Chapter 10
Dry Powder Inhalers

Anthony J. Hickey and Zhen Xu

Abstract Successful drug delivery using dry powder inhaler (DPI) technology is
based on knowledge of pulmonary deposition, targeting and its relationship to
aerodynamic particle size distribution. DPI technologies consist of three notable
elements, the formulation, the metering system and the mechanism of dispersion as
an aerosol. Each of these is discussed below but emphasis is placed on powder
formulation, the forces of interaction between particles that must be overcome to
disperse them and the means whereby energy is imparted to achieve this objective.
Efficient and reproducible drug delivery with respect to aerosol properties and dose
are the objectives of product development and a requirement for regulatory
approval for satisfactory disease therapy.

10.1 Introduction

Powdered drugs can be administered to the respiratory system for effective relief of
ailments such as asthma and chronic obstructive pulmonary disease. Good design of the
particle size distribution is essential for adequate delivery of the drug to the required
region. Dry powder inhalers (DPIs) have proven their efficacy in this application.

The purpose of DPIs is to generate aerosols of drug particles in doses sufficient
to treat a specific disease when inhaled. Many considerations that have to be
addressed in order to develop a DPI for drug administration are presented in the
following sections.
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DPI’s consist of three important elements: the drug formulation, the metering
system and the aerosol dispersion mechanism each of which requires attention for
the drug product to achieve efficient and reproducible drug delivery to ensure
efficacy and safety.

10.2 Pulmonary Deposition and Targeting:
The Clinical Considerations

The efficacy of aerosol dry powder depends upon the deposition of the drug
particles in the required dosage to the desired location. An understanding of the
physical mechanisms of deposition and the pharmacological mechanisms of action
of the drugs are crucial for the successful pulmonary drug delivery.

10.2.1 Deposition

The patient interface with the inhalation platform dictates the path the particles take
through the oropharynx to the upper airways and, ultimately, the rest of the
respiratory tract. Once in the airways, deposition of aerosol particles in the respira-
tory tract depends on their aerodynamic particle size distribution (APSD), the width
of the respiratory channels, and the mode of inhalation (breathing rate, inhaled
volume and pause between inhalation and exhalation etc.).

The main mechanisms of deposition, depending on the particle size, include
inertial impaction, gravitational sedimentation, diffusion (Brownian motion), and
interception (Fig. 10.1). Either of them dominates in defined parts of the respiratory
tract. Inertial impaction occurs mainly in the tracheobronchial airways (i.e. airway
generations 1-8 in the Weibel lung model [1]), and it is proportional to the particle
size squared and airflow rate [2, 3]. Sedimentation is a time-dependent process. It
primarily occurs in the lung periphery including the bronchioles and terminal
bronchioles (generations 8—16 in the Weibel model [1]) where the linear velocity
of the airflow is low and settling distances are relatively small [2, 3]. Diffusion
mainly occurs in the alveoli region. It is inversely proportional to the particle size
(<1 pm). Interception refers to elongated particles when they are captured even if
they remain aligned in the streamline [3].

The optimal size distribution for regional respiratory deposition differs substan-
tially depending upon a balance of APSD and inter-particulate forces, the mode of
inhalation, and the disease state [4]. Generally speaking, it may be concluded that
drug particles having an aerodynamic size range of 1-5 pm show optimum deposi-
tion in the deep lungs [2]. Those larger than 10 pm are generally deposited in the
oropharyngeal region, while smaller than 1 pm are prone to be exhaled [2, 3]. The
APSDs of drugs in a DPI are often represented by log-normal distributions because
they fit the observed distributions reasonably well and can be expressed in only two
parameters [5]. They may be described in terms of mass median aerodynamic
diameter and geometric standard deviation [2, 6].
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Fig. 10.1 Schematic
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For most pharmaceutical aerosols, the dynamics of particles fall in the
Stokes’ regime of curvilinear motion and, the aerodynamic diameter is derived
from Stokes’ law. The same law predicts that low-density (porous or hollow)
particles of a particular geometric size behave as if they are smaller and
elongated particles perform as if they have a size close to their cross-sectional
area size rather than their length [6]. Both physical properties allow particles to
penetrate deeper into the lungs. Density can be controlled through particle
manufacturing methods. However, elongated particles are more difficult to
manufacture reproducibly.

10.2.2 Pulmonary Targeting

Targeted delivery of pharmaceutical aerosols to desired respiratory regions is
essential to more effectively exert their therapeutic effect while minimizing side
effects of unwanted aerosol exposure. For instance, the location of adrenergic and
cholinergic receptors in the lungs responsible for bronchomotor tone through the
parasympathetic and sympathetic nervous system are distributed differently.



298 A.J. Hickey and Z. Xu

Adrenergic receptors are more localized in the lung periphery and cholinergic
receptors are more centrally located [7]. This should guide the target particle size
to achieve the therapeutic effect for beta-adrenergic agonists such as albuterol, or
for anticholinergics such as tiotropium. Corticosteroids are delivered to the whole
lung to treat inflammation, the underlying cause of asthma and a corollary of
COPD. Inflammation occurs throughout the airways in chronic disease [8]. For
drugs which are intended for systemic delivery, such as insulin, targeting to the
alveolar region is desired for enhanced bioavailability [9]. There is a large supply of
blood arriving to the large surface area of alveolar epithelium for oxygenation,
which would facilitate rapid drug uptake [10]. However, clearance mechanisms
such as mucociliary escalation and phagocytosis by alveolar macrophage should
also be considered. The upper airways are supplied from a different arterial system
and take the blood back to the vena cava. Consequently, both site of delivery and
clearance mechanism play a role in achieving the desired therapeutic effect. The
target for delivery of aerosol particles may also vary for the disease state being
addressed.

10.2.3 Computational Modeling

Complementary to the effort of clinical lung deposition assessment using gamma
scintigraphy technology, advances have been seen in the prediction of total and
regional respiratory deposition using more accurate modeling, owing to the high
resolution imaging technology, refined physical airway replicas, and the more
powerful computational simulation capabilities [11]. Several reviews of these
advances have been published recently that cover the lung deposition prediction
over a broad range of particle size and breathing pattern using correlated curve
fitting, and computational fluid dynamics using simulated respiratory tract
[12—15]. These studies represent the progress in the fundamental understanding of
targeted pulmonary delivery that may not be observed experimentally. However,
further refinement and validation work remains to be done. Uncertainties of the
predictions may still exist due to the facts such as the heterogeneous nature of
pharmaceutical aerosol, the changes in the oropharyngeal opening due to flow
resistance, and the diversity of dynamic breathing regime due to different disease
state [14].

10.3 Analysis of Size Distribution of Dry Powder Aerosols

The most important property of a therapeutic aerosol related to clinical effect is
particle size distribution. More rapid inspiration through DPIs results in higher flow
rate, elevated aerodynamic shear stress, pressure drop, and Reynolds’ number,
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which corresponds to enhanced fine particle dose, but at the same time increases the
tendency for throat deposition by inertial impaction. It is clear that the powder
dispersion is influenced by flow profiles and more than one flow rate should be
adopted for the performance evaluation. Since the aerosol delivered from a passive
dry powder inhaler does not exist independently of the inspiratory flow, shifts in the
agglomerate state of drug, which can be monitored through light scattering particle
size analysis or inertial impaction method at different flow rates.

10.3.1 Inertial Impaction Particle Size Analysis

Current compendia methods for dry powder aerosol testing are based on inertial
impaction methods for aerodynamic sizing at fixed airflow rate (30—100 L/min),
and these methods are considered the most relevant for the in vitro description of
pharmaceutical aerosols [16]. According to the United States Pharmacopoeia stan-
dard, any inertial sampling apparatus can be selected for DPI testing, including
Marple-Miller impactor (MMI), Andersen cascade impactor (ACI), multi-stage
liquid impinger (MSLI), and next generation impactor (NGI). The correct operation
of these apparatus in terms of measurement accuracy and reproducibility at
established flow profile is important [17].

An induction port standardized for all systems is used. Surface coating of stages
to avoid bouncing and re-entrainment is a necessary step to all inertial samplers
except MSLI that uses water in each stage. The collected mass must be within
75-125 % of expected, based on delivered dose. The theory of inertial sampling and
the apparatus were reviewed before [18-21], so they are not reiterated here.

From a quality control and regulatory perspective, the amount of drug sampled at
each stage of the impactor is plotted against the cut-off size for the stage. The
particle size distribution represented as cumulative percent undersize can be further
analyzed to calculate the mass median aerodynamic diameter and geometric stan-
dard deviation [18]. A drawback of impactors is the small number of given size
classes. Furthermore, how to interpret the specifications is not yet part of the
compendia.

10.3.2 Light Scattering Analysis

Particle de-agglomeration during aerosolization can be seen as changes in particle
size distribution. The most commonly used method for volume particle size distri-
bution is laser diffraction (Fig. 10.2). This method is based, depending on particle
size, on Mie scattering or Fraunhofer diffraction theory for spherical particles
[22]. The fine particle fraction can be obtained by analyzing differential or cumula-
tive distribution data. The volume fine fraction can be converted to aerodynamic
fine fraction under the assumption that the sizing results are the same as those
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Fig. 10.2 Flow rate dependence of dispersion of dry powder aerosols [141]. Particle size
distributions of aerosolised plume of lactohale 300 measured by laser diffraction and aerosolised
from Rotahaler, Monodose Inhaler and Handihaler® at: (a) 60 1 min ™" showing typical variability;
the mean of five replicates of lactohale 300 aerosolised at 45, 90 and 120 1 min ! through (b)
Rotahaler, (¢) Monodose Inhaler, and (d) Handihaler (120 1 min~' on secondary y-axis)

obtained by sedimentation (based on the Stokes’ law), or a shape factor is available,
and the particle density is known (see also Sect. 10.3.1). The advantage of the laser
diffraction method is its efficiency in real time measurement of size distribution at
different flow rates, which is valuable for accessing the de-agglomeration
[23-25]. This method is mainly used for carrier-free formulations because of the
skewed distribution and difficulty in differentiating drug and fine particles. But the
measurement of carrier-based formulation can still be achieved by eliminating
the inner detector element data which relate to the larger carrier particles [25].

Laser Doppler velocimetry, also known as laser Doppler anemometry, measures
the velocity of particles passing through the intersecting point of two laser beams
[26]. It is also used to indirectly evaluate the de-agglomeration by measuring the
turbulent flow field [27]. Other related laser Doppler methods, such as Phase
Doppler analysis (PDA) that measures both particle size and velocity characteristics
of irregular shaped particles, have been reviewed previously [18]. PDA optically
splits a laser beam, uses the interference of particles with one element of the laser
and then converges both portions of the beam to indicate a phase shift proportionate
to the size of the particles.
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The aerodynamic particle size distribution can be measured by time-of-flight
particle sizing systems such as Aerosizer. An aerodisperser generates an aerosol,
accelerates the particles which pass two subsequent laser beams. Smaller particles
are accelerated faster and reach higher velocities than larger particles due to inertia.
The time-of-flight of these particles between the two beams is then converted into
corresponding particle size distribution. A shift in the aerodynamic particle size
distribution can be achieved by changing the shear force applied for the
aerodisperser, and used for evaluation of agglomeration strength of carrier-free
powders [28, 29]. The advantage of this method is its in situ generation of
aerodynamic data. But it may not be used for formulation blends because it is not
possible to differentiate drug and carrier.

10.4 Drug Formulation

10.4.1 Static Powder Properties

Drug particles are ordinarily prepared in micrometer sizes to be respirable, typically
an aerodynamic size of less than 5 pm [30]. These small sizes are subject to a
variety of forces of interaction that lead to particle clustering. The major funda-
mental underlying forces of interaction are van der Waals forces, which are
inherently important for particles in this size range. They dictate the bulk behavior
in dry and uncharged fine powders. The magnitude of the van der Waals forces is a
function of the particle separation distance and the molecular properties of the
materials involved [31, 32]. They are typically effective within a separation dis-
tance less than 100 nm, so they are sensitive to changes in properties including
particle size, shape, surface roughness, and contact deformation [33, 34]. From the
point of view of thermodynamic work of adhesion, they are also influenced by the
surface chemistry and interfacial energy of the powder [35]. It should be noted that
van der Waals forces are a manifestation of combining relations of the intermolec-
ular forces and should be operative between molecules (or extended surfaces),
nanostructures such as colloids, and microparticles [31].

Electrostatic forces are mainly generated during pharmaceutical powder
processing (such as milling, mixing, and filling), when electrostatic charges are
accumulated by means of contact, coulombic interaction, and induced charging [36,
37]. They are long range forces compared to van der Waals forces. The magnitude
and polarity of electrostatic forces are related to the nature of powder and container
wall. Electrostatic charges decay when relative humidity increases [38, 39]. Their
effects become negligible at elevated relative humidity (e.g. RH > 65 %), at which
the capillary forces become dominant due to capillary condensation of water vapor
between neighboring particles. High tensile liquid bridges are formed because of
the Laplace pressure difference at the contact interface [31]. The magnitude of
capillary forces is a function with respect to the water meniscus and the surface
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tension between the solid and water interface [40]. The reciprocal but non-linear
relationship between capillary and electrostatic forces is a major conundrum in
predicting the behavior of dry powders.

In addition, other sources of particle interaction including mechanical
interlocking and frictional forces are considered important, though not fre-
quently studied. The magnitude of the mechanical interlocking is dependent
on surface roughness and can be enhanced with prolonged mixing [18]. The
inter-particulate friction may play an important role at the initiation of powder
aerosolization [41]. The special features and implications of dry powder friction
forces have been explored previously [32, 42]. Many factors influence and add
complexity to the particulate interaction, and they are described in the next
section [43].

10.4.2 Powder Dynamics

The aerodynamic fluid phase and the solid phase interacting in the DPI device, play
crucial roles in powder dynamics. The powder aerosolization may be considered in
terms of static powder, dilation, fluidization, and de-agglomeration (Fig. 10.3).
Fluidization is the mobilization of the bulk powder by interaction with air
molecules. Depending on the DPI metering system and device design, the fluidiza-
tion mechanisms include shear force, gas-assisted, and capillary for aerodynamic
fluidization, and vibration and impaction for mechanical fluidization [18].
De-agglomeration is the second stage interaction of fluidized powder in air when
drug particles are stripped from the carrier surfaces or drug-drug agglomerates and
dispersed into primary respirable particles. Turbulent airstreams are generally
recognized as the major source for particle de-agglomeration. The primary
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mechanisms responsible for de-agglomeration are turbulent shear stress and inertial
separation such as that achieved by collision, centrifugal and vibration [18]
(Fig. 10.4). Powder entrainment and de-agglomeration within a DPI are dynamic
processes with rapid expansion of system volume. However, it is enlightening to
consider a related situation when deposition-re-suspension equilibrium is
established at a fixed system volume. Two theoretical models, force balance and
energy accumulation, were developed for particle re-suspension in turbulent
flows [44].

When a turbulent airflow entrains through a DPI device, it exerts aerodynamic
forces or moments on the static dry powder to overcome the inter-particulate or
surface forces. Once fluid forces reach a critical value to balance adhesive forces,
particle detachment occurs. For example, the critical diameter for the separation of
two identical spheres can be estimated by equating the viscous shear force to the
adhesive van der Waals force [18]. The aerodynamic lift forces could be smaller
than adhesion forces by several orders of magnitude because of rolling and sliding
[45-47]. Once re-suspended, the particles move/rotate along the downstream air-
flow or collide with other particles or walls by momentum transfer. The mechanism
of turbulent “burst” within the viscous sub-layer has been used to explain particle
detachment, but its contribution is controversial [47, 48].

Alternatively, the flow transfers the turbulent energy into the powder bed.
Particles can be re-suspended when sufficient energy is accumulated to overcome
the adhesion potential resulting in entrainment [49]. There are several advantages in
using the energy accumulation model. It accounts for the re-suspension below the
critical flow velocity. It also takes into account of the time scale and explains the
time dependence of particle re-suspension. Furthermore, it implies that particle
re-suspension is analogous to the desorption process that occurs on a molecular
level [50].
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Fig. 10.5 Schematic illustration of DPI powders: (a): Carrier based formulation (2 % w/w
Albuterol sulfate — Trehalose interactive physical mixture); (b): Carrier-free agglomerates (Albu-
terol sulfate); and (c) Low density porous particles generated by spray-drying [6]

10.4.3 Carrier-Based Formulation and Aerosol Performance

The most common DPI formulation consists of interactive physical mixtures of
micronized drugs, coarse carriers (and surface fines) maintained by thermodynami-
cally favorable interfacial interactions at the solid-solid interface (Fig. 10.5a). A
balance of cohesive and adhesive forces between these components is formed
during mixing. The principle involved in this approach is the uniform distribution
of micronized drug particles at the surface of a larger carrier (typically 60—90 pm),
such as a-lactose monohydrate (abbr. as “lactose” in this chapter) which achieves
ease of dose filling, where the lactose is a diluent to facilitate dose metering and a
carrier to enhance aerosol dispersion properties, since drug particles can be
removed more readily from the surface of lactose than separated from agglomerates
with other drug particles. However, this represents a simplified scenario when drug-
carrier adhesive forces are much stronger than drug-drug cohesive and drug-fine
adhesive forces (so-called ordered mixture [51]). Other scenarios such as the
formation of drug-drug or drug-fine agglomerates are common with respect to the
heterogeneity and multi-component nature of the powder mixtures. Besides this
common carrier-based formulation, topics of specialized forms such as composite
micro-particles with coarse carriers [52], or composite carriers [53, 54] are
observed but will not be discussed here.

For the purpose of efficient drug particle dispersion, manipulation of the adhe-
sive/cohesive properties and their force balance by a variety of approaches, such as
modification of particle size [55], morphology and surface roughness [56, 57],
surface coating [58], ternary component inclusion [59], alternative carrier [60,
61], or particle engineering [62, 63], to alter bulk or surface properties of the
mixing components has been extensively reviewed [64—71]. It is evident that
there are many methods to improve aerosol performance, but the improved perfor-
mance may be confounded with additional complexities at the heterogeneous solid
mixture interface. Previous studies focused on a few featured variables that may or
may not be the key influences. For example, increased drug aerosolization was
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often observed with smaller carrier sizes because they may effectively disrupt the
drug-drug cohesion [72]. However, it was also reported that increasing the carrier
size had little influence [41] or increased aerosolization [73] in some formulation.

A few recent well-controlled studies on specific formulation variables
influencing the aerosolization performance may be highlighted. In one study, a
series of model polystyrene spheres used as carriers with different size ranges
(volume median size = 82.8; 277.5; 582.9 pm) were studied [55]. Using these
carriers, the variables, including carrier shape, morphology, and drug-carrier adhe-
sion, were eliminated. The model drug employed was micronized albuterol sulfate.
Selection of these model spheres eliminated other formulation variables while only
focusing on the carrier size effect. The aerosol performance increased as carrier size
decreased. The decreased carrier size corresponded to increased particle number
and surface area, which were presumably attributed to the increased impaction
events and associated frictional and rotational collision [55]. A similar study
focused on drug loading (varying carrier to drug ratio from 5:1 to 85:1) showed
that, as the drug loading increased, the aerosol performance with respect to the fine
particle fraction increased after a threshold was reached, at which point, the
formulation transitioned from ordered mixture to agglomerated mixture
transition [74].

10.4.4 Carrier-Free Formulation and Aerosol Performance

Loose agglomerates of respirable drug (Fig. 10.5b) have also been employed to
facilitate aerosol dispersion. These carrier-free formulations avoid possible drug-
carrier chemical reaction and are suitable for high drug payload. They are used in
commercial DPI formulations such as Pulmicort® [75] and Bricanyl®
[23]. Micronized drugs are often very cohesive and have poor aerosolization
properties [71]. In order to achieve satisfactory flowability for accurate filling and
aerosolization, this type of formulation generally requires well-controlled processes
to form loose microparticle agglomerates of different size, a processing technique
referred to as pelletization [76]. Special carrier-free formulations such as that
inhaled insulin (Exubera®) will not be discussed here.

Increased fluidization and aerosol performance can be achieved by reducing
drug-drug cohesive forces. This is typically performed by modification of surface
physicochemical properties or particle engineering. For the former method,
micronized drugs are often coated with low surface energy additives, known as
force control agents (e.g. leucine, lecithin or magnesium stearate), using a variety of
coating techniques such as mechanofusion [77-80]. and physical vapor deposition
[81, 82]. It has been proposed that the increase in aerosol performance is due to
formation of a low surface energy disruption layer to reduce drug-drug cohesion
and attrition [58]. Decreasing inter-particulate interactions may also reduce the
dependency of aerosolization on the flow rate and inhaler [83]. It should be noted
that this method may be limited by the kind of substance that is approved for



306 A.J. Hickey and Z. Xu

pulmonary delivery [84]. If this is the case, particle manufacture by spray drying
has often been employed to prepare drug particles [62, 85, 86]. Spray dried particles
can be prepared having lower bulk density, which decreases cohesive forces.
Moreover, they show greater susceptibility to shear in the fluid dynamic environ-
ment of the airflow channel of the inhaler because of their larger volumes and lower
density [9, 87] (Fig. 10.5¢).

10.5 Theories for Dry Powder Aerosol Dispersion

The theories for dispersion of drug from dry powder beds differ for carrier-based
versus drug particle alone (carrier-free) formulations (see above). The dispersion of
carrier-based formulations will be considered as it has been more extensively
studied. The reader interested in theoretical studies of carrier-free formulations is
referred to the literature [28, 80, 81, 88-90].

10.5.1 “Active Site” Versus “Agglomeration” Theory

Two complementary theories exist for the improved aerosol performance by
introducing ternary fine particle components into carrier-based formulations,
namely the “active site” and the “agglomeration” hypotheses [59] (Fig. 10.6).

The former theory proposes that both geometric (asperities larger than drug
particles providing shelter) and energetic (raised surface energy) features exist on
the coarse carrier surface which are more adhesive than other areas, namely
“active” site. The addition of fine particles preferentially binds to these sites,
forcing drug particles to the weaker binding site, thus drug particles are more easily
liberated from the surface of carrier particles after actuation [91, 92]. The more
adhesive sites were shown to exist as was probed by atomic force microscopy [93]
and nitrogen adsorption isotherm [94]. The influence of drug payload had little
effect on the performance of an albuterol sulfate/lactose formulation until the
occupancy of “active” sites was presumably saturated [95]. However, introducing
fines of higher energy resulted in an overall increase in surface energy and may
have increased the drug-carrier adhesion [96]. The influence of blending sequence
studies [91] on aerosol performance have often been used to support “active” site
theory, but time-dependent redistribution may occur during mixing [97], and the
results may be confounded by other variables such as drug concentrations [98]. Fur-
thermore, the “active” site has a vague definition similar to surface heterogeneity
that covers both surface geometric and energetic features. A categorical comparison
of “active” vs. “non-active” may be an over-simplified treatment of the complex
features on the carrier surface [66].

The latter theory, of particle agglomeration, proposed that drug and fine particles
can form loose agglomerates, and can be dispersed more easily than drug particles
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Fig. 10.6 Schematic of ‘Active Site’ (above) and ‘Agglomerate’ mechanisms (below) [66]

alone [99]. An investigation of the mechanism by AFM, employing the cohesive-
adhesive balance approach suggested that increasing drug-fine adhesion may give
rise to larger agglomerates that experience greater separation forces for
de-agglomeration [99]. Surface energy analysis using inverse gas chromatography
showed that increasing surface energy interactions between drug and carrier
resulted in improved aerosol performance [100]. According to several studies, an
optimum drug and lactose fines ratio exists when studying the salmeterol xinafoate
blends [101-103]. These findings support the agglomeration theory.

In these theories, it is presumed that carrier lactose helps dilate the powder bed in
response to a driving airflow and particles coated with drug are carried into the
airstream. In the airstream, impaction with the walls of the inhaler and with other
particles in the turbulent environment and surface shear strips drug particles from
lactose surfaces, and entrains them towards the patient. The efficiency and repro-
ducibility of the dose delivered is dependent on the forces of interaction between
the lactose and drug particles. Theories for this phenomenon have focused on
cohesive and adhesive balance of forces. These are thought to underpin the ‘active’
site theory of binding of drug to lactose and the agglomerate dispersion interpreta-
tion both of which explain the behavior of drug in response to airflow parameters.
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10.5.2 Powder Aerosol De-agglomeration Equation

Recently, we have proposed a theory for drug dispersion involving a powder
aerosol de-agglomeration equations, or PADE (Fig. 10.7), which directly correlate
aerosol performance with an airflow parameter of the standardized entrainment
tubes (SETs [104]) (see Sect. 10.6.4) using an algebraic equivalence of Langmuir
adsorption equation, namely, the fine particle fraction (FPF, %) is correlated with
shear stress (zg, N/mz). Increasing 7, corresponds with increasing FPF, until it
approaches invariant region (FPF ., %) (Eqgs. 10.1 and 10.2) [105]:

FPFmaxkd Ty
FPF =~ 20 10.1
1+ kgt ( )
Ts Ts 1
_ 102
FPF~ FPFpa + ka(FPFmax) 102

The rationale for the development of the PADE is based on the analogous
physical phenomena and meaningful interpretation based on a comprehensive
investigation of experimental data [106—108].

Firstly, the behavior of heterogeneous energy distribution and de-agglomeration
in a particulate system is considered to be analogous to the surface coverage
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described in molecular surface adsorption and the number of surface binding sites
in colloidal protein binding. During powder mixing, micronized drug particles
thermodynamically prefer to adhere onto higher energy sites. When these high
energy sites are gradually occupied, the drug particles adhere onto progressively
lower energy sites, resulting in a decreased heat of adhesion (or from the guiding
analogy, adsorption) with loading. When a certain shear stress is applied, drug
particles at lower energy sites are preferentially de-agglomerated while those at
higher energy sites remain associated unless higher shear stress is applied
[105]. Secondly, it is the notion that the models of molecular surface dissociation
described by an adsorption expression may be adapted to fit drug de-agglomeration
caused by shear displacement. This is based on the fundamental understanding that
inter-molecular and particulate forces that cover these analogous phenomena are
essentially the same. Thirdly and most importantly, this theory has shown excellent
correlations between experimental data and mathematical approximations using the
PADE method.

The adoption of PADE theory has profound potential implications (Fig. 11.7).
Expressions describing surface adsorption were intended to allow elucidation of
mechanisms including monolayer adsorption heterogeneity (e.g. Freudlich expres-
sion [109]), lateral interaction (e.g. Fowler-Guggenheim expression [110]), and
multi-layer adsorption (e.g. Brunauer-Emmett-Teller expression [111-113]), the
analogy of which may be used to account for heterogeneity, drug-drug cohesion,
and multi-layer drug agglomeration, respectively. It should be noted that such an
approach may circumvent debate surrounding “active” site and agglomeration
theories, and mechanistically evaluates the underlying particle-particle (drug-
drug, drug-fines) and particle-surface (drug-carrier, fine-carrier) interactions. In
addition, the PADE method can be readily used for fast formulation screening/
optimization and robust aerosol performance prediction in a given shear stress
range [106].

10.6 Device Technology

10.6.1 Principles of Turbulent Pipe Flow

The development of an efficient DPI device requires fundamental understanding of
fluid dynamics. Turbulent airflow is generally recognized as the major source for
aerosol dispersion. The airflow paths of DPIs are complex, but it is a useful
simplification to consider airflow through a cylindrical pipe, which consists of
three regimes: an inviscid turbulent core, a viscous laminar sublayer, and a buffer
layer where transition from turbulent to laminar flow occurs [114]. The large-scale
motions of airflow are influenced by the boundary conditions, while the small-scale
motion is determined by the rate of energy received from the large scales and the
fluid viscosity. Eddies carry turbulent kinetic energy distributed over a broad range
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of scales. The airflow path of the pipe flow can be characterized by several closely
related airflow parameters including Reynolds’ number (Re), shear stress (zy),
pressure drop (AP), and power, which may be interpreted as indirect reflections
of the energy experienced by the powder during dispersion. Among these
parameters, Re is the ratio of inertial forces to the viscous forces. The value of Re
is often used for prediction of turbulence. It is dependent upon device geometry,
time scales and initial disturbance [18]. The viscous 7, is characterized by the
energy cascade and Kolmogorov theory [115]. Briefly, the larger scales (eddies)
transfer kinetic energy to successively smaller scales until reaching the smallest
dissipative scale (Kolmogorov scale), and the energy is dissipated by viscous action
into heat. The value of z; can be approximated by relating the dynamic and
kinematic viscosity of the air, and the energy dissipation rate (¢) which is a function
of the nozzle velocity and diameter [116]. The kinetic energy dissipation can also
cause AP. The value of AP measured using manometer up- and downstream of a
device yields a combined value of both viscous and inviscid contribution [117], but
either contribution can also be measured separately [118]. The power is the rate of
work done or inspiratory effort during inhalation, so its value is related to the
patient condition and inhalation capability [119]. In general these airflow
parameters are positively correlated, and they have a close relationship with powder
flow and de-agglomeration. In addition, specific resistance (Rp), an airflow inde-
pendent parameter, is an intrinsic value that is a function of the device internal
geometry and dimension. For a given device (determined Rp,), inhaled flow rate is
proportional to the square root of the AP [117].

10.6.2 DPI Device Technologies

The goals of device innovation include design of efficient aerosolization
mechanisms, reproducible dose metering, reduced dependence on inspiratory flow
rates, and user friendliness. Each type of DPI device has unique airflow paths and
internal geometries, which have been designed to help disperse the drug. The
airflow path can be characterized in term of the aforementioned four airflow
parameters. The DPI device design and innovation features can be classified into
aerosolization, dose metering, and actuation methods (Table 10.1). The aerosoliza-
tion methods include a variety of baffles, impellers, or tortuous channels through
which particles will experience collisions of sufficient magnitude to dislodge drug
particles and entrain them in the airstream. The dose metering can further be
classified into single unit dose (capsule), multiunit dose (capsules, blisters, strips)
and multiple doses (reservoir). The actuation can be either passive (breath-actuated)
or energy assisted actuation. These features have been extensively reviewed [18,
68, 120-123]. The following discussion focuses on two technologies that can be
used to facilitate device design. They include the incorporation of computational
fluid dynamics (CFD) for device design and the standardized entrainment tubes
(SETs) for the selection of proper airflow parameter for specific formulations.
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Table 10.1 Schematic of DPI technologies and mechanisms
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DPI Innovation Design Mechanisms DPI examples
Turbulence, Turbulence, Rotahal
Grid, impeller Impaction otahaler
Pressure drop, }SS}cl:n}m;lh venture, Aerolizer,
Shear force car force, Inhalator
Relative motion
Aecrosolization Spinning i 1 Shear force, Spinhal
pinning impeller Relative motion pinhaler
Helical/spiral wall Turbulence, Shear, Turbuhaler,
discharge channel Impaction Twisthaler
. Novolizer
Cycl t . ?
Cyclone chamber yclone scparation Twincer
Sinele d 1 Capillary fluidization Aerolizer,
. mgie dose capsuie Capsule rotation Handihaler
Passive Multi unit-dose
Dose Metering capsules. blisters Bernoulli venture, Diskus,
(Breath- P ’ v Shear force Diskhaler
strips
actuated)
. . Turbulence, Shear, Turbuhaler,
Multi dose reservoir . .
Impaction Twisthaler
Transjector, G isted Exubera,
Compressed air as-assiste Powderhale
Vibrati Piezoelectric Oriel,
Energy Assisted toration transducer MicroDose
Dose Metering Battery powered Shear force, .
. . . Spiros
impeller Relative motion
Spring-loaded L .
hammer Mechanical impaction “Tape based”

10.6.3 Device Development Using CFD Technologies

Despite the many DPI products in the market, CFD has only recently gained its
momentum for the study of DPI fluid flow, powder de-agglomeration, and device
design, owning to the high speed computer technology. The turbulent flow around
each particle can be analyzed using the Reynolds averaged Navier—Stokes equation
[124]. The integral scale strain rate (y;) of the turbulence flow can be obtained as a
function of the rate of energy dissipation (¢) and the rate of turbulence kinetic
energy (k) [26]. The magnitude of the y; is related to the effectiveness of particle
de-agglomeration. By using CFD method, Coates et al. studied the influencing
factors to the particle de-agglomeration in the Aerolizer device design by varying
grid structure and mouthpiece length [26], capsule size [125], airflow rate [126],
mouthpiece geometry [127]. The CFD results were coupled with experimental data
using spray dried mannitol agglomerates to gain insight in aerosolization. More
recently, a similar computer-aided design using rapid-prototyping 3-D print and
CFD have been used for the rational design of devices [128]. This provided a
quicker and simpler method for inhaler design than trial and error [128].
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Fig. 10.8 Standardized entrainment tubes (with I. peripherally-located dosage table and II.
centrally-located dosage table [104])

It should be noted that current CFD simulation capability is still limited with
regard to the particle number (~10,000), the model formulation (carrier free
agglomerates more often studied than carrier-based formulation [129]), and devices
(specific de-agglomeration mechanism required for simulation).

10.6.4 Standardized Entrainment Tubes (SETs)

It is clear that mechanistic study of powder aerosolization requires that each
contributing factor such as turbulence and impaction be studied separately
[130]. This led to the design of specialized dispersion/entrainment tubes for specific
mechanism study, such as the standardized entrainment tube that specialized for the
study of the particle de-agglomeration influenced by grid structure [27, 131],
turbulence [132], and impaction [133], respectively.

We have conducted a number of experiments in which the intention was to
control the airflow path and describe it accurately in terms of defined airflow
properties to evaluate formulation performance independently of unique device
geometries. A series of standardized entrainment tubes with specific resistance
range covering commercial DPI devices were built for these purposes [104]
(Fig. 10.8). The PADE was first developed when the fine particle fraction of the
carrier-based formulation performance was correlated with airflow parameter
7, [105]. For a specific carrier-based formulation, it can easily estimate by interpo-
lation of the 7 to the performance invariable region [105]. In addition, two portions
of the entrained dry powders: a major portion that involves in particle
de-agglomeration and a minor portion remains in the entrainment tubes without
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Fig. 10.9 Schematic of the sources of variability in the performance of DPIs

de-agglomeration were differentiated, which is a useful feature of the entrainment
tubes since it points exclusively to formulation performance in the absence of
specific inhaler design characteristics [106]. This is a novel method of assessing
the mass of powder delivered on a portion of the delivered airstream, which is
important in assessing where the drug particles would be delivered effectively on
the inspiratory flow.

10.7 DPI Product Development

The development of a successful DPI is a challenging task which includes a
comprehensive exploration with respect to the formulation/pre-formulation, device
innovation, and patient interfaces, let alone the regulatory and marketing aspects. A
myriad of factors and considerations for a DPI product are illustrated in Fig. 10.9.
However, to be successful and competitive, simple approaches to formulation
(minimal processes and excipients) and device development (minimum number
of components) are adopted for rapid and efficient product development. For
example, the pharmacopeial induction port (throat) was known to be a simplified
treatment, but it is recommended for use in product quality control, for the repro-
ducible in vitro measurement [17]. The major variables that influence the product
development are often highlighted by the experimental design while any further
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optimization might not be considered. By minimizing the potential for confounded
errors arising from complex strategies the likelihood of achieving manufacturing
and performance specifications with sufficient control to achieve limited batch
failures is more likely [134, 135]. The recent US FDA interest in quality by design
is achieved by adopting engineering practices that allow for control and monitoring
that with adequate risk management ensures the product quality. This also serves
the commercial needs of the pharmaceutical industry as it ensures a rapid time to
market.

10.8 Regulatory Considerations

Characterization of dry powder inhalers involves unique tests that are not employed
for active aerosol dispersion systems such as propellant based metered dose inhalers
or nebulized solutions/suspensions. For example, the delivered dose uniformity,
fine particle mass over patient flow rate range, the airflow resistance are required for
the DPI development but not for pMDI or nebulizer [136]. The responsiveness to
airflow conditions is an important part of DPI aerosol performance. This is because:

1. The DPI can only be used by a patient capable of inhaling adequately through it;
2. The dose and particle size distribution of the delivered dose determined in vitro
may be dependent upon the airflow rate chosen to test the system [137].

There is no clear path to generic equivalence for DPIs [138, 139]. This has
resulted in a number of exploratory studies by the Product Quality Research
Institute (PQRI) and the International Pharmaceutical Aerosol Consortium on
Regulatory Science (IPAC-RS) to address the specific question of appropriate
multivariate statistical approaches to the comparison of both particle size
distributions and delivered dose uniformity to allow for specifications on in-vitro
equivalence [140].

10.9 Conclusion

The foregoing discussion has presented the underlying scientific and engineering
principles on which dry powder inhalers are based. There are unique performance
variables for these devices, which require assessment and impact on the important
measures biological effect delivered dose and particle size distribution. It is impor-
tant to note that some knowledge of pharmacology and physiology is required to
adequately understand the likely outcome of delivering aerosol with defined dose
and size properties. Pharmaceutical development requires adequate engineering
and process controls to ensure the final product quality. While regulatory guidance
exists for the development of DPIs there is currently inadequate direction on
statistical methods for comparison of in vitro equivalence.
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10.10 Definitions, Abbreviations and Symbols

Aerodynamic parti- Diameter of a sphere with density 1,000 kg/m® having the same aerody-

cle size
Aerosol

Agglomerate
Aggregate
Cluster

De-agglomeration

Fraunhofer
diffraction

Laser diffraction

Power

Primary particle
Stokes’ diameter

ACI
AFM
APSD
BET
CFD
COPD
AP
DPI
FPF

FPF o

GSD
IPAC-RS
MMAD
MMI
MSLI
NGI
PADE
PDA
pMDI
PQRI
PSD

Re

SET
VMD

namic property as the particle

Dispersion of liquid or solid particles in a gas (usually air), which is
typically stable over long periods of time

Assemblage of primary particles with intermediate attractive forces (typi-
cally by point contacts; sometimes named aggregate)

Assemblage of primary particles with strong attractive forces (typically by
face contacts; sometimes named aggregate)

Generic name for the total group of agglomerated, aggregated and
flocculated particles

Formation of primary particles from agglomerates

Diffraction of light at the contour of the particle (assumed to be spherical)

Technique for estimating the particle size distribution from the measured
scattering pattern by an ensemble of dispersed particles using laser light

The rate of work done or inspiratory effort during inhalation, an airflow
parameter

Basic particle, which cannot be separated unless by breakage

Diameter of a sphere that has the same density and settling rate as the
particle under conditions of Stokes’ law (viscous flow conditions)

Andersen cascade impactor

Atomic force microscopy

Aerodynamic particle size distribution

Brunauer-Emmett-Teller expression

Computation fluid dynamics

Chronic obstructive pulmonary disease

Pressure drop, an airflow parameter

Dry powder inhaler

Fine particle fraction, the proportion of a nominal dose below a certain
cutoff size

Maximum fine particle fraction, a constant in the powder aerosol
deaggregation equation

Geometric standard deviation

International Pharmaceutical Aerosol Consortium on Regulatory Science

Mass median aerodynamic diameter

Marple-Miller impactor

Multi-stage liquid impinger

Next generation impactor

Powder aerosol deaggregation equation

Phase Doppler analysis

Pressurized metered dose inhaler

Product Quality Research Institute

Particle size distribution

Reynolds’ number of a device

Standardized entrainment tube

Volume median diameter

(continued)
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(continued)

k Turbulence kinetic energy

ka Deaggregation constant

Rp Specific resistance

Vi Integral scale strain rate

€ Energy dissipation rate

T Shear stress, an airflow parameter
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