectly smooth, rigid (Eq. 1.1) or elastically deformable
(Eq. 1.2) particles. In reality, lactose carrier surfaces exhibit various degrees of surface
roughness and may contain plastically deformable impurities such as protein residues
from the production process. Drug particles have a certain surface roughness too and
throughout adhesive mixtures they will have different shapes, sizes, orientations, degrees
of plastic deformation and numbers of contact points with the carrier surface. Such
factors influence the separation distance between contacting particles and may decrease
or increase their contact surface area by several orders of magnitude, and hence, cause a
significant spread in the adhesion force throughout the mixture. Techniques to
satisfactorily quantify or model properties like surface roughness are currently
unavailable, and therefore, exact determination of the interaction forces between
particles in adhesive mixtures is very difficult despite the understanding of their origin.

In addition to the physicochemical properties of the drug and carrier, interaction
forces will be strongly dependent on formulation variables such as mixing time and drug
content. During the mixing process, frictional and inertial mixing forces will affect the
distribution of the drug particles over the carrier surface. These forces may furthermore
change the orientation of the drug particles, cause their plastic deformation by
compression onto the carrier surface, change their degree of agglomeration or change
the drug and carrier particle surfaces by attrition. The drug content in adhesive mixtures
will determine the number of drug-drug contacts relative to the number of drug-carrier
contacts and thus, the ratio of cohesive to adhesive interactions. It determines the
propensity for agglomeration and may, therefore, to great extent determine the particle
size distribution of the drug as present in the mixture (i.e. including agglomerates).

Dispersion forces

Separation or dispersion forces generated during inhalation may include aerodynamic
drag, lift and shear forces, friction forces from sliding of the carrier particles against
other particles or the inhaler wall and inertial forces from collisions, rotations and
vibrations. Of these forces, friction forces are generally highest, followed by inertial
forces and aerodynamic forces. Friction forces may result in a transfer of drug particles
from one carrier particle to another or to the inhaler wall rather than their entrainment
by the airstream. The relevance of these forces to the dispersion performance of dry
powder products is therefore questionable. Aerodynamic drag forces are described by

the following Equations:
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Firg = Crpd212/ 8 1.3
Fiug = 37npvd 1.4

in which Fg,, is drag force (N), C is the drag coefficient, g is the density of the air
(kg/m?), dis the diameter of the drug particle (m), 7 the viscosity of the air (m2/s) and »
the velocity difference between the air and the particle. Equation 1.3 is applicable at
turbulent air flow, whereas Equation 1.4 applies to the non-turbulent Stokes regime. The
relevance of aerodynamic forces to dispersion may be questioned too, however. These
forces depend on the velocity difference between the air and the carrier, which may be
significant only at the onset of fluidisation depending on the degree of turbulence of the
air. Drug particles may also reside in a stationary boundary layer around the carrier.
Furthermore, it was suggested that drug particles may find shelter from drag, lift, shear
and friction forces in clefts and depressions or against steep faces on the carrier surface
[10]. Such forces may therefore not be effective in combination with rough, granulated
carriers. This applies to a lesser extent to inertial forces, which may be described by the
simple formula:

Fiy = ma = p7td’a/ 6 (for sphetes) 1.5

in which F,, is the inertial separation force (N), m the mass of the drug particle (kg), z the
deceleration of the catrier surface upon impaction (m/s?), ¢ the density of the drug
particle, and 4 the diameter of the drug particle. The deceleration of the carrier partly
depends on its velocity (dv/di) and should thus depend on the velocity of the entraining
airstream. Based on Equations 1.3-1.5 a positive relationship between drug particle size
or air flow velocity (e.g. flow rate, inhaler resistance) and the magnitude of dispersion
forces should thus be expected. Of course, the different types of forces can only be
effective as dispersion forces when they act on the drug particles in the right direction.
The predominant type of dispersion force will depend on several factors. First,
as already mentioned, the carrier surface properties may be of influence. Second, the
geometry of the inhaler will be important. For example, in air classifier based inhalers the
kinetic energy of the airstream is used to generate many carrier-inhaler collisions. As a
result, inertial forces with such devices will contribute to dispersion to a greater extent
than with devices in which very few cartrier-inhaler collisions are generated (e.g. most
capsule inhalers). Third, the inertia (mass or size and velocity) of the carrier in the inhaler
may determine its trajectory and thus the number of collisions with the inhaler wall. For
example, it was found that an increase in carrier size resulted in more cartrier-inhaler
collisions in the Cyclohaler [11]. The flow rate or air flow velocity in the inhaler could,

therefore, have a similar effect.
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As for interaction forces, an understanding of the different types of dispersion
forces does not lead to them being well defined, since they too are dependent on many
factors that are difficult to quantify. These forces will also exhibit a broad distribution
throughout the mixture as a result of heterogeneity of the drug and cartrier particle
properties on which they depend. Furthermore, formulation variables will greatly affect
dispersion forces as they determine, for example, the (agglomerated) particle size
distribution of the drug and its distribution over the carrier surface.

Past research focuses, current understanding and future opportunities

The current understanding of the relationships between particle properties, formulation
variables and the dispersion performance of adhesive mixtures is very limited, despite
several decades of intensive research [12]. Although this fact may at first seem
discouraging, there are some cleatly identifiable causes which offer an opportunity for a
more effective future research direction.

Because of the basic notion that interaction forces are directly related to particle
properties such as size, surface free energy, surface roughness and shape, there has been
a strong focus on the relationships between such properties of the individual mixture
components and dispersion performance [13, 14|. However, these properties are difficult
to quantify and can rarely be changed in isolation from one another. Furthermore, a
direct relationship between such properties and dispersion performance is very unlikely
due to the influence of the formulation process on interaction and dispersion forces. For
example, it may be expected that not the primary particle size distribution of the drug is
relevant, but that of the drug as present on the carrier surface (i.e. including drug
agglomerates and drug-fine lactose composite agglomerates). Furthermore, the carrier
surface properties may be of negligible influence at high drug contents causing the
formation of drug multi-layers, and the shapes of the drug particles from the starting
material may be subject to plastic deformation under the influence of mixing forces.
There is no question that the physicochemical properties of the drug and catrier particles
in the starting materials influence the mixture properties, but the role of the formulation
process cannot be neglected. The dispersion performance of adhesive mixtures is a direct
result of the mixture properties and the inhalation conditions, and therefore, a ‘top-down
approach’ (Fig. 3), in which attention is first focussed on the relationship between
dispersion performance and mixture properties, and at a later stage on the relationship
between mixture properties and physicochemical particle properties may be more
beneficial. In such an approach attention would be focussed on identifying and defining
relevant mixture properties, and on developing analysis methods to quantify them.

Interactions between formulation variables and inhalation variables are often

pootly understood, which may lead to suboptimal study designs and conflicting results
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Figure 3: schematic presentation of the factors that lead to a certain dispersion performance of
adhesive mixtures for inhalation. The arrow on the right represents the conventional ‘bottom-up
approach’, which is concerned with the study of a direct relationship between properties of the starting
materials and dispersion performance. The arrows on the left represent the ‘top-down approach’
chosen in this thesis, which focusses first on the relationship between dispersion performance and the
mixture properties (1) and in a following stage on that between the mixture properties and the
properties of the starting materials (2).

[14]. A striking example can be found in the research area concerning the role of fine
lactose patticles (i.e. ‘fines’) added to adhesive mixtures. To test one of the hypotheses
concerning the working mechanism of fines, the order in which the drug and fine lactose
were mixed with the carrier lactose has been changed in several studies. Some studies did
find an influence of mixing order [15, 16], whereas others did not [17, 18]. Zeng et al.
showed that such conflicting results may be caused by differences in the inhalation flow
rate during dispersion [15] and Jones et al. showed that the mixing time and the drug
content can cause conflicting results of mixing order experiments as well [16].
Interactions between formulation and inhalation variables thus greatly affect the
outcome of dispersion performance tests. Clearly, a better understanding and
anticipation of such interactions is required to effectively study the influence of
individual factors or variables on the dispersion performance of adhesive mixtures.
Although the FPF is without a doubt the therapeutically most relevant measure
of dispersion performance, it may not be the most applicable measure to use for
obtaining a mechanistic understanding of the influence of formulation variables on
dispersion performance. The FPF includes drug detachment from the carrier surface as
well as the subsequent dispersion of detached agglomerates. The FPF is furthermore
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dependent on any drug losses to the inhaler parts and inlet of the measuring instrument.
Hence, the origin of differences in the FPF cannot be attributed to a specific step of the
dispersion process, which increases the uncertainty regarding the underlying working
mechanisms of formulation variables. In addition, if cascade impaction analyses are
performed, measuring the FPF is very time consuming. Contrary to the fine particle
fraction, the detached drug fraction includes only one step of the dispersion process; that
is, drug detachment from the carrier surface. It is a direct measure of the drug fraction
for which dispersion forces or, rather, drug-carrier separation forces dominate drug-
carrier adhesion forces. Changes in the detached drug fraction can thus be more directly
related to changes in the adhesion and/or separation force distributions throughout the
mixture, as was explained by De Boer et al. in their ‘force distribution concept’ (Fig. 4)
[19]. Drug detachment experiments may be performed by air jet sieving [20],
centrifugation [21] or dispersion testing of adhesive mixtures with classifier based
inhalers [19]. Drug detachment can be measured directly by analysing the non-detached
drug fraction on the surfaces of carrier particles collected after a dispersion experiment
(.e. ‘carrier residue’, Fig. 2). Such experiments are generally less time consuming then
cascade impaction analyses and, therefore, allow more data to be collected within the

same timeframe.

100

T % drug
detached
S
[2]
(2]
©
€
o
2
©
E‘ adhesion
jun
(@] )
separation
0

Force (N) —>

Figure 4: hypothetical example of the ‘force distribution concept’ [19]. Throughout adhesive
mixtures the adhesion force between drug and carrier particles (Faghesion) is ‘distributed’ due to variation
in drug particle size, local carrier surface composition, surface roughness, particle orientation, etc. The
separation force exerted on the drug particles (Fscparation) during dispersion is also ‘distributed’
throughout the mixture, mostly because of a variation in drug particle size or mass. The drug fraction
for which the separation force exceeds the adhesion force in the exact opposite direction will detach
from the carrier sutface during dispersion. Determination of the detached drug fraction based on the
adhesion and separation force distributions in this way assumes that both types of forces are
completely correlated (i.e. the drug particle that experiences the highest separation force also
experiences the highest adhesion force).
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Clear and useful definitions of terms used in discussing formulation studies have
not always been formulated. An example is the term ‘active sites’. It mostly refers to sites
on the surface of lactose carrier particles where drug particles can bind relatively strongly
[22-24], such as ductile contaminations that result in a large contact area under the
influence of press-on forces during the mixing process, or large carrier surface
irregularities that result in multiple contact points. Although this view on what
constitutes ‘active sites’ is generally agreed upon, it may not be the most useful: the
strength of a drug-carrier interaction alone does not determine the dispersion likelihood
of the drug particle concerned; the balance between dispersion and interaction forces
does. Therefore, a direct relationship between the activity of carrier surface sites in terms
of binding strength and dispersion performance does not necessatily exist, yet
conclusions about changes in the activity of carrier surface sites (e.g. due to the
‘saturation of active sites’ [25]) are often drawn directly based on changes in dispersion
performance. This way, changes in dispersion performance may be attributed to surface
phenomena that determine the strength of drug-carrier interactions, whereas in reality
they result from a change in the dispersion force generated.

The aim and outline of this thesis

Worldwide an estimated 235 million people suffer from asthma (2013 WHO estimate)
and another 64 million from COPD (2004 estimate, [26]). In Europe, around 6 million
dry powder inhalation products were sold between 2002 and 2008, comprising roughly
40% of all inhalation devices [27]. In addition, currently marketed dry powder inhalation
products generate FPFs that are roughly between only 10(!)-50% of the label claim [28].
Several powder inhalation products have recently been marketed of which the carrier-
based formulations contain excipients such as magnesium stearate to obtain a
satisfactory dispersion performance (e.g. Foster Nexthaler, Seebri Breezhaler), even
though no evidence can be found in literature about their safety on inhalation in the long
term. Clearly, the efficient production of safer, more efficient and effective dry powder
inhalation products is a goal worthwhile of striving towards. Understanding the
dispersion performance of adhesive mixtures is pivotal in this respect. Therefore, the aim
of this thesis is to improve the understanding of the relationships between formulation
variables, inhalation variables and the dispersion performance of adhesive mixtures for
inhalation. Drug detachment from lactose carriers during dispersion will be the primary
measure of dispersion performance studied throughout this thesis for the reasons
mentioned in the previous section. Chapter 2 describes in a theoretical way the
interacting role of inhalation flow rate towards the effects of formulation variables on
dispersion performance. The knowledge from this theoretical chapter is applied for a

rational design of experiments in following chapters. Chapters 3-6 present studies on the
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effects of three of the most relevant formulation variables (the drug content, the mixing
time and the fine lactose content) on drug detachment. An important aspect of these
studies is the accounting for interactions with multiple inhalation and formulation
variables, such as the inhalation flow rate, the type of drug or the carrier size fraction.
Furthermore, as part of the mentioned ‘top-down approach’, an attempt will be made to
identify and define the mixture properties most relevant to drug detachment and to
characterise them with existing or new techniques. For example, chapter 7 presents a
new definition of the activity of carrier surface sites, and the use of coherent anti-Stokes
Raman scattering (CARS) microscopy in combination with scanning electron microscopy
(SEM) for the chemical-selective imaging of adhesive mixtures is evaluated in chapter 8.
The final chapter is a general discussion about the work presented in this thesis. It
highlights some practical implications, shortcomings and future perspectives.
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Abstract

The dispersibility or dispersion behaviour of inhalation powders with a particular dry
powder inhaler can be expressed by their dispersion performance as a function of
inhalation flow rate. For carrier-free formulations the dispersibility was shown to directly
reflect the agglomerate tensile strength distribution. For adhesive mixtures the
dispersibility reflects the ‘energy ratio distribution’, which is introduced in this chapter.
Formulation variables are likely to affect the tensile strength or energy ratio distribution
in such a way that their effect on dispersion performance differs in magnitude or
direction between inhalation flow rates. The effects of formulation variables on powder
dispersibility can, therefore, only be propetly assessed by dispersion performance testing
over a range of inhalation flow rates.
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Introduction

In mechanistic studies focussing on the formulation of powders for inhalation it is
common practice to assess and compare the dispersion performances of powders at a
single inhalation flow rate. Most often a flow rate of 60 L/min is chosen (e.g. [1-3]),
likely because this particular flow rate has long been considered ‘optimal’ for inhalers
having a medium resistance to air flow [4]. In this chapter it is explained why such an
approach may severely hamper the fundamental understanding of dry powder inhalation
formulations, and therefore, cannot be considered rational.

First, it is important to distinguish a powder’s ‘dispersion performance’ from its
‘dispersibility” or ‘dispersion behaviour’. The dispersion performance of powders for
inhalation at a specific flow rate results from the balance between interparticulate
interaction forces and opposing dispersion forces. Increasing the flow rate during
dispersion results in a higher air flow velocity through the inhaler, and thus, in a higher
kinetic energy of the airstream. This means that higher dispersion forces may be
generated relative to the interaction forces in the powder and that a greater dispersion
performance can be expected. The dispersion performance of an inhalation powder as a
function of inhalation flow rate is referred to as the powder’s dispersibility or dispersion

behaviour in this chapter.

Carrier free formulations: the agglomerate tensile strength distribution

For carrier-free or ‘cohesive’ powders dispersion concerns the break-up of agglomerates.
The tensile strength of these agglomerates is, therefore, considered to be the descriptor
of interaction forces most relevant to dispersion performance [5]. Cohesive powders are
inherently heterogeneous with a tensile strength distribution throughout the powder bed
as a result. During dispersion, only the agglomerates with a tensile strength below the
dispersion force generated will break up. Therefore, if it is assumed that at a certain flow
rate all agglomerates experience more or less the same dispersion force, then the
dispersion performance of a powder at any flow rate directly relates to its tensile strength
distribution. Indeed, differences in the width of the tensile strength distribution between
cohesive powders of milled lactose and Lactohale 300 could explain why the order of
dispersion performance of these powders inverted with increasing flow rate [5]. Hence,
the dispersibility of cohesive powders cannot be propertly assessed and compared by
measuring dispersion performance at only one flow rate, because it neglects the
distributed nature of a primary factor determining dispersion performance (i.e. the tensile

strength of the agglomerates).
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Adhesive mixtures: the energy ratio distribution

A certain analogy exists between the dispersion of cohesive powders and that of adhesive
mixtures. The dispersion of adhesive mixtures primarily concerns the detachment of
drug particles (including drug and drug/fine-lactose agglomerates) from a lactose cartier
surface. Although this process was previously described by de Boer et al. in terms of
opposing adhesion and separation forces (i.e. the so-called ‘force distribution concept’
[6], as already explained in more detail in chapter 1, Fig. 4), a slightly different description
may be preferable for the following reasons: Two assumptions underlying the force
distribution concept are that the magnitude of a drug-carrier interaction force does not
depend on the mode and rate of drug detachment from the carrier surface and that the
drug particles experiencing the highest adhesion forces also experience the highest
separation forces (i.e. both forces are completely correlated). However, for a more rapid
separation the force of detachment can be higher, whereas for a slower or more
prolonged sepatration it may be lower. This is the result of a difference in the degree of
viscoelastic deformation of the contact surfaces that allows their separation by ‘peeling’
[7] and of the accumulation of vibrational energy in the fine particles [8]. Furthermore,
although the adhesion and separation force may to a certain extent be correlated because
of a shared proportionality to drug particle (agglomerate) size [6], the assumption of
complete correlation may greatly underestimate the importance of other factors
determining either one or both types of forces, such as the geometry of the carrier
surface.

The disadvantages associated to the force distribution concept can be
circumvented by describing drug detachment in terms of energy instead of force, and by
regarding the distribution in the ratio of the ‘opposing’ types of energy rather than the
distribution in both types of energy separately. The strength of a drug-carrier interaction
may be expressed in terms of the minimum amount of energy needed to break it. This
‘binding energy’ (Ep) is independent of the mode and rate of particle separation for
similar end-situations (e.g. equal drug particle displacement and no difference in the
degree of plastic deformation) [7]. The energy equal to the maximum binding energy that
may potentially be overcome for a certain drug particle in the mixture and a specific
dispersion process is referred to as the ‘potential separation energy’ (Espoo). Thus,
detachment of a drug particle from the carrier surface occurs during dispersion if its
energy ratio Egpo/Ep = 1, regardless of the exact undetlying adhesion and drug
detachment mechanisms. Because of variability of the parameters that determine the
magnitude of E o and Ey, for individual drug particles throughout the mixture (e.g. drug
and carrier particle surface roughness, local carrier surface composition, number of
contact points, drug particle shape, size and orientation), these types of energy will
exhibit a distribution, and consequently, so will the energy ratio Egpo/Ep. The
relationship between the energy ratio and the drug fraction that is detached from the
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Figure 1: hypothetical drug mass distribution as a function of the energy ratio (i.e. energy ratio
distribution). The detached drug fraction equals the cumulative drug mass fraction for which the ratio
of potential separation energy (Espor) to binding energy (Ep) = 1. An increase in flow rate results in a
shift of the energy ratio distribution to higher values and thus leads to an increase in the detached drug
fraction.

carrier surface is further clarified in Figure 1, where a hypothetical drug mass distribution
as a function of the energy ratio (i.e. energy ratio distribution) is presented for an
adhesive mixture subjected to a patticular dispersion process. A higher flow rate is
represented by a shift of the energy ratio distribution curve to higher values for the
energy ratio as it increases Eqpo. Hence, the dispersion performance (detachment
efficacy) at any flow rate directly relates to the energy ratio distribution. The dispersion
performances of two adhesive mixtures from a specific inhaler are the same at any single
flow rate if their energy ratio distributions are exactly the same. If two formulations have
a different energy ratio distribution as a result of a change in a relevant variable in the
formulation process, then the difference in dispersion performance between these
formulations theoretically cannot be the same over the range of flow rates that correlates
with 0-100% dispersion (detachment) efficacy. This is elucidated in Figure 2 for a
number of different imaginary energy ratio distributions, including an extreme (D).
Therefore, quantitative interactions between the variable that caused the difference in the
energy ratio distributions and inhalation flow rate will always occur if the maximum
range of dispersion efficacies is covered, and possibly qualitative interactions too (i.e. Fig.
2C). It should be noted that for the same reason interactions between formulation
variables will always depend on inhalation flow rate as well, giving rise to multi-order
interactions. It follows that, analogues to cohesive powders, the dispersion behaviour of
adhesive mixtures and the effects of formulation variables thereon neither can be
propetly assessed by dispersion performance testing at only one flow rate.

Contrary to the tensile strength of agglomerates, there is currently no model
available that quantitatively describes the energy ratio. A quantitative determination of
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Figure 2: different effects on the detached drug fraction. Solid lines represent hypothetical energy
ratio distributions in the starting situation, dashed lines the hypothetical energy ratio distributions after
changing a certain variable in the formulation process. Y-axes of the individual figures represent the
cumulative drug mass (%), X-axes the energy ratio. Situations differ in the inhalation flow rate, the way
in which the energy ratio distribution is changed (examples A-D) and the shape of the energy ratio
distribution in the starting situation (examples A-C versus example D). For every situation a different
flow rate may result in a different sign (+ or -) or magnitude (length of arrow) of the effect on the
detached drug fraction, representing qualitative and quantitative interactions, respectively. Even in the
extreme case of a linear energy ratio distribution that is shifted without changing its shape, the effect
cannot be the same in magnitude over the entire range of flow rates (situation D).
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Figure 3: the relationship between the theoretical energy ratio distribution and the dispersion
behaviour of adhesive mixtures in practice. A: hypothetical energy ratio distribution at different
flow rates (z-axis). The plane parallel to the y and z-axis at x = 1 shows the measurable dispersibility
profile of the formulation, represented by ‘carrier residue’ (i.e. the undetached drug fraction) as a
function of flow rate in Figure B. B: powder dispersibility profiles resulting from the energy ratio
distribution in Figure A. The detached drug fraction equals 100-carrier residue. Although the energy
ratio distribution cannot be directly measured, the dispersibility profiles can be considered ‘apparent’
energy ratio distributions, which are similar in shape to the ‘real’ energy ratio distribution in Figure A if
a linear scaling exists between flow rate and energy ratio (i.e. the dashed line in the plane formed by the
x- and z-axis which marks the start of every energy ratio distribution in Figure A), and if the shape of
the ‘real’ energy ratio distribution does not change with flow rate.
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the energy ratio distribution will therefore not be possible. As a result, energy ratio
distributions only provide a theoretical argument against the common practice in carrier-
based formulation studies of dispersion performance testing at a single inhalation flow
rate. This argument is supported, however, by previously reported interactions between
flow rate and formulation variables such as the mixing order of drug and lactose fines in
ternary formulations [9] and mixing time [10]. Furthermore, the theoretical argument can
be easily tested by measuring the effects of formulation variables on the detached drug
fraction over a range of inhalation flow rates, as will be done in following chapters of
this thesis. It should be noted that dispersibility profiles (i.e. drug detachment as a
function of inhalation flow rate) measured this way can be considered ‘apparent energy
ratio distributions’ (see Figure 3).

Conclusions

The effects of formulation variables on the dispersibility or dispersion behaviour of dry
powder inhalation formulations cannot be propetly assessed by dispersion performance
testing at a single inhalation flow rate. This neglects the distributed nature of the factors
that directly relate to dispersion performance and, as a result, provides a limited
mechanistic insight. The utility of inhalation formulation studies may therefore benefit
from an approach in which dispersion performance is by default tested over a range of
inhalation flow rates instead.
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Abstract

The drug content in adhesive mixtures for inhalation is known to influence their
dispersion performance, but the direction and magnitude of this influence depends on
other variables. In the past decades several mechanisms have been postulated to explain
this finding and a number of possible interacting variables have been identified. Still, the
role of drug content in the formulation of adhesive mixtures for inhalation, which
includes its significance as an interacting vatiable to other parameters, is pootly
understood. Therefore, the results from a series of drug detachment experiments are
presented in which the effect of drug content and its dependence on inhalation flow rate,
the mixing time and the type of drug is studied. Furthermore, it is investigated whether
the effect depends on the range within which the drug content is changed. Quantitative
and qualitative multi-order interactions are observed between these variables, which may
be explained by a shifting balance between three different mechanisms. The results
therefore demonstrate that accounting for (multi-order) interactions between variables
has to be part of quality by design activities and the rational design of future
experiments.
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Introduction

The therapeutic doses of the drugs used in the local treatment of asthma and COPD
differ substantially. For example, the long-acting beta agonist formoterol and the
anticholinergic tiotropiumbromide are usually administered in doses from 6 to 18 pg,
whereas for the corticosteroid fluticasone doses from a single inhalation up to 500 ug are
given. The large variation in doses is reflected in the drug contents that are present in
commercially available inhalation powder formulations. For adhesive mixtures drug
contents typically range from 0.1 to 4% (Tables 1 and 2).

Table 1: drug contents in commercially available carrier based dry powder formulations containing
a single drug.

Preparation Drug Carrier/dose Drug/dose Drug content
Eklira Genuair 400 ACL 12600 pg 400 pg 3.08%
Beclometason 100 Cyclocaps BDP 25000 pg 100 ng 0.40%
Beclometason 200 Cyclocaps BDP 25000 pg 200 pg 0.79%
Beclometason 400 Cyclocaps BDP 25000 pg 400 pg 1.57%
Budesonide Easyhaler 200 BUD 7903 ug 200 pg 2.47%
Budesonide Easyhaler 400 BUD 14507 pg 400 pug 2.68%
Budesonide Novolizer 200 BUD 10700 pg 200 pg 1.83%
Budesonide Novolizer 400 BUD 10500 pg 400 pg 3.67%
Flixotide Diskus 100 FP 12500 ug 100 ug 0.79%
Flixotide Diskus 250 FP 12500 pg 250 pg 1.96%
Flixotide Diskus 500 BT 12500 pg 500 pg 3.85%
Formoterol Novolizer 6 FFD 5744 ug 6ug 0.10%
Formoterol Novolizer 12 FFD 11488 g 12 g 0.10%
Formoterol Easyhaler 12 FFD 8000 pg 12 ug 0.15%
Seebti Breezhaler GLY 23600 pg 63 ug 0.27%
Onbrez Breezhaler 150 IM 24800 ug 194 ug 0.78%
Onbrez Breezhaler 300 M 25000 pg 388 ug 1.53%
Salbutamol Cyclocaps 200 SS 25000 pg 200 pg 0.79%
Salbutamol Cyclocaps 400 SS 25000 pg 400 pg 1.57%
Salbutamol Novolizer 100 SS 11420 g 120 ug 1.04%
Ventolin Diskus 200 SS 40000 pg 200 pg 0.50%
Serevent Diskus SX 12500 pg 50 pg 0.40%
Spiriva Handihaler 18 ug TBM 5500 pg 22.5 ug 0.41%

ACL = aclidinium bromide; BDP = beclometasone dipropionate; BUD = budesonide; FP = fluticasone
propionate; FFD = formoterol fumarate dihydrate; GLY = glycopyrronium bromide; IM = indacatarol
maleate; SS = salbutamol sulphate; SX = salmeterol xinafoate; TBM = tiotropium bromide.
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Table 2: drug contents in commercially available carrier based combination preparations.

Preparation Drug1 Drug 2 Carrier/dose ]?:;:f:’: I/):;:i: c:)I:tt:rllt
Foster NEXThaler BDP FFD 9894 ug 100 pg 6ug 1.06%
Seretide Diskus 50/100 FP SX 12500 pg 100 pg 50 ug 1.19%
Seretide Diskus 50/250 FP SX 12500 pg 250 pg 50 ug 2.34%
Seretide Diskus 50/500 FP SX 12500 ug 500 pg 50 ug 4.21%

BDP = beclometasone dipropionate; FP = fluticasone propionate; FFD = formoterol fumarate dihydrate;
SX = salmeterol xinafoate.

In contrast to the wide range of drug contents in marketed inhalation products,
it is almost common practice to use a fixed drug to cattier ratio of 1:67.5 (1.46%) in
studies on the relationship between certain variables and carrier based formulation
performance. This ratio is most likely adopted from eatlier carrier based formulations for
the Rotahaler®, Diskhaler® and Cyclohaler [1]. Therefore, the choice for this particular
drug to carrier ratio seems to be based on historical reasons, rather than it having a
sound scientific foundation.

A scientific foundation for the choice of a certain drug to carrier ratio may be
found in several studies which have already shown that drug content affects blend
homogeneity and drug detachment from the carrier. Adhesive mixtures for inhalation
can be considered ‘total mixes’, in which a dynamic process of ordering and
randomisation determines the outcome of the blending process [2]. With increasing drug
content the equilibrium is displaced towards randomisation [2-4], which results in less
homogeneous mixtures that are more prone to segregation during handling as well [5].
On the upside, this adverse effect may come along with better drug detachment from the
carrier particles when separation forces are generated, as was reported for a model
interactive system containing smooth spherical carrier particles [6]. For inhalation
formulations that contain lactose carriers the reported effects of drug content on
dispersion performance are not consistent, however. Beneficial effects of an increasing
drug content from 0.25 to 2.8% on the fine particle fraction (FPF) from two
commercially available inhaler devices were reported by Steckel et al [7], whereas other
evaluation studies described unfavourable effects as well [8, 9].

In explaining the effect of the drug content on the dispersion performance of
adhesive mixtures for inhalation several mechanisms have been postulated. Firstly, so-
called active sites on the lactose carrier surface may become saturated with increasing
drug content [10, 11]. This results in a decreasing mass percent of drug adhering strongly
to the carrier surface, which improves drug particle detachment. Secondly, layer
formation or agglomeration of drug particles with increasing drug content can cause
detachment of large agglomerates rather than single drug particles if failure of adhesive
bonds between the inner drug layer and the carrier surface occurs during inhalation [6,
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12-14]. This too may improve drug detachment, because it increases the magnitude of
the lift and inertial separation forces more so than that of the drug-carrier interaction
forces. Thirdly, a higher drug content increases the effectiveness of inertial and frictional
mixing forces as drug particles fill up clefts and depressions in the carrier surface [14, 15].
By being transferred through the powder bed, this enables such mixing forces to act
effectively as press-on forces on drug particles that would have found shelter from them
in carrier surface irregularities at a much lower drug content. It causes the particle
interaction forces to increase by reducing their separation distance and increasing their
contact surface area, and therefore, it causes drug detachment to be negatively affected
[16]. And lastly, it was hypothesised that with increasing drug content detached particles
may be more likely to collide with neighbouring drug particles to cause enhanced drug
detachment; a mechanism which is referred to as the ‘collision effect’ [6]. Collision
effects may marginally contribute to improved drug detachment with increasing drug
content, but particularly for irregular lactose surfaces their relevance is questionable.
Therefore, they are not further discussed in this chapter.

Since not all of the aforementioned mechanisms result in improved drug
detachment, the net effect of a change in drug content depends on which mechanism is
dominant under the given circumstances. Therefore, rather the balance of a number of
different mechanisms determines the effect of drug content than either of these
mechanisms alone, and any variable by which this balance is affected will be an
interacting variable. Some variables that are suspected to interact with the effect of drug
content are the range within which the drug content is changed [8, 9]; the dispersion
principle used and its efficacy (e.g. flow rate) [14, 15]; the mixing conditions applied; and
the characteristics of the used carrier product [15]. In addition, agglomerate formation
may be drug dependent, and therefore, so may be the effect of drug content.

A better understanding of the influence of drug content on dispersion
performance may lead to a more rational approach in future studies regarding the choice
for this variable. Furthermore, it would help to understand the functionality and
performance of carrier products and marketed formulations and to explain the results
from powder dispersion performance tests that are presented in literature. The objective
of this study is therefore to deepen the understanding of the effect of drug content on
drug particle detachment from lactose carriers during inhalation. To this end, a series of
drug detachment experiments is performed with formulations containing a range of drug
contents. A special focus is put on the role of flow rate, the type of drug, the range
within which the drug content is changed and mixing time as interacting variables.
Scanning electron microscopy (SEM) and laser diffraction analysis are used in an attempt
to qualify and quantify the occurrence of the different mechanisms behind the effect of

drug content.
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Materials and methods

Starting materials

Alpha lactose monohydrate (Pharmatose 80M) was kindly donated by DFE Pharma
(Goch, Germany). The micronised drugs used for this study are salbutamol sulphate
(supplied by DFE Pharma), salmeterol xinafoate and fluticasone propionate (granted by
Novartis, Germany) and budesonide (purchased from Fagron, The Netherlands). All
drugs were passed through a 90 pm sieve to break up larger agglomerates prior to mixing
with the carrier.

Carrier classification

A lactose carrier with a size fraction of 250-315 um was obtained from Pharmatose 80M
by 20 minutes of vibratory sieving at an amplitude of 1.5 mm (Retsch AS 200 control,
Germany) followed by 15 minutes of air jet sieving (Alpine AS200, Augsburg, Germany).
Such a coarse size fraction of the crystalline carrier material stresses the effect of press-
on forces during the mixing process. It is therefore expected to aid in identifying and
determining the relative significance of this mechanism behind the effect of drug content
on drug detachment. Sieving was performed under uncontrolled environmental
conditions (with relative humidity values ranging from 25-65%). After sieving, the
lactose was left to rest for at least 2 days before further processing to allow electrostatic
charges to dissipate.

Blend preparation

Drug-carrier blends were prepared in batches of 25 g at ambient conditions. To prevent
electrostatic charge effects as much as possible, a stainless steel mixing vessel with a
volume of 160 cm? was used (the filling degree was approximately 20%). During filling
of the vessel the drug was ‘sandwiched’ in between two equal parts of the lactose carrier
after which the powder was gently pre-blended with a spatula for approximately 20
orbits. Blends were then further mixed in a Turbula blender (WA Bachhofen, Basel,
Switzerland) at 90 rpm for a total of 2, 10 or 60 minutes. Every two minutes any powder
adhering to the mixing vessel wall was scraped loose and returned into the blend. For
salmeterol and fluticasone, blends containing 0.1, 0.2, 0.4, 1, 2 and 4% of drug by weight
were prepared, whereas for salbutamol and budesonide only drug contents of 0.4% and
4% were used. These drug contents are representative for the typical range found in
commercial preparations (Tables 1 and 2). However, it is important to realise that the
nature of particle interactions in adhesive mixtures for inhalation is ultimately determined
not so much by the drug content as by the drug particle density on the carrier surface.
This can be expressed as the drug mass per unit carrier surface area (i.e. carrier surface
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payload) or the degree of carrier coverage relative to a single monolayer. This means that
a comparison between mixtures based on drug content is only valid if they contain a
lactose carrier with the same specific surface area (and a comparable surface roughness
and surface ‘activity’). As will become clear from the calculated drug contents for
monolayer carrier coverage presented in Table 3, drug contents in this study are chosen
such that carrier coverage values range from 6% (for the 0.1% fluticasone mixture) to
328% (for the 4% budesonide mixture), representing sub-monolayer to multilayer carrier
coverage. It should be noted that these values for the carrier coverage are based on the
assumption of a uniform drug distribution over the carrier surface, which is unlikely to
represent the situation in practice. Therefore, they should merely be regarded as a rough

indication for the average drug particle density on the carrier surface.

Content uniformity testing

Content uniformity of the blends was tested by randomly taking 20 samples of 25 * 1
mg. Samples were analysed as explained in the section ‘sample analysis’. Content
uniformity was considered acceptable at relative standard deviations (RSDs) < 3%.

Helium pycnometry

The density of the drugs was measured by helium pycnometry (model MVP-1,
Quantachrome, USA). Sample sizes ranged between 5.75 g and 12.35 g. Results are the
mean of 4 measurements.

Laser diffraction analysis

The particle size distributions (PSDs) of the drugs were determined by laser diffraction
technique with the HELOS BF diffractometer (100 mm lens, calculations based on the
Fraunhofer theory) after dispersion of the powders with a RODOS disperser at 3 bar
(Sympatec, Clausthal-Zellerfeld, Germany). Increasing the pressure drop to 5 bar did not
have any influence on the PSDs measured, confirming that the primary PSDs were
already obtained at the lower pressure.

The PSDs of salmeterol and fluticasone particles (including agglomerates) as
present on the carrier surface in mixtures containing 0.1% to 1% of drug were measured
by wet laser diffraction. To prepare saturated aqueous drug solutions, suspensions of
fluticasone and salmeterol containing 0.03% polysorbate 80 (Tween 80) were prepared
by ultrasonication for at least 30 minutes with a Helma Transsonic 700/H ultrasonic
bath (Elma Hans Schmidbauer, Singen, Germany) and subsequent continuous stirring.
After cooling down to room temperature, 35-40 mL of these suspensions was passed
through a 0.2 um cellulose acetate filter. To the saturated solutions 20 mg (for 1%
mixtures) to 200 mg (for 0.1% mixtures) of the blends was added to dissolve the lactose
carrier and suspend the drug. For the sample sizes used, optical concentrations ranged
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between 6 and 14%. It was checked that dissolved lactose did not influence the results.
Measurements were performed in the CUVETTE SC-40 module (50 mL cuvette) with
the HELOS BF diffractometer with a 100 mm lens and the FREE computation mode
(Sympatec, Clausthal-Zellerfeld, Germany). A stirring speed of approximately 500 rpm in
the cuvette was used continuously to prevent sedimentation of the suspended drug
particles. After 12 minutes all lactose particles were fully dissolved for all samples and,
immediately afterwards, the PSD of the suspended drug particles was measured for 10
seconds. The primary PSDs of fluticasone and salmeterol were measured in a similar way
after a pre-suspension step comprising sonication of approximately 0.5 mg of the drugs
in 2 mL of the saturated solution for 11 minutes using a 70 W, 42 kHz ultrasonic cleaner
(Electris UC449UP, France). The amount of pre-suspension that was added to the
CUVETTE was titrated to an optical concentration of around 10%. It was checked that
the optical concentration and characteristic PSD data of the primary particles thus
measured remained constant for at least 12 minutes. Because wet suspension methods as
described here are sensitive to bias especially from (de-)agglomeration effects, the
reliability of the data from these measurements will be discussed further on.

Scanning electron microscopy

Scanning electron micrographs of the drugs and blends were taken with a JSM-6301F
(Jeol, Japan) at an acceleration voltage of 3kV and probe current 7. Samples were fixed
to an aluminium specimen mount by means of double sided adhesive carbon tape. For
the pure drugs any excess sample was blown from the tape with pressurised air and
excess particles from the blends were gently tapped (instead of blown) from the
specimen mount to avoid drug particle detachment from the carrier crystals. The drugs
were sputter coated with 10 nm of a gold-palladium alloy, whereas for the mixture
samples a coating thickness of 20 nm was found to be necessaty to prevent charging
effects.

Drug detachment experiments

An air classifier based test inhaler was used for the drug detachment experiments [17].
The design of the classifier used is such that > 95% of the carrier particles is retained
during the dispersion measurement. The residual amount of drug present on the surface
of the retained carrier particles after a dispersion experiment was analysed and
normalised to 100% retention (referred to as carrier residue, CR). The percentage of drug
detached was calculated as 100-CR. Note that drug detachment in this study refers to the
relative amount of drug detached. Therefore, if drug detachment is concluded to be
deteriorated with increasing drug content, the absolute amount of drug detached may
have increased nonetheless. A dose weight of 25 = 1 mg was used for the dispersion
tests and all results presented are the mean of 5 measurements. All measurements were
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performed at ambient conditions and with a fixed suction time of 3 seconds at 10 to 80
L/min (corresponding to pressure drops of up to 20.1 kPa). Such high pressure drops
are not representative for the pressure drops to be attained by patients across dry powder
inhalers [18]. However, the purpose of this study was not to simply conduct functionality
experiments under conditions relevant to the practice of dry powder inhalation. Rather,
the aim is to obtain a mechanistic insight into the effect of drug content, and it will
become clear from the results presented in this chapter that this requires detachment to
almost complete removal of all drug particles from the carrier surface. Finally it is to be
noted that changes in drug detachment that are measured in this way do not always
correlate to fine particle fractions, since large drug agglomerates may be detached too.
However, because the first step to obtaining finely dispersed particles is drug
detachment, understanding the mechanisms behind drug particle liberation from the
carrier is highly relevant.

Sample analysis

Collected samples of the salmeterol, fluticasone, budesonide and salbutamol blends and
carrier residues were spectrophotometrically analysed at wavelengths of 228, 228, 243
and 225 nm, respectively (Unicam UV-500, ThermoSpectronic, Cambridge, UK).
Salbutamol was dissolved in demineralised water and all other drugs in ethanol. Samples
were allowed to dissolve for at least one hour. Prior to UV-analysis the samples in
ethanol were centrifuged for 5 minutes at 3000 rpm to obtain solutions free from
suspended lactose (Hettich Rotanta D-7200, Hettich AG, Switzerland). Absorption
values were corrected for any absorption caused by the dissolution of lactose when

applicable.

Statistical analysis

A heteroscedastic 2-tailed Student’s t-test was performed using Microsoft Excel 2010 to
test the significance of the difference in drug detachment at 20 and 50 L/min between
formulations containing 0.4% and 4% of drug.

Results

Content uniformity

The highest RSD in drug content measured was 2.04%, and therefore all blends prepared
were sufficiently homogeneous and considered suitable for the dispersion experiments.
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Figure 1: representative SEM images of the four micronised drugs.

SEM imaging

SEM images presented in Figure 1 show that both bronchodilator drugs salmeterol and
salbutamol consist of plate like particles, whereas the corticosteroids budesonide and
fluticasone are more irregularly shaped. In addition, the corticosteroids seem to contain
more submicron particles, although this is not reflected in the Xio values obtained from
RODOS dispersion (Table 3). This suggests that these fines are firmly attached to the
coarser particles or comprise only a negligible volume fraction.

Table 3: PSDs (n = 2) and densities (n = 4) of the drugs.

Drug X Xso X V%<5um g (g/cm’ (SD)) Mog;:;:yer ( lr;ffg"gi;‘;*
Salmeterol  0.66 141  3.04 99.56 1.23 (0.004) 1.24 1.81
Fluticasone 072 180  3.99 95.66 136 (0.007) 1.75 415
Salbutamol  0.63 124  2.60 100 130 (0.012) 1.16 130
Budesonide  0.65 136  2.90 99.96 1.25 (0.008) 122 1.81

* The drug content for theoretical monolayer coverage is calculated as explained previously [15].
** Drug particle mass is calculated based on the X5 and density of the drugs.
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The lactose carrier contains a
notable amount of adhering lactose fines
after being subjected to the same mixing
conditions as the blends, despite the
preceding classification procedure (Fig. 2,
0%). 1t is difficult to distinguish between
these fines and the drug particles,
particularly at a relatively low magnification
of 250 x (Fig. 2, 0.1-4%). This limits the
possibility to accurately monitor the spatial
distribution of the drug particles over the
carrier surface with SEM. At salmeterol
contents of 1% and higher, carrier surface
irregularities become filled up and covering
of the carrier surface by drug particles
becomes more apparent. For the other drugs
the observations from SEM were similar.

In Figure 3, representative carrier
surface close-ups of 4% mixtures are shown
at the same magnification. No notable
differences in the degree of agglomeration
between the different drugs can be
observed.

Pycnometry and laser diffraction analysis

True density values and characteristic values
for the primary PSD of the drugs used in
this study are presented in Table 3. PSDs of
salmeterol and fluticasone in the adhesive
mixtures as released from the carrier surface
during the suspension experiments are
shown in Figure 4. With increasing drug
content the median diameter of the drug
agglomerates on the surface increases. At

drug contents > 1% continuous hollow drug

Figure 2: representative SEM images of the
carrier after the mixing process (0%) and of
salmeterol blends. The percentage indicates the

salmeterol content of the mixture.
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Figure 3: representative SEM images of the 4% mixtures.
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Figure 4: agglomeration behaviour within the mixture of salmeterol and fluticasone with
increasing drug content. Data are obtained by laser diffraction in saturated aqueous drug solutions

after complete dissolution of the lactose carrier. Y-error bars represent minimum and maximum values
measured (n = 2).
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Figure 5: salmeterol network in suspension after dissolution of the lactose carrier from a 4%
blend. The scale bar represents 60 um.

particle networks remained in suspension after dissolution of the lactose carrier, as
shown for 4% salmeterol in Figure 5. The Xs¢ values of these hollow networks did not
deviate much from those of the carrier crystals. Obviously, such values do not provide
information on the size of detachable drug agelomerates but only on the size of the
carrier particles, and therefore, these data are not shown. In many cases the shapes of the
carrier particles from which the networks were detached remained recognisable after
complete dissolution of the lactose.

Drug detachment experiments

Drug detachment as function of flow rate for the four drugs tested shows a less
pronounced sigmoidal relationship at a drug content of 0.4% than for the 4% blends
(Fig. 6). At flow rates below 30 to 35 L/min the relative amount of drug detached
decreases when the drug content is increased from 0.4 to 4%, whereas at higher flow
rates the effect is opposite. The difference in drug detachment at 20 and 50 L/min
between formulations containing 0.4% and 4% of drug is statistically significant (p <
0.001) for all drugs used.
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Figure 6: effect of drug content on drug detachment and its dependence on flow rate and drug
type. The difference between the 0.4% and 4% curves represents the effect of drug content on drug
detachment at the different flow rates. The mixtures were prepared by 10 minutes of mixing. The y-
error bars represent maximum and minimum values measured (n = 5).

For salmeterol and fluticasone the relationship between drug content and drug
detachment at different flow rates has been examined further by preparing blends with
drug contents of 0.1%, 0.2%, 1% and 2% as well. For salmeterol, an increase in drug
content from 0.1% to 0.2% leads to a higher drug detachment for all flow rates up to 60
L/min (Fig. 7). At flow rates from 10 to 30 L/min a maximum drug detachment is
reached between drug contents of 0.2 and 1%. Drug detachment at higher contents
tends to decrease for these flow rates before reaching a constant value at the highest
drug contents. At 50 and 60 L/min, drug detachment continues to increase and
approaches the 100% value at a drug content of 4%. Different trends are observed for
fluticasone (Fig. 7). At all flow rates drug detachment decreases initially when the drug
content is increased, starting at 0.1%. After reaching a minimum value at drug contents
of 0.2% (at low flow rates) and 0.4% (at high flow rates), an increase in detachment is
obtained when the drug content is further increased to 0.4% (low flow rates) and 1 to

2% (high flow rates), respectively. Further increasing the drug content results in a
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Figure 8: residual drug content after a drug detachment experiment at 60 L/min as function of
initial drug content. Data are a different representation of the data presented in Figures 6 and 7. The

y-error bars represent minimum and maximum values measured (n = 5).
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decrease in detachment again at low flow rates, whereas detachment continues to
increase marginally at 50 and 60 L/min towards a maximum value obtained at 4% drug
content. It is difficult to draw unequivocal conclusions from these differences in
fluticasone detachment behaviour between drug content ranges at the different flow
rates, because the changes are small and stay within a narrow range of at most 8% of the
initial drug content. From our experience with these drug detachment experiments we
know that environmental conditions (especially relative air humidity) can very well
account for differences of up to 5%, and therefore, some of these changes might not be
physically relevant in relation to the changes in drug content, even if statistical
significance could be proven.

A different representation of the drug detachment data at 60 L/min from
Figures 6+7 is given in Figure 8. With increasing drug content the slope of the
relationships decreases, which means that the fraction of drug that is not detached from
the carrier decreases. This may be indicative for the saturation of active sites, as
explained previously for similar relationships [11]. Different plateau values for the
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Figure 9: the effect of drug content on drug detachment and its dependence on mixing time.
Data are shown for salbutamol and budesonide. The difference between the 0.4% and 4% curves for
equal mixing times represents the effect of drug content on drug detachment at the different flow rates.
The y-error bars represent maximum and minimum values measured (n = 5).
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different drugs are reached upon extrapolation in the order of fluticasone > budesonide
> salmeterol > salbutamol.

Figure 9 illustrates the role of mixing time as an interacting variable for the
effect of drug content on drug detachment. After a relatively short mixing time of 2
minutes the absolute difference in drug detachment between a drug content of 0.4 and
4% is at most 11% for salbutamol and 5% for budesonide. These differences increase to
22% and 25%, respectively, after 60 minutes of mixing. At a drug content of 0.4% longer
mixing results in higher drug detachment at 10 and 20 L/min for both drugs, whereas at
higher flow rates drug detachment decreases. With a drug content of 4%, increasing the
mixing time from 2-60 minutes results in a negative effect on drug detachment at
intermediate flow rates of 30 and 40 L/min, whereas at flow rates < 20 and = 50 L/min
the effect is negligible for both drugs.

Discussion

About the occurrence of the different mechanisms

Drug agglomeration. It is reasonable to expect that more drug agglomerates (with or
without lactose fines) are formed, and that their size as they are detached from the carrier
during dispersion increases when the drug content in the mixture is increased. Such an
expectation is supported by the data presented in Figures 2-4. This results in a change of
the ratio of separation to binding forces in such a way that drug detachment is enhanced,
especially for inhaler devices relying primarily on inertial separation forces such as the
device used in this study [17]. An absolute quantification of this effect based on the data
from this study is not possible, however. During the wet laser diffraction measurements
(Fig. 4) a slow decrease of the characteristic PSD descriptors (Xi0, Xs0 and Xop) was
observed after the 12 minute petriod in which the lactose carrier dissolved. This is likely
the result of partial deagglomeration of the drug particles in the liquid and it may be
expected that this process occurs during dissolution of the lactose carrier as well. The
deagglomeration process may further be influenced by dissolution of fine lactose
particles that have co-agglomerated with the drug particles. The size distribution of the
agglomerates could thus depend on their strength in suspension, which, in turn, is likely
to depend on the degree of co-agglomeration of the drug with lactose fines. The degree
of deagglomeration in suspension may vary for different drugs, which limits the direct
comparison between fluticasone and salmeterol in this respect. Nevertheless, the
measurements proved to be highly repeatable, as can be concluded from the y-error bars
in Figure 4. In addition, the observed trend is the same for both drugs investigated.
Therefore, although the data may not be correct in absolute sense, they certainly are

indicative of drug particle enlargement with increasing drug content. Furthermore, the
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formation of drug layers and agglomerates is confirmed with SEM, especially at drug
contents > 1% (Fig. 2+3).

Drug compression onto the carrier surface. An increased effectiveness of press-on forces
is difficult to measure, but SEM images can be used to quantify at least the drug content
above which the propensity for this effect will increase. The complete filling of
irregularities in the carrier surface is approached within the range of drug contents
between 0.4 and 1% (Fig. 2). From this content upward the efficacy of the mixing forces
as press-on forces is likely to increase, which, as explained in the introduction, is
expected to contribute in a negative way to the effect of drug content on drug

detachment during inhalation.

Saturation of active sites. Based on the results presented in Figure 8 and the data
presented in previous studies [10, 11], the occurrence of the saturation of active sites
with an increasing drug content seems very plausible. However, at low drug contents (i.e.
below theoretical monolayer carrier coverage) this effect is expected to be strongly
dependent on the degree of preferential occupation of active sites: if no preferential
occupation of active sites occurs during mixing, then saturation of active sites is not
possible within this drug content range. Dispersion experiments do not provide the
ability to distinguish between the saturation of active sites, agglomeration effects and
press-on effects. Therefore, to definitively prove the occutrrence of the saturation of
active sites it is necessary to measure differences in the relative amount of drug attached
to active sites (for example the non-detached drug fraction after dispersion at 60 L/min)
between the different drug contents in the absence of agglomeration and press-on
effects. Because in this study at least agglomeration already occurs from the lowest drug
content used upward (as discussed), this is not possible. Strong (indirect) indications for
the occurrence of the saturation of active sites as a result of changes in drug content
have never been presented along with definitive proof of the absence of other
mechanisms either. Therefore, although the saturation of active sites is likely to occur, it
cannot be proven beyond reasonable doubt with the current data presented and the
relevance of this mechanism to the overall effect of drug content in this study remains
uncertain.

To further illustrate this problem, several hypothetical relationships between the
residual drug content on the cartier after a drug detachment experiment at 60 L/min and
the initial drug content in the blend are displayed in Figure 10. For the purpose of this
example we define active sites as sites where drug particles can only be detached at flow
rates > 60 L/min through the inhaler used in this study. Furthermore, we assume that
100% monolayer coverage of the cartier corresponds to a drug content of 1.5% and that
the maximum binding capacity of active sites for the primary drug particles corresponds
to a drug content of 0.2%. In situation 1 the preferential occupation of active sites is
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complete, no agglomeration or press-on effects occur and multilayer coverage of the
carrier by the drug does not result in the formation of new active ‘apparent carrier
surface sites’ by underlying drug layers. Under such conditions the saturation of active
sites is characterised by a relationship that follows the ‘0% drug detached’ line (for which
y = x) until a plateau value is reached that is equal to the binding capacity of active sites.
The saturation of active sites results in a positive effect on drug detachment at drug
contents > 0.2%. In situation 2 completely non-preferential occupation of active sites
occurs (l.e. a random distribution of drug particles over all carrier sites is obtained),
which causes active sites to be saturated only when the complete carrier surface is
covered with a drug monolayer. In this situation the saturation of active sites results in a
positive effect on drug detachment only at initial drug contents > 1.5% (i.e. the
concentration at which the complete surface is covered). In situation 3 completely
preferential occupation of active sites in combination with an increasing effectiveness of
press-on forces with increasing drug content causes an increasing drug mass to be
attached to ‘pseudo-active sites’ [19], thereby gradually increasing the total binding
capacity of active sites. In the case of multilayer coverage of the carrier, underlying drug
layers may also form new active sites to increase their total binding capacity. This results
in a higher drug concentration after detachment at drug contents > 0.2% compared to
relationship 1. Relationship 4 represents the situation in which drug agglomeration
dominates the overall effect of drug content: a higher agglomeration potential of the
drugs with increasing drug content causes the ratio of separation to binding force to
increase due to agglomeration for an increasing fraction of the drug mass. As a result, the
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Figure 10: relationships between residual and initial drug content for different hypothetical
scenarios. Residual drug content = drug content after a drug detachment expetiment at 60 L/min.
Drug contents that equal the maximum binding capacity of active sites and monolayer coverage are
assumed to be 0.2% and 1.5%, respectively. The relationships represent: 1) completely preferential
occupation of active sites, absence of effects from agglomeration, press-on forces and layer formation;
2) same as situation 1 with completely non-preferential occupation of active sites; 3) same as situation
1 with effects from press-on forces and layer formation; 4) same as situation 1 with a high degree of
agglomeration; 5) intermediate situation with an unknown balance of mechanisms.
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saturation content of active sites (for the primary drug particles) may never be reached
after detachment and saturation of active sites does not contribute to improved drug
detachment with increasing drug content. Relationship 5 displays an intermediate
situation between situations 3 and 4. The lower slope with increasing drug content is
representative for a larger fraction of the drug mass being detached. In the absence of
the exact binding capacity of active sites as a reference (which is the situation in practice),
situation 5 cannot be distinguished from situation 4 when regarded individually. This
means that the increased drug detachment may be completely the result of either
agglomeration effects, or the saturation of active sites (with a gradually decreasing degree
of preferential occupation of active sites with increasing drug content) or a combination
of both. Therefore, only in the absence of agglomeration effects such a relationship,
which is representative of those experimentally determined for the different drugs (Fig.
8), would be proof of the occurrence of the saturation of active sites.

About the variables that interact with the effect of drug content

The flow rate. The results presented in Figure 6 show that flow rate interacts with the
effect of drug content in a quantitative and qualitative way. This is in agreement with the
expectations based on energy ratio distributions discussed in chapter 2 of this thesis. The
interaction could be explained by the flow rate causing a shift in the balance of the
different mechanisms behind the effect of drug content on drug detachment. At low
flow rates (< 30-35 L/min) the negative effect from press-on effects has to dominate any
positive contribution from agglomeration effects or the saturation of active sites. At flow
rates above 30-35 L/min a dominance of agglomeration effects and the saturation of
active sites over press-on effects gives an opposite result. In the following section it will
be discussed that this finding is strongly dependent on the chosen drug content range of
0.4 to 4%.

Because flow rate does not influence the properties of the powder mixtures, the
shift in the balance of the different mechanisms concerns a change in their significance
to drug detachment. For example, a decrease in the drug fraction that is only detached at
flow rates > 60 L/min due to the saturation of active sites does not necessarily increase
the fraction that is detached at flow rates < 30 L/min. It may also just increase the
fraction that is exclusively detached at flow rates between 30 and 60 L/min. In that case,
the saturation of active sites would be significant to drug detachment only at flow rates >
30 L/min.

The drug content range. As explained, the occurrence of press-on effects and the
saturation of active sites may be strongly dependent on the range over which the drug
content is changed. It therefore determines their balance and thus the overall effect of
drug content on drug detachment. Strictly speaking, the drug content range is not an
interacting variable for the effect of drug content, but a specific property of the variable
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itself. Therefore, this interaction is an example of a conditional effect [20]. Its occurrence
is confirmed by the results presented in Figure 7, which shows both quantitative and
qualitative interactions. The difference between salmeterol and fluticasone in this respect
shows that also a drug specific influence exists.

In the discussion about the occurrence of the three mechanisms it was reasoned
that agglomeration is likely to occur starting at the lowest contents used, and that press-
on effects become relevant from drug contents of 0.4% upwards. The concentration
dependent salmeterol detachment at flow rates up to and including 30 L/min presented
in Figure 7 can therefore be explained with an initial dominance of agglomeration effects
(causing the initial increase in drug detachment between 0.1 and 0.2-0.4%) followed by a
dominance of press-on effects with increasing drug content (causing the decrease in drug
detachment). Apparently, at higher flow rates separation energies have become so high
that the increase in binding energy by press-on effects has become insignificant. As
discussed, the saturation of active sites may contribute to the overall effect too, but their
relevance is uncertain.

The trends observed for fluticasone detachment within the same drug content
range are not the same (Fig. 7). Considering the data presented in Figure 4, agglomerate
formation also occurs for fluticasone. Apparently, the effect from agglomeration is
balanced by the effect of press-on forces and the saturation of active sites in a different
way as for salmeterol. A more effective redistribution of fluticasone towards active sites,
a different interaction with the lactose fines that are still present on the carrier surface
after sieving or a higher effectiveness of equally high press-on forces due to drug specific
characteristics (which will be discussed further on) may explain this difference.

The mixing time. The data presented in Figure 9 show that mixing time interacts with
the effect of drug content on drug detachment in a quantitative way. The small
difference in drug detachment between 0.4% and 4% after 2 minutes of mixing for both
drugs indicates that mixing is the driving force for the three mechanisms discussed.
Within such a short mixing time insufficient ‘chance effects’ (i.e. drug redistribution
towards active sites, drug de- or re-agglomeration and compression of the drug particles
onto the carrier surface) seem to have occurred to significantly influence drug
detachment. Alternatively, if these chance effects would have been sufficient to induce
significant agglomeration and press-on effects and the saturation of active sites between
0.4 and 4% after 2 minutes of mixing, they would have to counteract each other over the
range of flow rates that is applied. This is not very likely. Therefore, the mechanisms
seem to become more significant during prolonged mixing but to a different extent,
which magnifies any overall effect that results from their balance. It should be realised
that the data from Figures 6+7 (obtained with 10 minutes of mixing) ate therefore also
to a great extent the result of the chosen mixing time, at least with respect to the
magnitude of the observed effects.
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An increase in drug content from 0.4-4% causes a notable interaction with the
effect of mixing time on drug detachment too. At higher concentrations, higher flow
rates are required to achieve the same relative amount of drug detached when mixing is
prolonged. This negative effect is likely the result of a dominance of press-on effects.
For the lower drug content, the effect of prolonged mixing more explicitly depends on
the flow rate. The negative effect at the higher flow rates can be explained by a
dominance of press-on effects and the redistribution of drug particles towards active
sites. The positive effect at low flow rates seems contradictory to the redistribution of
drug particles towards active sites, but it can be explained by agglomeration effects and
the migration of drug particles towards sites of low binding activity nonetheless. The
mixing forces cause partial agglomeration of the drug particles with each other and with
lactose fines. These resulting larger particles are most easily detached due to a larger ratio
of separation to binding force. Hence, they are likely first detached at low flow rates.
Drug particles also find shelter from collisional and frictional mixing forces in carrier
surface irregularities without necessarily being attached with a high binding force.
Because the drug particles do not find shelter from inertial separation forces at these
sites during inhalation, migration of particles towards these sites may result in a higher
ratio of separation to binding force too and can thus be regarded as the redistribution of
drug particles towards sites with a low activity. This process can very well occur
concurrently with the redistribution of drug particles towards highly active sites. Which
mechanism is most relevant for the effect of mixing time on drug detachment for

mixtures that contain low drug contents will be the subject of a future study.

The type of drug. Previously presented values for the cohesion-adhesion balance (CAB)
of salbutamol, salmeterol, fluticasone and budesonide in combination with alpha lactose
monohydrate are 0.63, 2.39, 0.22 and 0.82 respectively [21, 22]. Although it has been
described that CAB-values can be highly batch dependent [23], it is expected that the
choice for the different drugs brings about a difference in adhesion and cohesion
characteristics. This is supported by Figure 8, in which a higher plateau value indicates
that the average binding force for that drug to lactose is higher, or that the average
separation force is lower due to a lower tendency to form agglomerates (or both). In this
respect the low CAB-value (0.22) of fluticasone could be indicative of a high intrinsic
adhesion to lactose, whereas salmeterol (2.39) would be more prone to form
agglomerates which are more easily detached [24]. However, the literature CAB-values
for budesonide and salbutamol are not in agreement with the trends observed in Figure
8, and neither are the observations with SEM regarding the degree of agglomeration in
Figure 3 (visually there seems to be hardly a difference in the degree of agglomeration
between the different drugs). The different plateau values for the drugs could also be the
result of a difference in their average particle mass, which is the result of the PSD of the
drug and its density. In a classifier based test inhaler the ratio of separation to binding
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force is lower for lighter particles and they will therefore be less likely to detach during
inhalation. This would result in a higher plateau value in Figure 8. However, the drug
with the highest calculated average particle mass (i.e. fluticasone, Table 3) also has the
highest plateau value, and therefore, differences in the average particle mass neither
explain the different plateau levels. Other drug specific characteristics that are of
influence on the adhesive and cohesive interactions, such as the observed differences in
particle shape and roughness, but also surface energy, moisture adsorption, deformability
(e.g. Young’s modulus, Poisson ratio) and electrostatic properties are thus more likely to
be the cause of the observed differences.

Regardless of the underlying mechanism, the difference in cohesion and
adhesion characteristics between the drugs is expected to cause a different balance of
mechanisms with a change in drug content. For example, the saturation of active sites
may be more pronounced for strongly adhesive drugs, especially when the drug content
is increased beyond monolayer coverage of the carrier surface. For strongly cohesive
drugs, however, agglomeration effects may be more pronounced. The data presented in
Figures 6 and 9 show that the drug dependence of the effect of a change in drug content
is expressed not so much in the direction as in the magnitude of the effect. However,
from the data presented in Figure 7 it follows that an independence of the direction of
the effect from the drug properties can be a result of the chosen drug content range. For
example, a change in drug content from 0.1-0.4% results in opposite effects on drug
detachment between salmeterol and fluticasone at flow rates of 40 L/min and higher.
Therefore, the type of drug causes both qualitative and quantitative interactions with the

effect of drug content, depending on the drug content range.

Other variables. The results from this study may be a consequence of the choice for
other variables as well. For example, the dispersion principle of the test inhaler used
relies mostly on inertial separation forces. This likely enhances the contribution of
agglomeration effects to the overall balance of effects. Furthermore, the coarse
crystalline carrier fraction used may cause higher press-on forces than a finer or
granulated carrier fraction. The negative contribution of an increased effectiveness of
these forces to the overall balance of mechanisms in this study may therefore have been
more dominant than will be the case for other carrier materials. The opposite may be
true for the low shear mixing process and small batch size that was used. Finally, the
drug contents at which certain effects have been observed are likely biased by the
presence of lactose fines on the carrier surface after the sieving procedure. This may
especially be true at low drug contents, where the lactose fines comprise a significant part

of the total fine particle mass.
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About practical implications

Based on the results from this study it is conceivable that the differences in drug content
between commercially available formulations result in a different dispersion behaviour.
This is especially relevant for drugs from the same manufacturer that are available in
different dose strengths. Furthermore, a drug to lactose ratio of 1:67.5 (1.46%) is not
used in any of the formulations presented in Tables 1 and 2, which should stimulate
researchers to use other than historical reasons for the choice of a certain drug to lactose
ratio. Examples could be a certain desired carrier coverage (monolayer or multilayer), the
desire to make use of the sheltering capacity of carrier surface irregularities or the
approximate maximum binding capacity of active sites for the carrier-drug combination
that is being used. In addition, it follows from the discussion that the drug content can
greatly affect the balance of different mechanisms. This has to be taken into account
when investigating the influence of other variables on the dispersion performance of
adhesive mixtures.

In explaining the effect of added lactose fines on the dispersion performance of
adhesive mixtures, the same mechanisms as for the effect of drug content may be
expected. This means that also quantitative and qualitative interactions of flow rate with
the effect of added fines can occur. Such interactions have been demonstrated previously
for lactose fines with a similar size distribution to the drug particles [20]. The effects of
added lactose fines on dispersion performance are further studied in chapter 5.

Conclusions

The effects of drug content on drug particle detachment from lactose carriers can be
explained with a balance between agglomeration effects, press-on effects and the
saturation of active sites. The flow rate, the type of drug, mixing time and the drug
content range are shown to cause quantitative and qualitative interactions, likely by
shifting the balance between the mechanisms in play. Our findings explain conflicting
results that were previously reported in literature regarding the effect of drug content on
dispersion performance. They furthermore irrefutably show that the choice for variables
other than the ones under investigation should not be based on historical reasons, but
rather on how they may interact with the primary variable(s) of interest. A higher drug
content may lower the significance of a mechanism such as the saturation of active sites
and can therefore shift the balance of effects of other variables towards agglomeration or
press-on effects, as is shown for the effect of mixing time in this study.
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Abstract

This chapter deals with the effects of mixing time on the homogeneity and dispersion
performance of adhesive mixtures for inhalation. Interactions between these effects and
the carrier size fraction, the type of drug and the inhalation flow rate were studied.
Furthermore, it was examined whether or not changes in the dispersion performance as a
result of prolonged mixing can be explained with a balance of three processes that occur
during mixing, knowing drug redistribution over the lactose carrier; (de-) agglomeration
of the drug (and fine lactose) particles; and compression of the drug particles onto the
carrier surface. For this purpose, mixtures containing salmeterol xinafoate or fluticasone
propionate were mixed for different periods of time with a fine or coarse crystalline
lactose carrier in a Turbula mixer. Drug detachment experiments were performed using a
classifier based inhaler at different flow rates. Scanning electron microscopy and laser
diffraction techniques were used to measure drug distribution and agglomeration,
whereas changes in the apparent solubility were measured as a means to monitor the
degree of mechanical stress imparted on the drug particles. No clear trend between
mixing time and content uniformity was observed. Quantitative and qualitative
interactions between the effect of mixing time on drug detachment and the type of drug,
the carrier size fraction and the flow rate were measured, which could be explained with
the three processes mentioned. Generally, prolonged mixing caused drug detachment to
decrease, with the strongest decline occurring in the first 120 minutes of mixing. For the
most cohesive drug (salmeterol) and the coarse carrier, agglomerate formation seemed to
dominate the overall effect of mixing time at a low inhalation flow rate, causing drug
detachment to increase with prolonged mixing. The optimal mixing time will thus
depend on the formulation purpose and the choice for other, interacting variables.
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Introduction

Lacey was one of the first to describe the mixing process as the creation of disorder by
allowing chance to determine the positions of the particles. With increased mixing time
these chance effects accumulate, eventually resulting in a more or less stable equilibrium
of maximum disorder [1]. The theoretical ‘random’ mixing process addressed by Lacey
excludes particle interaction phenomena and is therefore fundamentally different from
the ‘ordered’, or rather, ‘total’ mixing process that best describes the formation of
adhesive mixtures for inhalation [2-4]. In both instances the role of mixing time is
essentially the same, however, in that it allows chance effects to accumulate and
therefore determines the extent to which certain processes within the mixture take place.

On blending of adhesive mixtures for inhalation several such processes can be
distinguished. For example, it has been shown that drug agglomerates which are present
in the starting material will be broken up [5, 6] and evidence suggests that at the same
time new, less coherent agglomerates can be formed [7]. Furthermore, the
inhomogeneous nature of lactose carrier surfaces allows for redistribution of drug
particles to occur between surface sites with a different binding activity or sites with a
different capacity to offer sheltering to drug particles from the redistribution forces
during further mixing [2, 4, 8, 9]. In addition, repeated press-on forces and possibly
triboelectrification effects may gradually increase interaction forces between drug and
carrier particles [10-12]. Lactose fines might also be generated by attrition of the carrier,
but this process seems to be restricted to high shear blending operations [13, 14].

The three processes that are expected to principally affect the dispersion
performance of adhesive mixtures and that are therefore subject of this study can be
summarised as agglomeration, distribution and press-on processes, respectively. They
each may alter the dispersion performance of the mixture in a different direction and
with a different magnitude. Therefore, it is to be expected that the overall effect of
mixing time on the dispersion behaviour of any carrier-based inhalation formulation is
primarily related to the obtained balance between these three principal processes. This
also implies that any variable that alters this balance may interact with the effect of
mixing time.

The carrier size fraction, the drug content and the flow rate were previously
identified as variables that can interact with the effect of mixing time on drug
detachment during inhalation [15, 16]. These variables either directly affect the different
processes during mixing by influencing the potential and propensity for drug
redistribution and (de-)agglomeration or the magnitude and efficacy of press-on forces,
or they affect the significance of their occurrence in relation to drug detachment by
altering the dispersion efficacy. For example, the agglomeration behaviour of drugs in
adhesive mixtures was shown to be proportional to the carrier size fraction, or more
specifically, the interparticulate pore size of the carrier powder bed [7, 17]. Furthermore,
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the significance of a change in drug particle mass (agglomerate size) in relation to drug
detachment from lactose carriers during inhalation was found to decrease with increasing
dispersion efficacy (e.g. with higher flow rates through the inhaler) [18]. Therefore, for a
given drug-carrier combination agglomerate formation is most likely to be a dominant
process determining the effect of mixing time on drug detachment when coarse carrier
particles are used and dispersion tests are performed at a low flow rate. Another variable
that may change the balance of the different processes during mixing and could therefore
interact with the effect of mixing time is the type of drug: the balance of intrinsic
cohesive to adhesive interaction energy in combination with lactose can be different
between drugs, and therefore, so may be their propensity towards agglomeration [19].
Mixing is unquestionably the most important unit operation in the formulation
of adhesive mixtures for inhalation and mixing time is an easily controllable process
parameter. Despite this, the effect of mixing time on formulation performance and its
relation to all the other variables to be considered is still not fully understood for carrier-
based inhalation formulations. As a start to straightening out this discrepancy this thesis
chapter deals with the effect of mixing time on drug detachment for adhesive mixtures
with a relatively low drug content. In particular interactions between mixing time and the
type of drug, the carrier size fraction and the flow rate are investigated. Starting point of
this study is the idea that the balance of mainly drug (de-)agglomeration, redistribution
over and compression onto the carrier surface determines the overall effect of mixing
time on drug detachment. Therefore, different characterisation techniques have been
used in an attempt to measure or monitor the occurrence of these three ‘principal

processes’ and, by that, to study their relative contribution to the overall effect.

Materials and methods

Starting materials

Alpha lactose monohydrate (Pharmatose 80M, DMV-Fonterra Excipients, Goch,
Germany) was used to prepare the different carrier size fractions. Micronised salmeterol
xinafoate and fluticasone propionate were granted by Novartis (Germany). These drugs
were chosen for their difference in cohesion-adhesion balance in combination with
lactose, which was previously reported to be 2.39 and 0.22, respectively [20]. The drugs
were passed through a 90 um sieve to break up larger agglomerates and triboelectric
charge resulting from the screening process was allowed to decay for at least 2 days

afterwards.
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X-ray diffraction

The change in characteristics of drug particles when subjected to mechanical stress
during mixing may depend on their initial solid state. For example, disordering or
amorphisation of initially crystalline particles results in a higher apparent solubility [21,
22]. Therefore, the solid state of the drugs as used was measured by X-ray diffraction
with a D2 PHASER equipped with a 1 mm divergence slit and a LYNXEYE™ detector
(Bruker AXS B.V., Delft, The Netherlands). Approximately 15 mg of the micronised
material was evenly spread on a zero background Si sample holder without the use of an
adhesive. The sample holder was rotated at 60 rpm during measurement and it was made
sure that the powder was still in place afterwards. An air-scatter screen of 1 mm was used
to prevent radiation from the X-ray source to directly reach the detector. The scans were
performed from 5 to 40 °20 with a step size of 0.01 °20 and a 1 s step duration. CuKa
radiation with a wavelength of 1.5406 A was generated at 30 kV and 10 mA. The
measurements were performed on at least two different specimens from the same
powder sample to ascertain the reproducibility of the obtained diffraction pattern.

Carrier classification

A coarse (250-315 pm) and a fine (63-90 pum) carrier fraction were obtained from
Pharmatose 80M by 20 minutes of vibratory sieving at an amplitude of 1.5 mm (Retsch
AS 200 control, Germany). To further remove lactose fines from the surface of the
carrier particles, the carrier fractions were then air jet sieved for 10 minutes (e200LS,
Hosokawa Alpine AG, Augsburg, Germany); the coarse fraction on a 250 pm sieve at an
underpressure of 2000 Pa and the fine fraction on a 63um sieve at 3000 Pa.

Blend preparation

Blends were prepared at ambient conditions. The coarse carrier fraction was blended
with 0.4% of drug and the fine carrier with 1.48% to obtain a similar carrier surface
payload (in mg/m? calculated based on the ratio of the arithmetic mean fraction
diameters). The drug was sandwiched in between two equal parts of the carrier material
in a stainless steel mixing vessel with a volume of 160 cm3 and pre-mixed with a spatula
for approximately 20 orbits. The blends were subsequently mixed with a Turbula blender
operated at 90 rpm (WA Bachofen, Basel, Switzerland) for 0.5 to 780 minutes. Data for
different mixing times are obtained from the same batch, starting with a batch size of 25
g which decreased to approximately 15 g for the final blending step due to the extraction
of samples. For both carrier fractions placebo blends (containing only the carrier
material) were prepared in the same way.
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Content uniformity testing

Content uniformity of the blends was tested by taking 10 samples of 25 = 1 mg from
random positions. Blend homogeneity was considered acceptable at relative standard
deviations (RSDs) of the content < 3%. The mean value of the 10 samples was taken as

the drug content in the mixture.

Segregation sensitivity testing

To confirm a possible explanation for the content uniformity data, the segregation
sensitivity of the salmeterol mixtures containing a coarse carrier and being mixed for 2
and 420 minutes was tested. To this end, 1 g samples were subjected to the described
vibratory sieving procedure during 1 minute on a 150 um test sieve. The salmeterol
content of the sieving residue was determined from 5 samples of 25 £ 1 mg and

expressed relative to the salmeterol content of the original blends.

Scanning electron microscopy (SEM)

The (re-)distribution and agglomeration behaviour of the drug on the carrier with mixing
time was studied with SEM. Images were obtained with a JSM-6301F (Jeol, Japan) at an
acceleration voltage of 3kV and probe current 7. Samples were fixed on an aluminium
specimen mount by means of double sided adhesive carbon tape. For the pure drugs
excess sample was blown from the tape with pressurised air. Any excess particles from
the carrier material and blends were gently tapped from the specimen mount to avoid
detachment of lactose fines or drug from the carrier crystals, respectively. The drugs
were sputter coated with 10 nm of a gold-palladium alloy, whereas for the carrier and
mixture samples a coating thickness of 20 nm was found to be necessary for preventing
charging effects.

Laser diffraction analysis

All laser diffraction experiments have been performed with the HELOS BF
diffractometer (Sympatec, Clausthal-Zellerfeld, Germany) equipped with an R3 lens
(measuring range 0.5-175 um) or an R5 lens (measuring range 0.5-875 um, for the coarse
carrier fraction). The FREE calculation mode was used, which is based on the

Fraunhofer theory.

Dry dispersion. The particle size distributions (PSDs) of the drugs were measured after
dispersion of the powders with a RODOS disperser at 3 bar (Sympatec, Clausthal-
Zellerfeld, Germany). The PSDs did not change when the pressure drop for dispersion
was increased to 5 bar, which indicates that the primary PSDs of the drugs were
measured. Results are the mean of 2 measurements, which was deemed a sufficient

number of replicates with the added control measurements at a dispersion pressure of 5
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bar and considering the small deviations that were observed between individual
measurements.

The PSDs of both lactose carrier fractions were measured in the same way at 3
and 5 bar. Approximately 2 g of the sieved and placebo blended material was fed to the
RODOS disperser through a funnel. Results are the mean of 3 measurements.

Wet dispersion. To further quantify the qualitative information from SEM, the
agglomeration behaviour of the drugs on the carrier with prolonged mixing was
measured with laser diffraction too. The agglomerate size of the hydrophobic drugs as
present in the screened starting material and in the blends was measured in aqueous
suspensions using the CUVETTE SC-40 module (50 mL cuvette, Sympatec, Clausthal-
Zellerfeld, Germany). A sample of the blend was added to saturated aqueous solutions of
the drugs containing approximately 0.03% of polysorbate 80 (Tween 80). The particle
size distributions of suspended drug agglomerates were measured for 10 s after precisely
12 minutes (coarse carrier) or 2 minutes (fine carrier); the duration in which the lactose
completely dissolved for all samples. Dissolution of the lactose carrier was apparent from
a disappearing peak corresponding to the size of the carrier material and further
confirmed by optical microscopy of the suspensions (see further). A stirring speed of
approximately 500 rpm was used throughout the entire procedure to prevent
sedimentation of the suspended drug particles. It was made sure that the hydrophobic
drugs did not adhere to the wall of the cuvette during measurement. Sample sizes were
chosen such that an optical concentration of around 10% was obtained. It was checked
that dissolved lactose did not influence the laser diffraction results. The primary PSDs of
the drugs were measured after wet dispersion in a similar way after a pre-suspension step
comprising sonication of approximately 0.5 mg of the drugs in 2 mlL of the saturated
solution for 11 minutes using a 70 W, 42 kHz ultrasonic cleaner (Electris UC449UP,
France). The amount of pre-suspension that was added to the CUVETTE was titrated to
an optical concentration of around 10%. It was checked that the optical concentration
and characteristic PSD data of the primary particles thus measured remained constant
for minimally 12 minutes. The chosen conditions and procedures are the result of their
careful evaluation concerning reliability and reproducibility during many exploratory
measurements. Results are the mean of at least 3 measurements.

Optical microscopy

Aqueous suspensions of the adhesive mixtures were inspected by optical microscopy to
confirm the dissolution of the lactose carrier (BX50F, Olympus Optical Co., Ltd., Japan).
Several drops of the suspensions were placed on a glass microscope slide without using a
cover slip.
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Solubility testing

The apparent solubility of salmeterol was measured as a means to quantify the degree of
mechanical stress imparted on the drug particles during the mixing process. An aqueous
suspension of salmeterol was prepared by suspending the micronised starting material in
demineralised water containing approximately 0.03% polysorbate 80 (Tween 80). After
sonication for at least 30 minutes in a Helma Transsonic 700/H ultrasonic bath (Elma
Hans Schmidbauer, Singen, Germany) the suspension was stored in the dark for 1 week
without stirring before further use. Thereafter, the suspension was passed through a 0.2
um cellulose acetate filter to obtain a saturated solution. The apparent solubility strongly
depends on the suspended drug concentration [21, 22]. Therefore, to 10 mL of the
saturated solution, 0.7 mg of the salmeterol starting material was added or a sample of
the different salmeterol mixtures that resulted in an equivalent added salmeterol mass
(calculated based on the measured content). The resulting suspensions were regularly
vortexed during 1 hour. Exploratory measurements showed that, for the longest mixing
times, maximum dissolution is attained within 1 hour and that the concentration
consecutively decreases towards the equilibrium saturation concentration in the course of
several days to weeks. The procedure was continued by passing the suspensions through
a 0.2 um cellulose acetate filter. The samples were further analysed as discussed in the
section ‘spectrophotometric analysis’. Results are the mean of 2 measurements.

Drug detachment experiments

Drug detachment was measured by analysing the residual amount of drug present on the
carrier surface after a dispersion experiment with a classifier based test inhaler [23]. The
carrier crystals could be collected for analysis after a drug detachment experiment, since
they were retained in the classifier of the inhaler. The residual amount of drug
normalised to 100% of the carrier is referred to as ‘carrier residue’ (CR). The percentage
of drug detached is calculated as 100-CR. Doses of 25 = 1 mg were used for the drug
detachment experiments, which were performed at flow rates of 20 and 60 L/min for a
fixed duration of 3 seconds. Drug detachment experiments for the same flow rate and
drug-carrier combination (at different mixing times) were performed on the same day to

minimise environmental effects. Results are the mean of 5 measurements.

Spectrophotometric analysis

Samples from the content uniformity analyses and drug detachment experiments were
analysed for salmeterol and fluticasone content by spectrophotometric analysis at a
wavelength of 228 nm (Unicam UV-500, ThermoSpectronic, Cambridge, UK).
Calibration curves for the concentration of both drugs were constructed with a
coefficient of determination of 0.9998. All samples were dissolved in ethanol and
subsequently centrifuged for 5 minutes at 3000 rpm (Hettich Rotanta D-7200, Hettich
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AG, Switzerland) to clear the drug solutions from suspended lactose particles prior to
measurement. If necessary, samples were diluted for the drug concentrations to fall
within the range covered by the calibration curves.

The absorbance of the samples from the solubility tests was measured
spectrofotometrically at a wavelength of 280 nm. The measurement at this wavelength
avoids the necessity of dilution of the supersaturated salmeterol solutions in order for
the absorption values to fall within the linear measuring range of the spectrophotometer
used. Water containing 0.03% of polysorbate 80 and the dissolved pure lactose carrier (if
applicable) was used as a blank. Because only the relative difference in the apparent
solubility of salmeterol between the different samples is of interest, an exact
quantification of the salmeterol concentration is not necessary and no calibration curve
was constructed.

Results and discussion

Solid state of the drugs

The X-ray diffraction patterns of the drugs are presented in Figure 1. Judging from the
sharp peaks and the lack of a ‘halo’ both drugs are crystalline.

16000
12000
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4000
SX MM

26 (9
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Figure 1: X-ray diffraction data for salmeterol xinafoate (SX) and fluticasone propionate (FP).

Particle size distributions of the drugs and carrier materials

Because the volume median diameters of the drugs are well within the desirable size
range for inhalation of 1-3 um (see Table 1), the drugs are considered suitable for use in
these experiments.
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Table 1. Characteristic PSD data (average (SD)) of the drugs
(n = 2) and carrier material (n = 3).

X50 (um) V% <10 um
Salmeterol (dry) 1.41 (0.01) 99.99 (0.01)
Salmeterol (wet) 1.43 (0.01) 100
Fluticasone (dry) 1.80 (0.06) 99.85 (0.03)
Fluticasone (wet) 1.59 (0.02) 99.53 (0.04)
Fine carrier 72.04 (0.28) 1.65 (0.06)
Fine placebo* 74.75 (0.60) 1.15 (0.51)
Coarse carrier 289.97 (4.29) 0.34 (0.41)
Coarse placebo* 288.69 (0.87) 0.15 (0.01)

* The fine and coarse catrier as obtained after the sieving procedure
have been placebo blended for 600 and 420 minutes, respectively.

The carrier material as obtained after the classification procedure still contained a
measurable amount of fines, which is presented in Table 1 as the volume fraction < 10
um. Placebo mixing of both carrier fractions unexpectedly resulted in a trend of
decreasing volume fraction < 10 um. The loss of fines with mixing was confirmed by
visual observation of the cartier particles with SEM (Figure 2). The reduction of the
amount of fines may be explained by their adhesion to the inner walls of the mixing
vessel, which resulted in a faint white haze being visible after placebo mixing,

The data from RODOS dispersion suggest that the fine carrier fraction contains
a higher volume fraction of lactose fines than the coarse carrier fraction. However,
because the specific surface area of the fine carrier fraction is approximately 3.7 times
that of the coarse carrier (calculated based on the ratio of the arithmetic mean fraction
diameters), their fines content per unit carrier surface area may well be comparable. This
statement is supported by Figure 2, in which both carrier fractions are shown at a
different magnification so as to display the carrier particles at the approximate same size.
There is no notable difference in surface coverage by fines between the fine and coarse
carrier fractions. Differences in the size distribution of the lactose fines may exist
between the carrier fractions, however.

The appearance of lactose fines in commercial carrier products is inevitable as
they cannot be effectively removed. They will influence the balance of the principal
processes (i.e. drug (de-) agglomeration, redistribution and compression) during mixing
of the blends to certain extent. Based on the placebo experiments it may be expected
that in our study drug detachment will not be affected by mixing time through the
generation of new lactose fines. Furthermore, any difference in the effect of mixing time
on drug detachment between both carrier fractions is not likely to be the result of a

difference in the covering of the carrier by lactose fines. However, it is not clear to what
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Figure 2: representative SEM images of the sieved and placebo blended carrier material.
Mixing times for the placebo blends displayed are 420 and 600 minutes for the coarse and fine fraction,
respectively.

extent this may be determined by other factors too, such as differences in the scale of

carrier surface discontinuities between the carrier fractions.

Content uniformity

A trend of decreasing drug content with prolonged mixing was observed for both drugs
mixed with the coarse carrier (Table 2, 0.4% of drug). This is the result of drug adhesion
to the inside of the mixing vessel, which was observed as the formation of a white haze
that became more opaque as mixing was continued. For the fine carrier, drug losses
occurred mostly at the early onset of mixing after which the content stayed relatively
constant (Table 2, 1.48% of drug). The difference in absolute drug loss to the mixing
vessel wall between the carrier fractions is small (approximately 15 and 18.5 mg for the
coarse and fine carrier fraction, respectively), which suggests that the drug loss is largely
determined by saturation of the mixing vessel’s inner walls, which is independent of the
carrier type. The losses are of the same order of magnitude for both drugs.
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Table 2. Content uniformity test results for blends containing 0.4% drug on a coarse lactose carrier
or 1.48% drug on a fine lactose catrier (n = 10).

Mixing 0.4% salmeterol 0.4% fluticasone 1.48% salmeterol 1.48% fluticasone
time Content* RSD  Content* RSD  Content* RSD  Content*  RSD
(emin) %) %) %) %)
0.5 95.3 0.91 97.4 1 95.5 0.96 96.5 1.23
2 94.9 0.89 97.1 0.8 96.5 0.75 95 1.47
10 93.5 0.61 94 0.82 96.7 0.37 95.7 0.53
30 90.3 0.56 90.7 0.56 96.3 0.86 94.5 0.68
60 87.3 0.92 89.9 0.51 96.4 0.49 94.4 0.88
120 76.5 0.82 86.1 0.73 96.2 0.72 93.9 0.88
420 84.9 2.54 84.2 1.16 94 0.89 92.6 0.34
600 - - - - 93.4 0.82 94.7 0.41
780 - - - - - - 94.6 0.49

* Content = % of drug weighed.

For all blends the RSD of the content is < 3% and they are therefore considered
homogeneous (Table 2). No meaningful change in RSD with increased mixing time is
observed, only the RSD of the 0.4% salmeterol mixture after 420 minutes of mixing is
notably higher. This higher RSD accompanies an increase in segregation sensitivity.
Between 2 and 420 minutes of mixing the drug loss resulting from 1 minute of vibratory

sieving increases from 15.6% to 52.4%.

Agglomeration effects

Scanning electron microscopy. The relatively lower degree of homogeneity and increased
segregation sensitivity for the 420 min 0.4% salmeterol mixture are likely the result of a
high degree of agglomeration of the salmeterol (and possibly fine lactose) particles onto
or in between the coarse carrier particles. For the large agglomerates of approximately 25
um that are visible in Figure 3 (C1 and C2) gravitational forces start to dominate
adhesion forces. This shifts the balance between randomisation and ‘ordering’ or
adhesion in favour of randomisation [4]. The reproducibility of the formation of large
agglomerates was confirmed by SEM for at least three different batches of 0.4%
salmeterol prepared. A less pronounced agglomeration of salmeterol with prolonged
mixing is observed on the fine carrier (Fig. 4). The agglomerates are less numerous and
they are smaller than those on the coarse carrier (no larger agglomerates than about 10
um could be found in the specimen). This observation suggests that agglomeration may
occur in the carrier surface irregularities, which are larger for the coarse carrier. These

data are in line with the conclusion from previous studies that the size of drug
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Figure 3: representative SEM images of the salmeterol blend containing a coarse carrier at
different mixing times. Mixing times are given in minutes. Magnifications on the right hand side are
taken from the images on the left hand side.

agglomerates after mixing increases with increasing carrier particle size [7, 17]. However,
the conclusions from those studies ate based on mixtures containing equal drug
contents. This results in a higher catrier sutface payload (mg/m?) for larger carrier size
fractions, which may also cause an increase in agglomerate size (as discussed in chapter 3
of this thesis). In our study a difference in carrier surface payload cannot have caused the
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Figure 5: representative SEM images of the fluticasone blend containing a coarse carrier at
different mixing times. Mixing times are given in minutes. Magnifications on the right hand side are
taken from the images on the left hand side.

< Figure 4: representative SEM images of the salmeterol blend containing a fine carrier at
different mixing times. Mixing times are given in minutes. Magnifications on the right hand side are
taken from the images on the left hand side.
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difference in agglomeration behaviour between both carrier size fractions, as it was kept
constant.

The agglomeration behaviour of fluticasone is markedly different from that of
salmeterol when mixed with the coarse carrier depending on the mixing time. Some
fluticasone agglomerates could be found in the specimen after 420 minutes of mixing
(Fig. 5, C1 and C2), but they are smaller (maximally about 10 um) and less numerous
than is the case for salmeterol (Fig. 3, C1 and C2). When mixed with the fine carrier, the
difference in agglomeration behaviour between fluticasone (Fig. 6) and salmeterol (Fig.
4) 1s not as pronounced.

The difference in the propensity towards agglomeration between both drugs,
which becomes especially notable after prolonged mixing with the coarse carrier, can be
explained by a difference in their balance of intrinsic cohesive to adhesive interaction
energy in combination with lactose. Values for the cohesion-adhesion balance (CAB) of
salmeterol and fluticasone with lactose have previously been reported to be 2.39 and
0.22, respectively [20]. This means that the cohesiveness of salmeterol is 2.39 times its
adhesiveness to lactose, whereas for fluticasone the adhesiveness to lactose is 4.55 times
its cohesiveness. Although these results have been obtained with different batches of
material (which may influence CAB values significantly [24]), they are in agreement with
the greater agglomeration tendency of salmeterol than that of fluticasone observed in
this study.

It should be noted that evaluations based on SEM images can lead to biased or
incorrect conclusions. Disadvantages inherently associated with SEM imaging include
the difficulty of representative sampling from the mixture, representative imaging of a
specimen and the possible altering of the sample during its preparation. SEM images
presented in this chapter are therefore images that have been obtained with utmost care
to ascertain their representativeness. Their selection has been made after studying
multiple samples and batches and imaging different spots of the same specimen. In
addition, care was taken for the gentle handling of the powder during sample
preparation. Nevertheless, one should keep in mind that conclusions from SEM imaging
are based on a very limited number of observations, which is why laser diffraction was

used in this study as an additional characterisation technique.

Laser diffraction analysis

The wet suspension laser diffraction method provides data on the agglomeration
behaviour of salmeterol that are in agreement with the observations from SEM (Fig. 7).
The Xs0 of 93 um at t = 0 min represents the agglomerate size of the screened starting

€ Figure 6: representative SEM images of the fluticasone blend containing a fine catrier at
different mixing times. Mixing times are given in minutes. Magnifications on the right hand side are
taken from the images on the left hand side.
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material. These agglomerates are quickly dispersed during blending with the coarse

carrier untl a minimum Xso of only 2.71 um is reached after 10 minutes, which
approaches the primary particle size of the drug (Table 1). Continued mixing then results
in a gradual increase of the Xs0 to a value of 25.4 um after 420 minutes. As discussed,
agglomerates of the same order of magnitude have been observed with SEM (Fig. 3, C1
and C2). For the fine carrier fraction, a minimum in Xso is reached after 120 minutes,
which remains very much the same (around 5 pm) during continued mixing. Compared
to the Xso-value of the primary salmeterol particles (Table 1) this confirms the
occurrence of only minor agglomeration, as was concluded from SEM images too.
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Figure 7: X5 from laser diffraction analysis of suspended drug particles after dissolution of the
carrier material. Y-error bars represent minimum and maximum values measured (n = 2).
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Although these data for salmeterol may be in agreement with the images from
SEM, they are likely to be biased by dissolution effects and subsequent deagglomeration
in suspension. It was noticed that with prolonged mixing a larger sample of the blends
was required to attain the desired optical concentration of around 10% (up to a 6-fold
difference between the shortest and longest mixing times for both carrier fractions). This
observation can neither be explained by the slightly lower drug content with prolonged
mixing (Table 2), nor by differences in the particle size distribution of the agglomerates
(especially not for the fine carrier). It is much more likely the result of an increasing
apparent solubility of salmeterol with increased mixing time that causes improved
dissolution of the drug and thus the formation of a supersaturated solution (Fig. 8).
Therefore, the conclusion has to be drawn that the salmeterol data in Figure 7 may to
certain extent be biased by dissolution effects, especially for long mixing times. This may
result in enhanced dispersion of agglomerates, and thus underestimation of the

agglomerate size.
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Figure 8: change in apparent solubility of salmeterol during mixing with the coarse and fine
lactose catrier. The apparent solubility is represented by the absorbance of the solution at 280 nm.

For fluticasone, laser diffraction data (Fig. 7) are not in agreement with the SEM
images (Figs. 5+06). With the coarse carrier, a maximum agglomerate size in the mixture
of 25 um is measured after 60 minutes of mixing, but agglomerates of this size could not
be observed in the mixture by SEM (Fig. 5, B1 and B2). For the fine carrier the
difference is even more pronounced with a maximum of 75 um after 780 minutes of
mixing determined by laser diffraction measurements, whereas only small agglomerates
of maximally 4-10 um could be found with SEM (Fig. 6, D1 + D2). The value of 75 pm
coincides remarkably well with the size of the carrier particles. Light microscopic imaging

of the suspensions revealed that this discrepancy is the result of the formation of
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Figure 9: light microscopic images of suspended fluticasone films after dissolution of the
lactose carrier. Top: 1.48% fluticasone mixed with the fine carrier for 600 minutes, the scale bar
represents 60 pm; bottom: 0.4% fluticasone mixed with the coarse carrier for 420 minutes, the scale bar
represents 15 um.

insoluble, thin films that consist of the drug material and have sufficient structural
integrity to remain intact in suspension after complete dissolution of the carrier. For the
fine carrier these films have shapes similar to those of the carrier particles (Fig. 9, top),
whereas for the coarse carrier the films cover a relatively smaller part of the particle
surface (Fig. 9, bottom). Possibly the larger surface irregularities prevent the formation
of a continuous film over the complete surface of the coarse carrier. Spontaneous re-
agglomeration of drug particles after suspension is a well-known possible source of bias
with wet laser diffraction measurements too. However, such a process is not likely to
have contributed to the discrepancy between results from laser diffraction and SEM for
fluticasone: no increase in the Xio, Xs50 or Xoo values was observed for any of the mixture
samples during or after dissolution of the carrier material or for the suspended primary
particles.

The formation of a film or coating on the carrier surface by both drugs can be
observed with SEM too, especially on the fine carrier (Figs. 4 and 6, D2). For salmeterol,
film formation on the fine carrier could also be confirmed by suspension of the blend
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mixed for 600 minutes in a supersaturated drug solution. Then, similar films as shown in
Figure 9 (top) for fluticasone were observed by light microscopic imaging several
minutes after submersion of the particles (images not shown). This confirms that
dissolution and dispersion prior to the laser diffraction measurements (Fig. 7) must have
occurred for salmeterol. The apparent solubility of fluticasone in the medium used in this
study is too low to be reliably measured by spectroscopy, even after prolonged mixing.
This explains why dissolution effects did not occur for fluticasone and the films
remained intact in the suspension medium during the laser diffraction measurements.

Dissolving the carrier material to allow the measurement of drug agglomerates in
suspension is a commonly applied technique [5, 6, 17]. However, such data are a measure
of the strength of agglomerates as well as their size, because de-agglomeration can occur
during the time required for dissolution of the carrier. This will be more pronounced for
weaker agglomerates. In addition, fines of the same material as the carrier will be
dissolved, which may cause the dispersion of composite agglomerates. Our results
furthermore show that changes in the apparent solubility of the drugs and film formation
may introduce additional sources of bias. With the mixing conditions applied in this
study this is especially true for mixing durations longer than 1 hour. Therefore, the data
from such wet laser diffraction methods have to be interpreted with good knowledge of
all the processes involved and cannot be used unconditionally as a measure for the size
of detachable drug agglomerates. To aid in their correct interpretation, supporting data
from other characterisation techniques should preferably be provided.

Press-on effects

The increase in apparent solubility of salmeterol (Fig. 8) can be explained by the
mechanical stress that is imparted on the drug particles during mixing. This causes
disordering or amorphisation of the initially crystalline particle surface [25, 26]. Mixing
with the coarse carrier results in a faster increase in apparent solubility than does mixing
with the fine carrier. Apparently, the higher mass of the coarse carrier particles results in
increased mechanical stress on the drug particles during collisions and this leads to faster
amorphisation. Within 60 minutes of mixing a plateau is reached in the apparent
solubility which is roughly 1.5 times the supposed equilibrium solubility of the starting
material. This means that a maximum degree of disordering of the salmeterol particles is
reached within this time or that the suspension concentration chosen in these
experiments is not optimal for distinguishing further disordering [20].

The fact that the drug particles are subjected to significant mechanical stress
during mixing does not only become clear from the increase in apparent solubility of
salmeterol. SEM imaging of the blends reveals a change in morphology of the individual
drug particles upon prolonged mixing too. This is most cleatly illustrated in Figure 10,
where the starting material is compared with agglomerates found in the mixture with a
fine carrier after 420 (salmeterol) or 780 minutes (fluticasone) of mixing. Similar
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Figure 10: representative SEM images showing morphological changes to the drug particles
occurring during mixing. Top: the salmeterol (SX) and fluticasone (FP) starting materials; bottom:
drug agglomerates on the fine carrier after a certain mixing time (in minutes).

agglomerates and similarly shaped primary particles were not observed in the placebo
blends. Therefore, the agglomerates shown in Figure 10 are likely to consist primarily of
the drug component. The original plate-like salmeterol particles are extensively plastically
deformed, whereas fluticasone appears to be fragmented into small needle shaped
particles. In the mixture with the coarse carrier, plate-like salmeterol particles have
mostly been deformed to spherical particles already after 60 minutes of mixing (Fig. 3,
B2). When mixed with the fine carrier, the original plate-like shape of the salmeterol
particles is still recognisable after 60 minutes of mixing (Fig. 4, B2). Only after 420
minutes of mixing their original shape is completely lost (Fig. 4, C2). Therefore, the
conclusion from the apparent solubility data that greater mechanical stress is caused by
the coarser carrier is in agreement with the SEM images. Apparently, the larger carrier
surface irregularities of the coarser carrier particles do not offer sufficient protection to
the drug particles from mechanical stress to balance the higher frictional and inertial
forces that result from a higher mass of this carrier.
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The introduction of a higher degree of solid-state disorder with prolonged
mixing may affect the chemical stability of the formulation. In addition, recrystallisation
at the drug-carrier interface during storage may severely affect the powder’s dispersion
behaviour in a negative way. The inertial and frictional mixing forces that cause an
increase in apparent solubility may partly act as press-on forces, which cause increased
drug-carrier interactions and thus negatively influence drug detachment during
inhalation. Based on the faster increase in apparent solubility (Fig. 8) a greater negative
contribution from press-on forces to the overall effect of mixing time on drug
detachment may be expected for the coarse carrier than for the fine carrier.

Drug (re-)distribution

Drug particles are primarily located in carrier surface irregularities after 0.5 minutes of
mixing (Figs. 3-6, Al and A2). The presented data indicate that the drug particles are
subsequently redistributed over the complete carrier surface during prolonged mixing,
where they may become immobilised by compression on the carrier surface to form
continuous, coherent films. In addition, certainly for salmeterol, a substantial fraction of
the drug forms large agglomerates (whether preceded by drug redistribution into carrier
surface irregularities or not). Agglomeration and compression (as a result of mechanical
stress that concurrently causes the film formation and increased solubility) of the drug
particles are especially pronounced after mixing for at least 60 minutes. Therefore, after
such long mixing times, the redistribution of drug particles between carrier surface sites
with a different intrinsic binding activity is likely to be of minor importance than press-
on and agglomeration effects to the overall effect of mixing time on drug detachment.
With shorter mixing distribution effects may be more significant.

Drug detachment

The data presented in Figure 11 confirm that the effect of mixing time on drug
detachment is dependent on the type of drug, the carrier size fraction and the flow rate.
The effect of mixing time is most pronounced within the first 120 minutes of mixing.
For salmeterol mixed with the coarse carrier, drug detachment at a flow rate of
20 L/min increases from 23.9% after 2 minutes of mixing to 43.4% after 420 minutes of
mixing. These values are in line with the change in the amount of drug that is contained
in easily detachable agglomerates, as was measured with the segregation sensitivity test
(.e. 15.6% to 52.4%, respectively). Therefore, the positive effect may be the result of a
dominance of agglomerate formation. However, the maximum increase in drug
detachment is already attained within the first 30 minutes of mixing, whereas
agglomeration seemed to occur mostly from 10 to 420 minutes of mixing (based on the
laser diffraction data in Fig. 7) or from 60-420 minutes of mixing (based on the SEM
images in Fig. 3). Therefore, other effects may have contributed to the positive effect as
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Figure 11: drug detachment at 20 and 60 L/min as function of mixing time. Y-error bars

represent minimum and maximum values measured (n = 5).

well. The observed change in the shape of the salmeterol particles by SEM could be one
of those additional effects (as shown in Fig. 3, B2). At 60 L/min, the effect of mixing
time is dominated by press-on effects and possibly some migration of drug particles
towards active binding sites (distribution effects). In the first 10 minutes of mixing
deagglomeration may also contribute to a lower drug detachment (i.e. a lower ratio of
inertial separation to binding force due to a lower drug agglomerate mass). As a result,
drug detachment decreases from nearly 100% after 0.5 minutes of mixing to 75% after
120 minutes of mixing and an opposite effect from that at 20 L/min is thus obtained. In
other words, not the whole drug particle mass is affected by mixing time in the same
way. The salmeterol fraction that is contained in easily detachable agglomerates increases
(Fig. 11: coarse, 20 L/min) concurrently with the fraction that is contained in a strongly
bound film on the carrier surface (Fig. 11: coarse, 60 L/min). Which effect is measured
depends on the dispersion efficacy (ie. flow rate) during the drug detachment
expetiments. The fact that, at 60 L/min, a plateau in drug detachment is reached
suggests that during mixing a dynamic equilibrium is established between drug that is
present in the strongly bound film on the carrier surface and drug that is present as more
readily detachable drug particles (including agglomerates).
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In contrast to the coarse cartier, prolonged mixing with the fine carrier results in
a negative effect on drug detachment at 20 L/min. Because the agglomeration of
salmeterol is less pronounced with the finer carrier, the positive contribution from this
effect is not dominant over any negative contribution from increased compression of the
drug onto the carrier surface and redistribution of drug towards active binding sites. The
greater dominance of press-on and possibly distribution effects is also apparent at 60
L/min, because no plateau value is reached and the minimum amount of drug detached
is lower than with the coarse carrier (42% versus 75%, respectively). Based on the SEM
images and apparent solubility data it was concluded that mechanical stress and thus
press-on forces on the drug particles are lower for the fine carrier. This effect, which
should result in improved drug detachment, is apparently offset by the decrease in
agglomeration from the coarse to the fine carrier.

For fluticasone, drug detachment at 20 L/min stays relatively constant on
continued mixing with the coarse carrier. This suggests that effects from agglomeration
are balanced by press-on effects and distribution effects and are thus less dominant than
is the case for salmeterol. This is in agreement with the lower degree of agglomeration
that was observed for fluticasone. Also the lower plateau value in drug detachment that
is reached at 60 L/min indicates that the dynamic equilibrium between drug being
present as detachable agglomerates and as strongly adhering films is shifted towards the
latter when changing salmeterol for fluticasone. The effect of mixing time is comparable
for both drugs when mixed with the fine carrier. This too is in agreement with the less
pronounced difference in their agglomeration behaviour (which for salmeterol is likely
restricted by the smaller surface irregularities).

Practical implications

The results show that the mixing time should be catefully considered for the formulation
of carrier-based inhalation powders. The optimal mixing time may vary depending on the
formulation purpose and the choice for other, interacting variables. A balance between
satisfactory homogeneity and mechanical stability on the one hand and dispersibility on
the other may be achieved at relatively short mixing times. However, the effect of mixing
time is also most pronounced at the start of mixing, and therefore, a sufficiently robust
process may require longer mixing instead. For research purposes it may be desirable to
stress press-on effects or agglomeration effects, which can be achieved by prolonged
mixing, especially when using a coarse carrier fraction.

The need for a careful consideration of the applied mixing time is further
stressed by the fact that the relevance of mixing time is not restricted to the homogeneity
and dispersion performance of the powder formulation. The mechanical stress from
(prolonged) mixing may influence the solid state of the drug and, with that, its
dissolution behaviour (absorption) after inhalation and subsequent deposition in the
lungs and the physical and chemical stability of the mixture during storage.
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The long mixing times that have been applied in this study may not be representative for
the mixing times applied in industrial dry powder inhalation formulation. However,
many of the effects that are shown in is this chapter may occur at a higher rate when
larger batch sizes and higher shear mixing principles are used, as is common for
industrial processes. For example, it was shown that 1 hour of mixing with the low shear
Turbula blender used in this study (operated at 90 rpm) results in a similar dispersion
performance as 5 minutes of mixing with a lab-scale high shear blender (i.e. Picomix
operated at 1000 rpm) [27].

Future perspectives

The overall effect of mixing time on drug detachment is likely to depend on more
variables than the ones addressed in this chapter. Examples are the dispersion principle,
the drug content, the carrier surface roughness, the mixing principle and the mixing
intensity. Furthermore, the change in drug detachment is only an indication of the
change in the maximum fine particle fraction that can be obtained, depending on the
degree of agglomerate dispersion following detachment. Therefore, much is still to be
learned from future investigations that address these factors in combination with the

right techniques to measure or monitor the relevant powder properties.

Conclusions

Quantitative and qualitative interactions occur between the effect of mixing time on drug
detachment and the type of drug, the carrier size fraction and the flow rate used. This
can be satisfactorily explained with a balance of three processes which take place during
mixing: i.e., drug (de-)agglomeration, compression onto and (re-)distribution over the
carrier surface. A combination of SEM, laser diffraction techniques and the
measurement of the apparent solubility of the drug can be used to qualitatively analyse
these processes, but an exact quantification requires further improvement of these or the
development of other techniques.
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Abstract

Fine excipient particles or ‘fines” have been shown to improve the dispersion
performance of carrier-based formulations for dry powder inhalation. Mechanistic
formulation studies have focussed mainly on explaining this positive effect. Previous
studies have shown that higher drug contents may cause a decrease in dispersion
performance, and there is no reason why this should not be true for fines with a similar
shape, size and cohesiveness as drug particles. Therefore, the effects on drug detachment
of ‘fine lactose fines” (FLF, X50 = 1.95 um) with a similar size and shape as micronised
budesonide were studied and compared to those of ‘coarse lactose fines” (CLF, X50 =
3.94 um). Furthermore, interactions with the inhalation flow rate, the drug content and
the mixing order were taken into account. The observed effects of FLF are comparable
to drug content effects in that the detached drug fraction was decreased at low drug
content and low flow rates but increased at higher flow rates. At high drug content the
effects of added FLF were negligible. In contrast, CLF resulted in higher detached drug
fractions at all flow rates and drug contents. The results from this study suggest that the
effects of fines may be explained by two new mechanisms in addition to those previously
proposed. Firstly, fines below a certain size may increase the effectiveness of press-on
forces or cause the formation of strongly coherent fine particle networks on the carrier
surface containing the drug particles. Secondly, when coarse enough, fines may prevent
the formation of, or disrupt such fine particle networks, possibly through a lowering of
their tensile strength. It is recommended that future mechanistic studies are based on the
recognition that added fines may have any effect on dispersion performance, which is

determined by the formulation and dispersion conditions.
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Introduction

The dispersion performance of adhesive mixtures for inhalation may be modified by the
addition of a third, fine particulate component or ‘fines’ [1]. The resulting powders are
often referred to as tertiary blends. Few techniques in the preparation of adhesive
mixtures for inhalation have been given as much attention in scientific literature as the
addition of fines, and an excellent overview of the majority of this literature is given by
Jones and Price [2]. Fines generally improve the dispersion performance of adhesive
mixtures, and different hypotheses have been proposed to explain this finding (Table 1).

Table 1: hypotheses concerning the working mechanism of added lactose fines.

Hypothesis Explanation Reference

Active sites hypothesis Fines occupy so-called ‘active sites” on the carrier surface, [3]
leaving only weaker binding sites available for the drug
particles to bind to.

Agglomeration hypothesis Fines form agglomerates, multiplets or multi-layers with [3, 4]
drug particles, which are supposedly more easily detached
from the carrier surface.

Buffer hypothesis Fines coarser than the drug particles may act as a buffer [5]
between colliding carrier particles and protect drug particles
from press-on forces during mixing.

Fluidisation hypothesis Fines increase the tensile strength of the bulk powder, [6]
which increases the minimum energy required for

fluidisation and thus the energy available for dispersion.

Obtaining solid experimental support for the proposed hypotheses has proven
to be a true challenge. As a result, the exact working mechanisms of added fines are
largely unknown to date. This is not only the result of a limited number of techniques
available to measure relevant powder properties. Interactions between formulation and
dispersion variables also greatly add to the challenge [7]. This was, for example, shown in
a study by Jones et al., in which the effect of lactose fines on dispersion performance was
studied in relation to the drug content, mixing time and mixing order of the drug and
fines [8]. The influence of any of these variables was apparently dependent on the levels
of the other variables taken into account. Thus, interactions may explain why
contradictory results have been obtained between studies on the working mechanisms of
fines that were performed under different conditions, and hence, why the plethora of
available data has not led to a fundamental understanding of powder performance [2].

The addition of lactose fines to adhesive mixtures in essence does not differ
from an increase in drug content, since both result in a higher total amount of fines.

Especially when the lactose fines have roughly the same size distribution, shape and
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cohesiveness as the drug particles, an effect of added fines on dispersion performance
similar to that of drug content may be expected, despite a difference in chemical
composition [9]. This means that also the same mechanisms might play a role.

In chapter 3 of this thesis it was shown that the effects of drug content on
dispersion performance may be explained by multiple mechanisms and that interactions
likely result from a shift in their balance. Two of the mechanisms used to explain drug
content effects have also been proposed as working mechanisms for the effect of fines in
the agglomeration and active sites hypothesis (Table 1). However, under certain
conditions, increasing the drug content resulted in a lower dispersion performance. Such
an unfavourable effect cannot be explained by agglomeration or the saturation of active
sites alone, since these mechanisms would lead to a better dispersion performance [3, 4].
It was proposed that the unfavourable effect of drug content on dispersion performance
was caused by an increased effectiveness of press-on forces during mixing, since drug
particles filled up carrier surface irregularities at higher contents and, thus, exhibited
greater susceptibility to compressive mixing forces. Furthermore, the formation of
strongly coherent drug particle networks on the carrier surface was observed, from
which the drug may be difficult to detach. The inhalation flow rate interacts with drug
content in both quantitative and qualitative ways and is, therefore, likely to cause a shift
in the balance between the mechanisms in play.

Studies described in this chapter address the hypotheses that, analogous to the
effect of drug content, the effect of added lactose fines on the dispersion performance of
adhesive mixtures can be explained by a balance between multiple mechanisms and that
these mechanisms may include an increase of the effectiveness of press-on forces or the
formation of coherent networks. For this purpose, the effects of added lactose fines with
a median particle size close to that of the drug (ie. < 2 um) on the dispersion
performance of adhesive mixtures with different budesonide contents were studied over
a range of flow rates. Furthermore, interactions with the size distribution of the fines and
mixing order of the drug and fines were studied. These variables are expected to change
especially the contribution of the ‘buffer mechanism’ and the ‘active sites mechanism’,

respectively, to the overall effect of added fines.

Materials and methods

Starting materials

Alpha-lactose monohydrate of different grades was obtained from DFE Pharma (Goch,
Germany). Pharmatose 80M was used to obtain a coarse size fraction of cattier particles,
whereas Respitose MLO06 was micronised to obtain lactose with a size distribution

roughly comparable to that of the drug (i.e. fine lactose fines, FLF). Lactose fines coarser
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than the drug (i.e. coarse lactose fines, CLF) were obtained by micronisation of a
Lactohale product (Borculo Domo Ingradients, Borculo, The Netherlands). The FLF
and CLF had been stored for at least one year under environmental conditions before
use. During this period they have been exposed multiple times to air with a relative
humidity varying closely around 50%, and therefore, any amorphous surfaces formed
during the milling process had likely recrystallised over time. Micronised budesonide
(Fagron, The Netherlands) was the drug used in this study. To break up larger
agglomerates, the drug and lactose fines were passed through a 90 um test sieve at least
several days prior to preparation of the mixtures.

Carrier classification

Pharmatose 80M was sieved for 20 minutes with a vibratory sieve (Retsch AS 200
control, Germany) to obtain a carrier size fraction of 250-315 um. The vibratory sieving
procedure was then followed by 15 minutes of air jet sieving (Alpine A200, Augsburg,
Germany) to remove as many intrinsic lactose fines from the carrier material as possible.
The carrier classification procedure is the same as that used in the study on drug content
effects presented in chapter 3, which allows the data from both studies to be compared.

Laser diffraction analysis

Particle size distributions of the mixture components were measured with the HELOS
BF laser diffractometer after dispersion with a RODOS powder disperser at 3 bar
(Sympatec, Clausthal-Zellerfeld, Germany). For the drug and lactose fines a 100 mm lens
with a measuring range of 0.5/0.9-175 um was used, whereas the cartier material was
measured with a 500 mm lens (4.5-875 pm measuring range). Data are based on the
Fraunhofer theory. Increasing the dispersion pressure to 5 bar did not result in a change
of the measured particle size distributions, which indicates that the size distributions of
the approximate primary patticles were obtained at 3 bar. Results are the mean of three
measurements.

Blend preparation

Blends were prepated at ambient conditions in batches of 25 g. Different amounts of the
drug and lactose fines were ‘sandwiched’ simultaneously between two equal parts of the
carrier material in a 160 cc stainless steel mixing vessel and gently pre-mixed with a
spatula for several orbits. Mixing was then continued with a Turbula blender (WA
Bachhofen, Basel, Switzerland) operated at 90 rpm for 5 or 10 minutes. Mixing order
experiments involved blending of the carrier material with either budesonide or lactose
fines for 5 minutes. Subsequently, the other fine particulate component (lactose fines or

budesonide, respectively) was added and mixing was continued for another 5 minutes.
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Content uniformity testing

Blends were tested for content uniformity by taking 20 samples of 25 mg from randomly
chosen positions in the powder bed. The content of the samples was determined as
described under ‘sample analysis’. Blends were considered homogeneous and suitable for
further testing at relative standard deviations (RSDs) of the content < 3%.

Scanning electron microscopy (SEM)

Scanning electron micrographs were obtained with a JSM-6301F (Jeol, Japan) at an
acceleration voltage of 2 or 3 kV. Samples were mounted on an aluminium sample
holder by means of conducting double sided adhesive tape. Loose particles were tapped
off very gently to leave the drug-fines adherence to the remaining carrier particles on the
sample holder unchanged. The specimens were then sputter coated with 20 nm of a
gold/palladium alloy (120B, Balzers AG, Liechtenstein).

Drug detachment experiments

Drug detachment experiments were performed as described in chapters 3 and 4 of this
thesis. In summary, inhalation experiments were performed with a classifier based test
inhaler [10] at fixed inhalation flow rates from 10 to 60 L/min. The resistance of the test
inhaler is 0.056 kPa% min L1, and therefore, the inhalation flow rates correspond to
pressure drops of 0.2-11.4 kPa. For each measurement an accurately measured amount
of 25 mg of an adhesive mixture was loaded by hand into the classifier of the test inhaler.
Carrier particles were collected from the inhaler’s classifier after the experiment to
measure the residual (non-detached) drug content (cattier residue, CR) and CR-values
were corrected for minor carrier passage fractions towards 100% retention. Drug
detachment was calculated as 100-CR. Results are the mean of five measurements.

Sample analysis

Samples were analysed by spectrophotometry to determine their drug content (Unicam
UV-500, ThermoSpectronic, Cambridge, UK). Budesonide mixtures were suspended in
ethanol and after 1 hour suspended lactose was removed by centrifugation at 3000 rpm
for 5 minutes (Hettich Rotanta D-7200, Hettich AG, Switzerland). The resulting clear
solution was then analysed at a wavelength of 243 nm.

Table 2. Particle size distributions of the mixture components (average (SD); n = 3).

Component Xjo (nm) Xs0 (um) Xgo (um)
Budesonide 0.70 (0.00) 1.58 (0.02) 3.10 (0.03)
FLF 0.86 (0.01) 1.95 (0.00) 3.48 (0.01)
CLF 1.22 (0.02) 3.94 (0.07) 9.15 (0.24)

Carrier 241.6 (0.1) 344.8 (0.2) 475.8 (1.1)
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Table 3: formulations studied and their total carrier surface
coverage (CC) by fine components.

Formulation CC (Yo)*
0.4% Bud 28
4% Bud 283
0.4% Bud + 4% FLF 217
0.4% Bud + 4% CLF 124
4% Bud + 4% FLF 471
4% Bud + 4% CLF 378

* The carrier surface coverage is calculated as explained previously
[11]. For these calculations, the Xso-values of the fine components
from Table 2 were used and densities of budesonide and alpha-
lactose monohydrate were considered to be 1.25 (chapter 3, Table 3)
and 1.53 g/cm3, respectively. The calculated values are based only on
added fine components (drug and lactose fines) and do not take into
account the presence of lactose fines intrinsic to the carrier material
after the sieving procedure.

Results

Laser diffraction analysis

The particle size distributions of the mixture components from laser diffraction analysis
are presented in Table 2. The particle size distribution of the FLF is comparable to that
of the drug, with the Xs0 being only 0.37 um higher. The CLF are markedly coarser, with
an Xso more than two times higher than those of the FLF and the drug. No particles <
10 um were measured in the sieved carrier material after RODOS dispersion. Based on
the Xso-values of the fine components the total carrier surface coverages of the different
formulations were calculated, which are presented in Table 3.

Content uniformity

RSDs of the drug contents in the mixtures ranged from 0.6-