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a  b  s  t  r  a  c  t

Pulmonary  drug  delivery  is the  focus  of  much  research  and  development  because  of  its great  potential
to produce  maximum  therapeutic  benefit.  Among  the  available  options  the  dry  powder  inhaler  (DPI)
is  the preferred  device  for the  treatment  of an increasingly  diverse  number  of  diseases.  However,  as
drug delivery  from  a DPI  involves  a complicated  set  of  physical  processes  and  the integration  of drug
formulations,  device  design  and  patient  usage,  the  engineering  development  of this  medical  technology
is  proving  to  be  a great  challenge.  Currently  there  is  large  range  of  devices  that  are  either  available  on
the  market  or under  development,  however,  none  exhibit  superior  clinical  efficacy.  A major  concern
is  the  inter-  and  intra-patient  variability  of the  drug  dosage  delivered  to  the  deep  lungs.  The extent
evice design
owder formulation

of  variability  depends  on the  drug  formulation,  the  device  design  and  the  patient’s  inhalation  profile.
This  article  reviews  recent  advances  in  DPI technology  and  presents  the  key  factors  which  motivate  and
constrain  the  successful  engineering  of a  universal,  patient-independent  DPI  that  is  capable  of  efficient,
reliable  and  repeatable  drug  delivery.  A strong  emphasis  is  placed  on  the  physical  processes  of  drug
powder  aerosolisation,  deagglomeration,  and  dispersion  and  on the  engineering  of  formulations  and
inhalers  that  can  optimise  these  processes.
© 2012 IPEM. Published by Elsevier Ltd. All rights reserved.
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. Introduction

There is rapid expansion in the use of respiratory drug deliv-
ry technologies [1,2] utilising dry powder aerosol systems for the
reatment of local and systemic disorders. While much effort has
een expended in designing, manufacturing and marketing novel,
ser-friendly and affordable devices which are widely used, such
evices continue to exhibit sub-optimum performance (i.e. the
rug dispersion from currently available devices and formulations
aries from 12% to 40% of the load dose [3,4]). Not only do current
evices result in incomplete delivery of drugs, more concerning

s the large variability in the delivered dosage (the fine particle
raction or FPF) from one use to the next or from one patient to
nother. At present a large number of dry powder inhalers (DPIs)
re available on the market with a varying degree of demonstrated
elivery efficiency [5]. The performance of a DPI system is governed
y a combination of factors including the physicochemical prop-
rties of the powder formulation, the design of the device’s dose
etering systems, and the physical mechanisms (e.g. turbulence,

hear and/or impactions) used to aerosolise, deagglomerate, dis-
erse and deposit the drug powders in the deep lungs. The existence
nd intensity of these physical mechanisms is determined by the
esign of the device and the inhalation profile of the patient while
heir impact on the powders is largely a function of the proper-
ies of the formulation. It has been demonstrated by computational
uid dynamics (CFD) that small changes in device design can affect

nhaler performance [6,7]. Also, variations in the morphology of
rug powders can determine the behaviour of such powders when
sed in a DPI [8].

There is debate about the best approach for improving DPI
ystem performance [9];  whether it is best to change the physic-
chemical properties of the drug powder formulation [10,11], or
o vary the device design [6,12].  To this we might add improved
atient training [13] and compliance with regulatory frameworks
nd pharmacopoeial specifications as steps towards system per-
ormance improvements. The most recent initiatives to adopt a
uality by design (QBD) ethos [14,15], is stimulating this debate. It

s possible, at least in principle, to individually and combinatorially
ptimise the design of the device and the drug powder formulation.
owever, optimisation of the complete DPI system (formulation,
evice and usage) is very difficult because of the essentially ran-
om variability in a user’s inhalation profile, and their skill in using
nd caring for their device. Therefore, it is apparent that any design
hilosophy should optimise practical system performance rather
han pursuing technically ideal inhalers that are difficult to use.

ith this view of how DPI system design should proceed there is
n immediate need to identify the main engineering factors that
oth motivate and constrain the successful development of a uni-
ersal, patient-independent DPI device that is capable of efficient,
eliable and repeatable drug delivery with maximum therapeutic
enefit.

The remainder of the article is organised as follows. In the next
ection (Section 2) we review the fundamental mechanisms of
PI drug delivery, the performance of existing and under devel-
pment devices and the major limitations of some DPI devices.
ection 3 discusses ambitions for systemic drug delivery via DPIs

nd the additional emphasis this gives to improve engineering of
PI systems. In Section 4 we discuss the key factors to consider in

he development of new DPIs; namely, the ability to engineer the
rug powder formulations, patient variability, the availability of
 . . . .  . . .  . . . . .  .  .  . .  .  . . . . .  . .  . . . . . . .  .  . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 423

modern engineering enabling technologies such as computational
fluid dynamics and advanced experimental diagnostics, and the
need for regulatory and pharmacopoeial compliance. Finally we
make conclusions in Section 5.

2. Review of DPI technologies

2.1. Physical mechanisms of DPI drug delivery

The delivery of dry powder drugs to the lungs involves a number
of complex and inter-related physical processes. The key processes
are powder aerosolisation (or fluidisation), deagglomeration of
active drug particles from larger carriers and/or drug-only agglom-
erates, dispersion and transport of the drug aerosols through the
airways, and deposition. The effectiveness of these processes in
delivering maximum and repeatable dose delivery is dependent on
the properties of the powder formulation, the design of the device
and the strength of the patient’s inspiratory air flow. In this review
article we  concentrate on the processes within the DPI device itself.
A detailed review of the fluid mechanics of aerosol transport in the
airways is provided by Golshahi and Finlay [16] and is not discussed
in depth here.

Aerosolisation requires an aerodynamic force that is sufficient
to overcome the weight of the powder particles. This force can
be increased by increasing the air velocity either by the patient
inhaling at a greater rate of by directing the flow through a noz-
zle, venturi or contraction while incurring a pressure drop. Either
method requires greater effort by the patient. Aerosolisation of a
single powder particle in isolation can also be improved by reduc-
ing its aerodynamic diameter. This can be done in a number of ways.
The most obvious is a reduction in the geometric diameter (while
keeping particle density constant), although this will increase parti-
cle cohesive forces resulting in greater agglomeration and possibly
reduced propensity for the bulk formulation to be aerosolised. The
aerodynamic diameter can also be reduced independently of the
geometric diameter by reducing the particle density (e.g. by intro-
ducing porosity) or by increasing the particle shape factor (e.g. by
using needle-shaped particles) [17].

The drug powders are formulated as either interactive mix-
tures of micron sized actives (<5 �m)  that adhere to larger carrier
particles such as lactose, or as drug-only agglomerates (Fig. 1).
The primary purpose of adding carrier particles is to reduce the
propensity of the fine drug particles to exist as strongly cohesive
agglomerates and to increase the flowability of powders prior to
aerosolisation. Agglomeration occurs naturally due to the cohesive
forces between small and irregularly shaped particles, whereas the
interactive mixtures are produced by adding carrier particles to
drug particles in such as way that the cohesive drug agglomer-
ates are broken and are replaced by weaker adhesions between
the carrier and multiple active particles. In practice, when car-
rier particles are introduced not all agglomerates are broken and
the interactive mixture will consist of some drug-only agglomer-
ates. Types of powder mixtures and methods for producing them
are discussed in more detail by Hersey [18] and physicochemical
properties of drug powders and their variability are explored by
Telko and Hickey [17]. Once aerosolised the powders must be deag-

glomerated to a size that is sufficiently small for deposition in the
alveolar region of the lungs. Lung deposition requires an aerody-
namic diameter typically less than 5 �m.  Particles with a larger
aerodynamic diameter are deposited in the upper airways from
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Fig. 1. Schematic diagram of DPI formulations and dispersion process: 

here they are swallowed or expelled, whereas particles with a
maller aerodynamic diameter are often exhaled or deposited by
rownian diffusion upstream of the alveoli. Powder deagglomera-
ion and dispersion occur due to fluid dynamic shear which may  be
nhanced by turbulence. These mechanisms of particle deagglom-
ration are explained with reference to Fig. 1. Here two  types of
urrently available DPI formulations i.e., (A) formulation contain-
ng only drug particle agglomerates, and (B) formulation containing
rug carrier mixture, where small drug particles are adhered on
he large carrier surface, have been presented. Once aerosolised the
gglomerates may  be subjected to fluid forces and impaction forces
r a combination of both. The former are comprised of fluid shear
i.e. velocity gradients across the agglomerates) and sudden accel-
rations due to drag forces in a flow of varying velocity. These fluid
orces are enhanced by turbulence as shown in the inset in Fig. 1.
he turbulent eddies of the carrier air have a range of length and
ime scales and the velocity is thus a function of the eddy size. The
ddy velocity decreases at smaller length scales but not as quickly
s the length scale itself decreases; thus turbulent shear forces
re greater at the smallest sizes. The magnitude and frequency of
he turbulent shear at the size of the agglomerate will determine
hether deagglomeration occurs. Further discussions on turbulent

hear forces are found in Section 4.3.1.3.  Sudden accelerations due
o fluid drag are likely to be small since the powder density is
sually much larger than the fluid density (up to three orders of
agnitude) and the response time of agglomerates due fluctua-

ions in the air velocity will be long. Collisions with the device or
ith other particles also result in sudden acceleration (in this case
eceleration) of the agglomerates and these can be large enough to
esult in breakage.

Careful device design can improve the deagglomeration
nd dispersion potential of the flow. Currently available DPIs
mploy rotating impellers, turbulence/impaction grids, cyclone
nd reverse-cyclone flow paths, and pressure drop devices such as
ontractions or orifices, nozzles and venturis. The design of some
PI devices with the mechanism of particle dispersion has been
roduced in Fig. 2. Fig. 2A shows the mechanism of drug disper-

ion from Spinhaler in which a single-dose capsule containing drug
ormulation is fitted into an impeller, which rotates during inspi-
ation. It is important to note that the rotation speed and thus rate
f aerosolisation and dispersion varies according to the patient’s
g-only formulation (drug agglomerates); B. Carrier-based formulation.

inspiratory force and breathing cycle. Fig. 2B demonstrates the
mechanism of drug dispersion from Rotahaler. After twisting the
Rotahaler, the capsules breaks into two  pieces i.e., the body contain-
ing the dose falls into the device and the cap is retained in the entry
port of the device. Due to the patient’s inhalation, the portion of the
capsule containing the drug powder experiences rotational motion
in the airstream, which causes deagglomeration/dislodgement of
particles after impacting on the turbulence grid for dispersion.
Fig. 2C demonstrates the mechanism of drug dispersion from a
sophisticated device Turbuhaler. Initially the dose of drug powder
is metered into small conical cavities by twisting a grip at the base
of the device. Upon inhalation by patients, air is ducted through
the cavities and the drug particles pass through the turbular path-
way where impaction occurs. Fig. 2D demonstrates the dispersion
of powders from a rotary planar device known as Easyhaler. This
is a multiple dose reservoir type of inhaler, which can hold up to
200 doses. After pushing down the overcap of the device rotates the
metering helical blade, which removes a dose of powder drugs that
aerosolised and dispersed during inhalation. Aerolizer (Fig. 2E) is
another capsule containing device. With the aid of two pins the cap-
sule is pierced. Upon inhalation the drug powders experience high
velocity collisions between powder particles and the grid which
also generates more energetic turbulence. Diskus, a multi-unit dose
inhaler (Fig. 2F), contains factory prepared unit dose drug powders
in sealed blister, which is pierced by lifting the mouthpiece lid and
the powders are dispersed by the turbulent shear upon inspira-
tion. The performance of some specific inhalers using a variety of
the above mentioned deagglomeration mechanisms is discussed in
Section 2.2.

2.2. Performance of existing and developmental DPI designs

There are four main types of DPI system as shown in Fig. 3.
The single-unit dose inhaler requires the patient to load a single
hard gelatine capsule containing the powder formulation into the
device before each use (Fig. 3A). This is a very common type of DPI
device currently available on market. Fig. 3B shows a device con-

taining a pre-metered amount of a single dose that is discarded after
use. Multi-unit devices deliver individual doses from pre-metered
replaceable blisters, disks, dimples or tubes (Fig. 3C). Multiple dose
reservoir inhalers as shown in Fig. 3D contain a bulk amount of
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ig. 2. Different types of DPI devices and some mechanisms for drug deagglomerat
asyhaler, E. Aerolizer and F. Diskus inhaler.

rug powder in the device with a built in mechanism to meter a
ingle dose from the bulk and individual doses are delivered with
ach actuation. The multi-unit inhalers (Fig. 3C) are likely to ensure
reater dosage control and chemical stability of the formulation
han multiple dose types (Fig. 3D); however, the former are more
xpensive than the latter.

The key DPI design parameters, which influence the effective
ispersion of drug from the formulation include the geometry and
he length of device mouthpiece [19,20], the air flow rate and the
izing of the air inlet and other flow accelerators [21,22],  the shape,
ize and positioning of the drug capsule or other drug dispensing
nsertions [23], and the geometry and sizing of flow straighten-
rs and turbulence generating meshes [20] or other adornments to
lter the direction and velocity of the fluid or particles. Failure of the
rug powders to deagglomerate can lead to a high rate of device and
pper respiratory tract impactions and is a major contributing fac-
or to the observed low percentage of particles reaching the lungs
24]. Therefore the effect of design changes on the deagglomera-
ion potential of the flow is of great interest and is a central theme
f the papers cited above. As mentioned above the deagglomera-
ion potential increases with mean and turbulent flow shear and
he intensity (frequency and speed) of impactions. A number of
ethods are employed in existing DPIs to enhance these quanti-
ies [25,26]. Turbulence generating meshes are employed in some
PIs such as the single-unit devices Spinhaler® and Rotahaler®.

n the Spinhaler (Fig. 2A) the capsule is mounted so that it spins
d dispersion (adapted from [208–210]). A. Spinhaler, B. Rotahaler, C. Turbuhaler, D.

when air flows over it and this assists full aerosolisation of the
drug. The fluid dynamic mechanisms in this device are discussed
in some detail in Section 4.3 in the context of computational fluid
dynamics modelling. In vitro trials indicate that dispersed FPF is
relatively independent of the inhalation flow rate although there is
still more variability than can be achieved with some metered mul-
tiple dose devices such as Easyhaler® [27,28]. Deagglomeration in
some second-generation, multiple dose devices such as Easyhaler®

and Turbuhaler® is achieved by directing the flow through a nar-
row mouthpiece channel to generate strong turbulent shear while
the Clickhaler® (another multiple dose device) utilises high particle
velocity directed at internal impaction surfaces. In vitro trials for
salbutamol formulation [27,28] indicate that Easyhaler® demon-
strates lower sensitivity to air flow rate in the 30–60 L/min range
(25–30% FPF emitted) than the Turbuhaler® although the latter
device achieves much higher FPF emitted at 60 L/min (40%). Tur-
buhaler is also much more variable in its performance than is
Easyhaler [27–29].  Clickhaler® performs similarly to Easyhaler with
relatively low variability and low sensitivity of the FPF over a wide
range of flow rates [30]. While the investigations cited above all
contribute to accumulated knowledge of DPIs it is difficult (perhaps
impossible) to use the information contained in those publications

to compare the performances between devices because the cited
drug dispersion studies have not been undertaken using the same
formulations at the same experimental conditions. We  return to
this theme later.
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ig. 3. Different types of doses available in DPI formulations (modified from [211]).

Many novel devices currently under development have features
esigned to specifically enhance deagglomeration of the drug pow-
ers. Adler et al. [31] developed a mesh-based DPI device containing

 breath-driven rotor which repeatedly beats the mesh causing agi-
ation/vibration, resulting in better deagglomeration of the drug
owders. However, no further details on the formulation and FPF
f the dispersed drug from this device are available. Another new
evice uses a cyclone chamber coupled with a fine sieving mesh
o enhance the deagglomeration potential [32]. Experiments show
hat FPF of ciprofloxacin and budesonide are 69.7% and 50.5%,
espectively, for a flow rate 60 L/min. Using the same formula-
ion of budesonide, the marketed Turbuhaler dispersed 34.5% drug
t the same flow rate. Upon aerosolisation the agglomerates exit
rom the cyclone with a particle motion tangential to the fine

esh surface, which is claimed to cause the increased deagglom-
ration. Using reverse-cyclone technology, Needham et al. [33]
eveloped a new passive device, 3 M ConixTM (Fig. 4), for efficient
eagglomeration of particles and this device showed higher FPF
lbuterol sulphate compared with a currently available DPI device,
ccuhaler. The reverse flow in the device produces high velocities
roviding the energy required for deagglomeration through turbu-

ent shear, particle–particle and particle–wall impactions. Another
odern device, the AirMax, has a cyclone separator and produces

onsistent dose emission and a high FPF (50%) of formoterol [34];
owever, the tests also reveal that the efficiency is dependent on
he patient’s inspiratory flow rate.

All currently available DPIs are passive devices which rely solely

n the inspiratory force of the patient to disperse the drug powders.
owever, each inhaler device has a different air flow resistance
nd a threshold inspiratory force is required to achieve the correct
ow rate to aerosolise, deagglomerate and disperse the powder
Fig. 4. The reverse flow cyclone mechanism of deagglomeration process.
Adapted from [33].

formulation and to achieve an effective therapeutic response
[35,36]. For example, Spinhaler and Rotahaler are both very low
resistance, single-unit dose DPIs. Very high flow rates (from 90 to
120 L/min) are required to produce only moderate lung deposited
FPF for Rotacaps 400 formulation (Budesonide) of about 17% and
20% for Spinhaler and Rotahaler, respectively [37,38]. Diskus and
Accuhaler are found to be low to moderate resistance multi-unit
dose devices with a pressure drop of about 4 or 5 times greater
than that of Spinhaler achieving 50% higher FPF over flow rates of
30–90 L/min for the same powder formulation [37]. Turbuhaler is
a high resistance device with a pressure drop of about 10 times the
Spinhaler [37,39]. Patients with severely impaired lung function
and young children may  find it difficult to generate sufficient inspi-
ratory force and for them high device resistance may  not always
lead to high FPF deposition in the lungs [36]. Therefore it is com-
mon  to compare the performance of two  different devices at the
same pressure drop (i.e. for the same patient effort) even though
the drug formulation and the flow rate are quite different. At a
comfortable inspiratory effort of 3.9 kPa the flow rate through the
Spinhaler is 105 L/min while only 63 L/min for the Turbuhaler. For
these conditions the Spinhaler produces approximately double the
lung deposited FPF than Turbuhaler during in vitro trials with efor-
moterol fumarate dehydrate formulation [38]. In another example
the lung deposited FPF of budesonide via the Jethaler and Novolizer
is 62.0% and 72.0%, respectively, for the same observed pressure
drop of 4 kPa [40].

The above mentioned device adornments, which are designed to
increase the deagglomeration and dispersion potential of the flow
by increasing shear, turbulence and impactions, also increase the
resistance and hence pressure drop across the device. The pres-
sure drop also increases with flow rate. Device pressure drop is
an important factor for parameterising the FPF deposited in the
lungs; it is generally expected that higher FPF correlates with higher
device pressure drop [37]. As previously mentioned, it may be dif-
ficult for some patients with impaired lung functions, especially
elderly patients and children, to produce that required inspiratory
force [36]. To allow for lower patient inspiratory force yet achieve
effective drug delivery, active devices with an inspiration-actuated
integrated energy source such as compressed gas, motor driven
impeller or electronic vibration are under investigation [41,42]. It
is hoped that active devices could enable FFP delivery that is inde-
pendent of the patients inhalation profile. Despite their promise
active devices also tend to have complicated designs and are more
expensive than passive devices. The very first approved active
device (Exubera®, Pfizer) used compressed air for insulin delivery.

However, due to its awkward design and high cost the Exubera
inhaler was  not taken-up by physicians and patients and pro-
duction was discontinued. Another active device is the Aspirair®

(not yet approved) which employs an air flow-sensor triggered
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ompressed air energy source and a vortex separation chamber to
reakup agglomerates and improve FPF lung delivery [43].

From the above discussion, it is clear that a large number of
ariables are associated with the performance of DPI devices, which
ignificantly affected the drug dispersion from various drug formu-
ations. It is very difficult to compare the performances of different
PIs (which have different design, resistance, mechanism of drug
ispersion) without investigating their performances using the
ame drug formulation and same inspiratory force in a controlled
nvironment. There is no comprehensive information (or data with
imited information/access) on the comparative studies based on
he performance of various devices. Therefore, it is extremely dif-
cult to make a straightforward comparison on the performances
f various devices; however, this section may  be considered as an
xample of the performances of some commonly used DPI devices.
his theme is taken-up again in Section 4.4 in the context of regu-
atory and pharmacpoeial compliance.

.3. Limitations of currently available devices

The FPF deposited in the lung from currently available inhalers
aries from 9% to 78.7% (see Table 1). One of the major reasons
or this wide variability and generally low lung deposition may  be
ue to insufficient deagglomeration of the powders [24]. This is
aused by formulations with strong cohesive forces, device designs
hich do not enhance fluid–particle interactions such as turbu-

ent shear or which do not enhance agglomerate impactions, and
lso by the inability of the patient to achieve sufficient inspiratory
orce. In addition, different devices have been investigated using
ifferent drug formulations, which have different physicochemical
roperties, which might affect the deagglomeration/aerosolisation
ehaviours. Moreover, device tests may  have been operated at
ifferent flow rates that affect the dispersion of drugs from the for-
ulation. Therefore, it is very difficult to produce straightforward

omparison in the performances of various devices. These issues are
iscussed in detail above in Sections 2.1 and 2.2.  Now we discuss
ome other design limitations of existing DPIs which are mainly
oncerned with convenience and ease of use, but which can also
ead to variable and incomplete drug delivery.

DPIs are of great interest partly due to the perceived simplicity
f their use relative to pressurised metered dose inhalers (pMDIs).
owever, correct usage of some first-generation, single-unit dose
PIs such as Spinhaler (formerly Aerolizer), Rotahaler and Handi-
aler requires a sequence of steps that may  not be easy for children
r elderly patients with diminished dexterity. A new capsule is
oaded into the device before each use, the device is then primed by
reaking the capsule, and then, depending on the patient’s breath-

ng profile, the inhalation process must be continued or repeated
ntil the capsule is emptied. Most devices are opaque (apart from
he multiple dose Pulvinal) and it is not obvious if the dose has been
orrectly administered. In addition the capsules may  not always
rotect the formulation against atmospheric humidity [26].

The second-generation multi-unit devices were developed as
ore convenient alternatives to single-unit devices although they

lso have their limitations. The earlier version of the multi-unit
ose DPI, Diskhaler (four–eight blisters), is complicated to use. It is
ecommended that blisters containing the drug formulation must
e changed frequently and the device needs to be cleaned to avoid
icrobial growth before refilling. Furthermore, the device has only

 3 months lifetime which is not cost effective. The later version
f Diskhaler is the Diskus inhaler, containing 60 doses on a foil
lister strip. It is more sophisticated compared to its predecessor,

owever it is not refillable, the mouthpiece is not user-friendly and,
ue to the complex design, the production cost is high. Further, the
iskus has a low resistance and sometimes the loaded dose is not
ompletely emptied upon inspiration [44].
ng & Physics 34 (2012) 409– 427

The multiple dose (reservoir type) DPIs such as Turbuhaler,
Easyhaler and Clickhaler contain the drug formulations in a reser-
voir within the device thus avoiding the inconvenience of loading
a capsule immediately before use. A metering system is often fit-
ted and a measured dose is primed into the air flow-path just
before inhalation. As the drugs are stored within the device the
design must ensure protection against atmospheric humidity and
the three above mentioned devices achieve that. However, a conse-
quence of this is that most multiple dose devices are not refillable
and this increases the cost of medication. Even though multiple
dose DPIs are protected against the exposure effects of atmospheric
humidity, the temperature and humidity at the time of use may
affect performance including dose variation. The FPF of Turbuhaler
for turbutaline sulphate formulation falls from 20% to 7% at 30 ◦C
and 72% relative humidity and to nearly zero at 5 ◦C [45]. It is
thought that condensation on the walls of the device is to blame.
Another complaint against multiple dose DPIs is a lack of feedback
to the user to show that the correct dose has been delivered and
to continuously show how many doses remain. Some user-friendly
multiple dose devices such as AirMaxTM and Novolizer® have been
developed more recently with specific design features including
dose counters. The Novolizer has the advantage of being refillable
through use of a cartridge reservoir with up to 200 single doses
and has been shown to deliver consistent FPF even at high temper-
ature and humidity [46]. This device is found to deliver 32% of the
emitted dose to the lung at high inspiratory flow rate (99 L/min)
however there is sensitivity of the FPF to flow rate [47,48]. We  note
that many other multi-unit and multiple dose passive devices are
not completely free from the limitations mentioned above.

3. Delivery of drug for systemic effects

For decades pulmonary drug delivery, either via pMDIs or DPIs,
has been used in the topical treatment of respiratory tract diseases
such as asthma. With advances in nanotechnology and the develop-
ment of aerosol drug formulations capable of passing into the blood
stream there is growing interest in extending the use of DPIs for the
delivery of drugs for systemic diseases [49–51].  Some examples are
discussed here.

The bioavailability of levonorgestrel has been investigated using
both pulmonary and oral routes [52]. It is revealed that the
pulmonary delivery of the drug produces effective drug plasma con-
centrations over a prolonged period of 16–60 h with reduced side
effects compared to oral delivery. Valle et al. [53] compare dispo-
sition of levofloxacin in isolated rat lungs by inhalation and bolus
injection. Overhoff et al. [54] tested deep lung delivery of fentanyl
citrate with the TAIFUN® dry powder inhaler for the management
of breakthrough cancer pains. FPF of 27.6% and 30.6% were achieved
for 100 and 200 �g doses, respectively, with a rapid onset of action
(tmax = 1 min). In another rapid onset test, inhaled levodopa for the
treatment of Parkinson’s disease showed a therapeutic effect within
10 min [55]. Using the DPI technique, respiratory delivery of other
potent drugs such as insulin [56], antibiotics [57,58], drugs for neu-
rological disorders like Parkinson’s disease [59], antituberculosis
[60], antihypertensive nifedipine [61], anticoagulant heparin [62],
drugs for sexual dysfunction [63], opioids and fentanyl for cancer
pain [64–66],  and delivery of atropine sulphate nanoparticle as an
antidote for organophosphorus poisoning with better bioavailabil-
ity [67] have been investigated. DPI formulations of measles vaccine
[68], mucosal vaccination for influenza virus [69], malarial vaccine
[70], and siRNA [71] have all been investigated with significant

success.

It is evident that there is expanding interest in the pulmonary
delivery of various drugs for the management of various systemic
disorders. Current DPI devices have large inter-user and intra-user
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Table 1
Lung deposition of drugs from some commercially available DPI devices.

Device DPI type Drugs Flow (L/min) % FPF References

Rotahaler Single dose Salbutamol – 9.1 [212]
SCG – 9.0 [213]

Spinhaler Single dose SCG – 10.0 [214]
SCG 14.2 [215]

Diskhaler Multi-unit dose Salbutamol – 11.4 [216]
Easyhaler Multiple dose Salbutamol – 24.0 [217]
Pulvinal Multiple dose Salbutamol 27.8 11.7 [218]

Salbutamol 46 14.1

Turbuhaler Multiple dose Terbutaline 57 26.9 [219]
Terbutaline – 20.8 [220]
Nedocromil 60 19.0–22.0 [221]

Ultrahaler Multiple dose Nedocromil 40 15.0–15.8 [222]
Nedocromil 60 18.6–20.8
Budesonide 52 32.0 [223]
Budesonide 65 29.1 [224]
Budesonide 36 14.8 [225]

Novolizer Multiple dose Budesonide 54 19.9 [226]
Budesonide 65 25.0
Budesonide 99 32.1
Budesonide – 72.0 [40]

Handihaler Single Tiotropium 20 16.3 [227]
Tiotropium 28.3 21.8
Tiotropium 40 23.4
Tiotropium 50 25.3
Tiotropium 60 24.3

Taifun  Multi-unit dose Budesonide 15 29.6 [228]
Fentanyl 30 27.6–30.6 [54]
Fentanyl 30 34.3

MAGhaler Multiple dose Salbutamol 30 21.1 [229]
Salbutamol 60 26.4

Jethaler Single unit Budesonide – 62.0 [40]
AIR  Single dose Placebo powder 38 51.0 [230]
New  DPI Single Ciprofloxacin 60 78.7 [32]
New  DPI Single Budesonide 60 66.9 [32]
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CG: sodium chromoglycate.

ariability and while this can often be tolerated for drugs with broad
herapeutic windows, it is unacceptable for potent systemic drugs.
hus the development of new DPI formulations to deliver potent
rugs (proteins, peptides, vaccines, chemotherapeutics, etc.) for
ystemic effects is promising; however, much tighter FPF delivery
ontrol is required to minimize unwanted side effects as well as
osts.

. Key factors for engineering a new DPI device

As the preceding sections indicate, the development of an opti-
ised and universal DPI system is an ongoing process. The key

actors which motivate and constrain the achievement of that
oal are: (i) the ability to engineer the drug powder formulations;
ii) patient variability; (iii) the availability of modern engineering
nabling technologies such as computational fluid dynamics and
dvanced experimental diagnostics; and (iv) the need for regu-
atory and pharmacopoeial compliance. In the remainder of this
ection we review these topics in detail.

.1. Engineered drug formulations

The effective delivery of drugs from inhaler devices depends not

nly on the design of the device but also on the drug formulation.
he composition of the drug formulation is an important factor that
ontrols the physical delivery mechanisms and the physicochemi-
al properties of the formulation can be engineered to improve the
90 30 [231]

effectiveness of drug delivery [72,73]. The effective dispersion of
drug particles from the formulation depends on the characteristics
of the particles including morphology [8,74],  surface area [75,76],
particle size [77] and size distribution [78,79], density [56], and
adhesion/cohesion forces [80–84].  In the following sub-sections the
effects of some of these characteristics on the delivery of powders
from a DPI are discussed in detail.

4.1.1. Morphology of particles
Surface morphology in DPI formulations affects the cohe-

sive/adhesive properties and thus the agglomeration and deag-
glomeration processes. The presence of surface asperities is likely
to affect the contact area and interaction forces between parti-
cles. For example, particles with corrugated surfaces are found to
have improved dispersibility due to a reduction in the attractive
forces between individual particles [85,86]. The surface rough-
ness of lactose carriers in DPI formulations is found to affect the
FPF of drugs [80,87] and the modification of surface morphol-
ogy by a surface coating technique can result in greater delivered
FPF [75,88–90].  The fundamental physics of particle morphology
effects on formulation flowability, agglomeration and deagglom-
eration, compactability etc. requires additional research to explain
the observed FDF delivery from a DPI.
4.1.2. Carrier particles
As previously discussed the drug powders are formulated as

either agglomerates of micronized active drugs or as interactive
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ixtures containing inactive, larger excipients/carriers. Although
actose is the most commonly used excipient in carrier mediated
PI formulations, alternative sugars such as sorbitol, mannitol, glu-
ose, maltitio, xylitol, trehalose, etc. have also been investigated for
se [91–93].  Here we discuss carrier particle shape and size.

Although the effect of carrier particle shape on the dispersion
f drugs from the DPI formulation is not fully understood but it
s known that the attractive forces between drug and carrier par-
icles can be shape dependent [94,95]. In fact most commonly
sed particles for DPI formulations have irregular shapes. Elon-
ated [96,97],  needle-like [98], porous and wrinkled particles [99]
ave all resulted in increased FPF of various drugs. Recently, a
PI formulation of budesonide drug particles mixed with pollen-

haped hydroxyapatite carrier showed improved dispersibility of
rug particles due to reduction in particle interactions [100,101].
eng et al. [78,97] observe increased FPF of salbutamol sulphate
hen elongated rather than spherical lactose carrier particles are
sed. Certainly surface shape effects agglomeration strength but
he authors also argue that the outcome is influenced by a change
n the aerodynamic diameter of the agglomerates. Due to their
arger shape factor, elongated particles have a smaller aerodynamic
iameter than do spherical particles and thus agglomerations of
ctive drug particles and elongated carriers remain aerosolised for

 longer time, and greater distance along the inhalation path, and
eagglomeration is enhanced.

The literature on the effect of intrinsic carrier particle size gives
ixed reports. Several studies have found an increase in FPF with

ecreasing carrier size. For example, increased respirable fraction
f salbutamol sulphate [78,102], terbutaline [102], disodium chro-
oglycate [103] and budesonide [104] occurred with decreased

arrier size. The authors suggest that smaller agglomerates see
ore intense shear in the turbulent airstreams thus leading to more

ffective deagglomeration, however, the dependence on carrier
ize is not mentioned. It is also suggested that the larger carri-
rs, which correspond to a greater aerodynamic diameter, result
n a greater fraction of the formulation being deposited on the
evice walls. In twin-stage impinger tests Braun et al. [103] find
reater late stage deposition of disodium cromoglycate for smaller
ized carriers and conclude that this is due to a greater disturbance
f the agglomerates with the increasing carrier particle number
ensity. In another study, the opposite trend is revealed, with for-
ulations containing 90–125 �m sized carriers producing a higher

rug dispersion than the same formulation with 38–75 �m carri-
rs, and it is argued that this is due to the lower inter-particle forces
mong the larger sized particles [105]. Similarly, a higher respirable
raction of terbutaline sulphate was obtained from a formulation
ontaining coarse lactose (53–105 �m)  than the same drug con-
aining fine lactose carriers with intrinsic size less than 53 �m for
ests using the Rotahaler at 60 L/min [106]; however, the reason
ehind this is unclear. Increased respirable fractions of spray dried
annitol and recombinant human granulocyte-colony stimulating

actor rHG-CSF/mannitol particles from large carriers (90–125 �m)
f poly ethylene glycol (PEG) compared with that of smaller carri-
rs (38–75 �m)  were observed due to lower inter-particle forces
mong the large carrier particles [105]. Very recently, an increase
n carrier size resulted in an increase in aerosolisation behaviour
f insulin loaded PLGA microparticles mixed with mannitol car-
ier with a size range between 25 and 167 �m [107]. The authors
onclude that the use of larger particles of mannitol carrier with a
ower carrier/microcapsule ratio leads to higher dispersion of the
rug due to increase flowability.

While some studies listed above conclude that a decrease in car-

ier size increases drug dispersion, there were some studies that
ndicated a contrary view. However, the complete reasons for the
bserved effects are not clear. It is likely that a decrease in nomi-
al carrier particle size corresponds to an increased fraction of fine
ng & Physics 34 (2012) 409– 427

incipients. Thus the effect may  be related, not so much to carrier
size per se, but to the presence of fine excipients. In the publications
listed in the previous paragraph the concentration of fine excipients
within the formulation is not reported, and likely was not known
or controlled. To address this issue, Islam et al. [77,108] demon-
strated a decantation method for the size separation of lactose
carrier particles, where fine lactose (<5.0 �m)  was removed (not
completely) from the large carriers and no significant differences
in the FPF of salmeterol xinafoate with various decanted lactose
carrier size within a range of 45–190 �m was  observed; however,
the wet decanting process caused a significant decrease in disper-
sion of SX. Interestingly, FPFs of SX were found to revert very close
to their original values after the addition of fine lactose (<5.0 �m)
to the decanted carriers. Thus the presence of fine lactose associ-
ated with large carriers or added as an excipient, played a key role
in the drug dispersion process in this study. Similar observations
are made by Louey et al. [73] in in vitro trials using salbutamol sul-
phate with various lactose carriers. It was  found that a distribution
of small and large carriers is required for increased FPF with maxi-
mum  drug deposition achieved for a carrier particle distribution of
approximately 10% fines and 90% coarse particles.

The addition of ternary components like magnesium stearate
and leucine [105,108–110] has also lead to improve drug disper-
sion by reducing the cohesive forces between drug particles. The
addition of 10% fine sugars (lactose, glucose, mannitol and sorbitol)
in the interactive mixtures of salmeterol xinafoate and coarse car-
riers demonstrated that fine sugars played an important role in the
detachment of the drug from the large carriers [111].

4.1.3. Formulations with nanoparticles
Nanotechnology is a rapidly growing field which has a

wide range of application for drug delivery and therapeutics.
Even though particles less than 1 �m have challenging disper-
sion behaviour due to the strength of the inter-particle forces,
nanoparticles have raised considerable interest for researchers
of pulmonary drug delivery [51,61,112–114]. The advantages of
nano-sized particles in DPI drug formulations include their rapid
absorption in the epithelium cells [115] and avoidance of the
mucociliary clearance [116]. Nano-agglomerates have low aerody-
namic diameter due to their relatively small size (micron sized)
and often hollow morphology. Thus, provided that the strong adhe-
sive forces are broken nanoparticles are readily deposited in the
deep lungs. This is supported by recent research on a formulation
containing carrier lactose and salbutamol sulphate nanoparticles,
which demonstrated a two–three-fold increase in total lung depo-
sition compared to a formulation containing the same drug as
micronized form [112]. Some researchers have investigated vari-
ous drug formulations with soluble excipients and claim that the
rapid re-dispersion into the primary nanoparticles can improve
therapeutic performance [117,118].  Lung delivery of insulin loaded
chitosan nanoparticles [119], nanoparticles of calcitonin [120], 5-
fluorouracil (5-FU) [113], elcatonin coated with chitosan [121,122],
liposome [123,124],  cyclodextrin [125,126],  and rifampicin loaded
PLGA nanoparticles [127] have all been investigated with signif-
icant success. Drug-loaded biodegradable polymer nanoparticles
have been investigated for controlled, targeted and prolonged
drug delivery [128,129].  These studies have extended the oppor-
tunities for polymer scientists and nanomedicine scientists to
study the application of biodegradable polymers nanoparticles
in the lung delivery of various drugs. Moreover, microencapsu-
lated nanoparticle dry powders of various vaccines [70,130–134],
have been investigated with promising outcome. Chotosan based

nanoparticles of ovalbumin [135] and hepatitis B [136] prepara-
tions produced significantly higher immunity compared to that
of conventional alum-adsorbed vaccines. Therefore, immunologist
may  extend their research in lung delivery of vaccines, which have



ineeri

b
o

4

d
m
a
[
i
f
d
s
d
c
P
c
m
p
D
c
6
s
t
h
o
t
p
U
r
p
s
m

4

4

i
c
t
p
o
p
t
d
i
r
p
t
i
a
h
d
p
c
s
l
b
c
t
r
p
n
s
t

N. Islam, M.J. Cleary / Medical Eng

een found to be effective with very low dose in the management
f various immunological disorders.

.1.4. Some advanced formulation technology
To increase the delivered FPF a number of other novel pow-

er formulations have been researched such as those with surface
odified particles [137], and dry coating by mechanofusion of

ctives [138], and supercritically produced micronized powders
139,140].  The use of engineered powder particles is rapidly grow-
ng. Recently, a carrier-free l-leucine coated salbutamol sulphate
ormulation was developed [141]. The tests indicate that the FPF
ecreases with increasing surface roughness, while the smoother
urfaces achievable with the l-leucine coating result in 47% FPF
elivered from the Easyhaler, which is 3–4 times higher than other
ommon micronized drug powders from the same device. Using
ulmoSphere technology (an emulsion-based spray drying pro-
ess), it is possible to create porous particles with a sponge-like
orphology [142]. A formulation of budesonide (PulmoSphere)

owders, delivered at both high and low flow rates from the Eclipse
PI yield a two-fold higher deposition compared to formulations
ontaining pelletized particles delivered from the Turbuhaler at
0 L/min [143]. A DPI formulation of tobramycin (PulmoSphere)
howed 34% lung deposition compared to a nebulized (5% deposi-
ion) formulation [142]. In addition, the DPI formulation produced
igher peak drug concentration (0.6 mg/mL) compared to that
f nebulized formulation (0.28 mg/mL) [142]. Similar outcome of
obramycin powders was also observed by others [57]. Another
owder, insulin Technosphere (MannKind Corp., Valencia, CA,
SA), containing fumeryl diketopiperazine as a carrier, provides

apid onset of action upon inhalation [144,145].  The size of this
owder particle is 2–3 �m and they have high porosity and large
urface area to achieve the rapid absorption (15 min) upon pul-
onary delivery.

.2. Patient variability

.2.1. Inhalation profile dependence
To ensure effective drug delivery into the deep lungs, a certain

nspiratory force from a patient is essential in order to over-
ome the device resistance and to produce a flow rate through
he device that is sufficient to aerosolise, deagglomerate and dis-
erse the drug powders. Patients with severe asthma or chronic
bstructive pulmonary disorder (COPD) or elderly or very young
atients may  not be able to produce the required inspiratory force
hus increasing intra-patient and inter-patient variability of drug
elivery. The main limitation with existing DPIs, in this regard,

s that FPF deposited in the lungs is often sensitive to the flow
ate [27,28,146] and this is primarily due to the variable extent of
owder deagglomeration [82,108,147]. As previously mentioned
he Turbuhaler, a high pressure drop device, demonstrates signif-
cant sensitivity of the emitted FPF to flow rate, increasing from
pproximately 23% at 30 L/min to 40% at 60 L/min. However, studies
ave shown that some patients, including young asthmatic chil-
ren [148] and patients with COPD [149], cannot even achieve a
eak inspiratory flow of 30 L/min through a Turbuhaler. Nor is there
onclusive evidence to show that low resistance DPIs, per se, have
uperior performance. The Spinhaler (formerly Aerolizer) is a very
ow resistance device that provides quite low FPF of salbutamol
ut with strong variability between 30 and 60 L/min and then fairly
onstant FPF up to 90 L/min whereas Rotahaler with similar resis-
ance shows monatonic increase in FPF over the same range of flow
ates [37]. In another study Aerolizer produced a much higher res-

irable FPF of formoterol formulation at high flow rates than the
on-proprietary single-dose capsule inhaler, Ratiopharm, despite
imilarities in the resistances of the two devices [150]. The situa-
ion is the same for some medium resistance DPIs. Diskhaler and
ng & Physics 34 (2012) 409– 427 417

Cyclohaler have nearly identical pressure drop yet Diskhaler deliv-
ers near double the FPF of Rotacaps 400 formulation with strong
sensitivity up to 90 L/min than the Diskhaler which shows very little
change in FPF between 60 and 90 L/min.

An ideal inhalation profile of a child may not be the same as
that for an adult patient yet the majority of currently available
inhaler devices have been designed without considering the inhala-
tion profiles of children, who are seriously prone to inhalation error.
Furthermore, as the computational modelling of Ruth et al. [151]
shows the fraction of drug particles that passes through the lungs
of a small child is low and it is concluded that variation in lung
physiology as well as inhalation profile is the cause. Therefore the
developer of a new device should take into account the differences
in the inhalation profile and lung morphology between adults and
children of various ages. In this light, a recent patent by Charles
et al. [152] gives details of a spacer fitted to a single-use, disposable
DPI which provides a containment volume to hold the aerosolised
powders while the patient uses their natural, untrained inhalation
profile. Such devices may  be quite useful for children or other sit-
uations (e.g. aid and emergency situations) where communication
of the inhalation method is problematic. We  note, however, that
no further details or comparative studies are available and it fur-
ther research is needed to demonstrate that there is not significant
amounts of deposition of drugs within the spacer volume.

The situation described in this subsection obviously makes
effective treatment for a range of patients with a range of inhala-
tion profiles and lung physiology difficult to manage. It is therefore
imperative to minimize the flow rate sensitivity to completely
aerosolise, deagglomerate and disperse the drug so that as broad a
group as possible from the patient demographic can attain maxi-
mum  therapeutic benefit. In addition to effective treatment it is also
a safety issue that will be ever more important especially with the
pulmonary delivery of potent systemic drugs as discussed below.

4.2.2. Training
An effective treatment becomes unsuccessful if the patient does

not understand the need for self management of diseases. Patient
adherence and compliance is important in achieving success in the
treatment of various diseases. This is especially the case for treat-
ment using complicated DPI systems. To achieve maximum patient
compliance, training is required in both the use and care of DPIs
and, furthermore, designers should ensure that the devices are easy
and convenient to use. Currently this is not the case. It has been
demonstrated that around 31% of patients using common and pop-
ular DPIs use them incorrectly while that figure increases to 42%
for patients over 60 years of age [153]. The specific details of the
incorrect use are, however, not elaborated on. In another study, van
der Palen et al. [154] quantified usage statistics for asthma treat-
ment via Turbuhaler, Diskhaler, Cyclohaler, Rotahaler and Inhaler
Ingelheim. It was found that patients using only the Diskhaler made
the fewest errors and that the percentage of patients who make no
errors decreases from 71% to 61% if multiple devices are prescribed
for them to use. Similar investigation can be found in other articles
[13,155]. Lavorini et al. [13] reviewed the literature on the usage of
DPIs by patients with asthma and COPD revealing between 4% and
94% of patients use their devices incorrectly with the most common
errors being failure to exhale before and hold breath after inhala-
tion, failure to inhale with sufficient force, and incorrect priming
and positioning of the device. The authors also emphasise that the
inability of patients to properly use their device is due to insuffi-
cient instructions from their medical practitioners and the device
manufacturers. Most of the currently available devices are not

ideal from a user’s perspective and consistent dispersion of drugs
for all types of patients is challenging. The increasing number of
inhaler devices with limited efficiency and variability for different
inhalation techniques causes many patients to use their prescribed
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nhalers incorrectly. Surprisingly, a large number of healthcare pro-
essionals are not proficient users of DPIs themselves [156] and
onsequently their patients tend to receive less instruction and are
lso less proficient users.

Proper training of health care professional and patients in the
se of various devices is essential. Also during the training ses-
ion the practitioner should assess the patient’s ability. Subsequent
eedback to the manufacturers will accelerate the development of

ore user-friendly devices. To avoid confusion physicians should
imit their selection to a small number of inhalers whose operat-
ng principles are fully known to them. Pharmacists are also in a
ood position to provide patient training due to their more frequent
ontact with patients. Of course, improvement of disease manage-
ent could be achieved by the development of a new universal
PI device, which is easy to use correctly, thereby ensuring more

uccessful drug delivery with limited training.

.3. Engineering enabling technologies

In this section we discuss the application of engineering
nabling technologies for improving the scientific knowledge of DPI
ystems which has, at least in some cases, lead to improve DPI sys-
em design concepts. We  start with computational fluid dynamics,
iving a considerable introduction to the basic concepts, followed
y a review of CFD applications to DPIs and some critical comments
n analyses that have been made based on the turbulent shear. The
ollowing subsection discussed advanced experimental diagnostic

ethods with specific attention to research involving atomic force
icroscopy, inverse gas chromatography, velocimetry and laser

iffraction. We  end our discussion of engineering enabling tech-
ologies with a subsection on cross-disciplinary research and make
eference to other research fields where collaborations between
odellers and experimentalists has resulted in rapid advances.

.3.1. Computational fluid dynamics

.3.1.1. Basic concepts. Computational fluid dynamics (CFD) is a
seful tool, used in a wide range of engineering and scientific fields,
hich may  provide significant benefits in designing a new and
niversal DPI device. The CFD should model the physical flow phe-
omena as much as is possible given current understanding and
omputational resources. In this section we start with an overview
f general CFD capabilities starting from the most sophisticated and
orking down to the practical forms for DPI design. This is followed

n the next subsection by a detailed review of applications of CFD
or the design of DPIs.

The most complete CFD model applied to drug aerosol dis-
ersion would numerically solve the governing continuity,
omentum (Navier Stokes) and energy equations for the con-

inuous air phase and the transport of the discrete drug powder
hase as it undergoes aerolisation, deagglomeration, dispersion
nd deposition. The continuous phase flow is normally subject to
urbulent motions whose scales range from the largest, energy
ontaining eddies corresponding to the macro length scale of the
ows (e.g. the size of the DPI) down to the Kolmogorov scales
here the turbulence is dissipated by molecular viscosity. A direct
umerical simulation (DNS), whereby all turbulent scales are
esolved computationally, is the most accurate approach, but
ue to the huge cost DNS is normally limited to low Reynolds
umber flows and is applied in order to gain fundamental insights
n flow phenomena and turbulence structure or to validate
ther, simpler models [157,158].  For practical applications, two
lternative modelling approaches are employed. The cheapest

nd most commonly used approach for drug aerosol modelling
19–23,159–164] (and more generally also) is to solve the Reynolds
veraged Navier Stokes (RANS) equations whereby the statistical
ean of the fluid velocity field is modelled. RANS approaches
ng & Physics 34 (2012) 409– 427

for turbulent flow are relatively simple, computationally
inexpensive, can be simplified by invoking two-dimensional,
symmetric and steady-state assumptions, are incorporated in all
commercial codes and have been tuned for a wide range of flow
conditions. The Reynolds averaging of the transport equations
introduces additional turbulent stress terms whose closure is
typically via a two-equation eddy viscosity model [159–163] or a
transported turbulent shear stress model [19–23,161,164].

The processes of drug powder aerosolisation, deagglomeration,
dispersion and deposition within a DPI and respiratory tract are
inherently transient and furthermore those processes are either
enhanced or attenuated by immersion of the powders in the
unsteady air flow. In a RANS setting these particle–fluid interactions
are not resolved but rather they are modelled at the particle loca-
tions using the known mean quantities. The alternative approach,
with a computational cost betweens DNS and RANS, is large eddy
simulation (LES), whereby the large energy containing turbulent
eddies are resolved while modelling is required for the small dis-
sipative scales only. A number of studies [165,166] of particle
deposition within the respiratory tract have employed LES and it
is claimed that this extension has resulted in improved predictions
of particle wall impaction and deposition [165]. To our knowledge,
there has not yet been any application of LES to simulate the flow
within a DPI although given its use for studying complex, internal
and multiphase flows in other fields (e.g. see Ref. [167]) this step
would likely be beneficial.

Before aerosolisation within a DPI the drug powder formula-
tion exists as polydispersed and irregular-shaped agglomerates. On
inhalation the agglomerates are accelerated from rest by aerody-
namic forces. Once airborne the agglomerates are dispersed by the
turbulent flow and deagglomerate under the enhancing effects of
shear stresses applied by the air (particle–fluid interactions) and
impactions (particle–wall and particle–particle interactions). Much
of the literature reports on application of commercial CFD soft-
ware using standard Reynolds averaged turbulence closures for the
continuous phase and Lagrangian tracking of representative pow-
der particles using a range of available methods [168]. In these
modelling efforts the particle size distribution is generally polydis-
persed but it is also static and does not change with time. There is as
yet very little in the way of fundamental models to account for deag-
glomeration by any of the mechanisms (e.g. high turbulent shear,
impactions, etc.). Recently a number of researchers have attempted
to model the mechanics of drug powder deagglomeration more
directly using discrete element methods (DEM) [169–171]. Here the
translational and rotational motions of individual particles, which
may be part of a larger agglomerate, are determined by the forces
applied to them due to their immersion in the continuous phase
(fluid–particle interactions), due to collisions with each other and
the walls of the device, and due to van der Waals attractive forces.
Computational cost is an inhibiting factor however, and the DEM
literature cited is applied to single agglomerates only containing
up to 4000 individual particles [169].

4.3.1.2. Use of CFD for DPI design. A series of concurrent experi-
mental in vitro and CFD studies by Coates and co-workers at the
University of Sydney [19–23] have investigated the effects of vary-
ing the key design parameters of an Aerosolizer DPI. The CFD is used
to explain the experimentally observed changes in the DPI perfor-
mance (characterised by the FPF deposited in stages 3 and 4 and the
filter of a multistage liquid impinger). The computational solution
of the Reynolds averaged transport equations for the continuous
phase is validated against laser doppler velocimetry experimental

data [20]. At the same time the CFD results provide information that
is not experimentally observable such as turbulent kinetic energy,
shear rate and particle–device impactions. The latter is modelled
in Lagrangian fashion using a relatively small number of particles
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up to 10,000) with a static size distribution. Particular attention
s given to how design changes impact on the deagglomeration
otential of the flow field. Although powder deagglomeration is
ot explicitly modelled, the CFD is used to provide a fundamental
escription of the deagglomeration potential of the flow. While it is
oted that the intensity of particle–particle impactions could also
e important, the CFD modelling does not cover that level of detail.
ome of the findings of this coupled experimental/CFD work are
eviewed below.

Experiments reveal that variations in the design of the grid
tructure upstream of the Aerosolizer mouthpiece can have a signif-
cant effect on performance, with an approximate five-fold increase
our guess) in grid voidage leading to a reduction in FPF as a
raction of the loaded mass from 57% to 44% while as a frac-
ion of the mass emitted from the device (i.e. released into the

outhpiece) there is no discernable change [20]. While grid struc-
ure design changes have a big effect on performance, it is also
bserved that a four-fold reduction in mouthpiece length has no
ignificant effect on either the loaded or emitted FPF measures
20]. The CFD indicates that while there is little observable sen-
itivity of averaged turbulent kinetic energy within the DPI with
ncreased voidage of grid structure, there is a significant decrease
n the integral scale shear or, in other words, a reduction in the
erodynamic shear stresses at the scale of the largest turbulent
ddies in the flow. Presumably this results in diminished breakup
f powder agglomerates leading to a lower FPF relative to the
oaded mass. While the CFD confirms the rather obvious idea that
ncreased grid structure voidage will result in fewer particle–grid
mpactions, it also suggests that a less obtrusive grid structure
oes not straighten the flow as much as a fine grid structure
esulting in greater tangential velocities in the mouthpiece and,
ecause of particle inertia, more particle–mouthpiece impactions.
he authors hypothesise that with reduced grid voidage the greater
eagglomeration potential due to particle–grid impactions is off-
et by the diminished deagglomeration potential due to their
eing fewer particle–mouthpiece impactions and that this explains
he insignificant variation in FPF as a fraction of the emitted

ass. However, as the CFD analysis does not quantify the rela-
ive importance of the deagglomeration mechanisms one could
lternatively suggest that the turbulent shear is the dominant
eagglomeration mechanism and that the deagglomeration poten-
ial of impactions (both particle–grid and particle–mouthpiece) is
ess significant. Moreover, the insignificant variation in FPF rela-
ive to load and emitted masses with changes to the mouthpiece
ength reported in [20], despite a presumably corresponding vari-
tion in particle–mouthpiece impactions (not reported) seems
o support this view that strain rate is the controlling mecha-
ism. An earlier experimental study by Voss and Finlay [172] also
upports the view that particle impactions are a less effective
eagglomeration mechanism. The authors further conclude that
hile turbulence has a definite effect it may  not be the only or

ven the dominant deagglomeration mechanism. A very recent
oupled experimental/CFD publication by Wong et al. [164] indi-
ates that the mechanism for deagglomeration may  depend on
he characteristics of the powder formulation. While Voss and
inlay [172] performed experiments on interactive formulations
onsisting of small drug particles attached to much larger carrier
articles to conclude on the dominant effect of turbulent strain
ver impactions, Wong et al. arrived at the opposite conclusion for
rug-only agglomerated formulations.

The impact of integral scale turbulent shear and particle–device
mpactions on the Aerosolizer DPI performance is further explored

y Coates and co-workers by making variations to the DPI air inlet
ize [22], the flow rate [21,22], the design of the powder capsule
23] and the mouthpiece geometry [19]. While the CFD once again
eveals that these relatively simple design changes can enhance
ng & Physics 34 (2012) 409– 427 419

the deagglomeration potential of the device by increasing the tur-
bulent shear and the intensity of particle–device impactions, the
experimental observations also point to other factors which must
be considered in order to improve the FPF. Two noteworthy conclu-
sions are the existence of an optimal flow rate and the importance
of having a short flow development time relative to the device
emptying time. For the standard Aerosolizer design it is observed
experimentally that there is an optimum flow rate of about 65 L/min
at which FPF as a fraction of loaded mass is about 40%. That FPF is
reduced for lower and higher flow rates in the range 30–120 L/min
[21]. CFD shows that while integral scale strain rate and
particle–device impaction intensity monotonically increase with
the flow rate, both of which enhance deagglomeration potential, so
too does the impaction frequency in the throat of the test rig and
this tends reduce the FPF referenced against both the loaded and
emitted masses. The optimum flow rate is therefore determined by
balance of the deagglomeration and hence FPF enhancing mecha-
nisms of strain rate and to a lesser extent particle–device impaction
intensity and the FPF diminishing mechanism of throat deposition.
Adjustments to the air inlet size for a given flow rate also modifies
the DPI performance in a complicated way [22]. A reduction in air
inlet size leads to increase turbulence and higher impaction veloci-
ties which enhance deagglomeration and lead to an increase in FPF
for the low flow rate tests (30 and 45 L/min). However at higher flow
rates (60 and 90 L/min) the performance diminishes as the area of
the air inlet is decreased. The CFD reveals that at these higher flow
rates an area reduction increases turbulence and impaction veloc-
ities which is consistent with CFD observations of the lower flow
rates. However due to increase resistance to flow a reduction in
the air inlet size leads to a longer time taken for the flow inside
the device to reach its peak rate. If that flow development time is
of the order of the time taken to clear the device of the powder
(as is the case for flow rates greater than 60 L/min) then the pow-
der experiences a much lower average turbulence and velocity and
deagglomeration potential is not as high as the nominal (i.e. once
developed) flow rate conditions would suggest.

The latest DEM publication with favourable comparison with
experiments investigates the effect of the particle–device impact
angle on deagglomeration within a model impaction throat [171].
Significant sensitivity is observed and was found to be dependent
on flow rate. While increasing the impact angle from 15 to 90◦

increases the FPF for flow rates below 120 L/min for higher flow
rate throat wall deposition is increased when the angle is increased
beyond 45◦ and dispersion performance diminishes. This is gener-
ally in keeping with earlier observations of Coates et al. [21].

Similar concurrent in vitro experimental and CFD research on
spray aerosol inhaler design variations have been conducted by
Longest and Hindle [162,163].  While there are similarities between
spray and dry powder inhalers there are also significant differences
in the physics with the former requiring consideration of droplet
evaporation and possibly condensation while deagglomeration is
a major consideration in the latter. The spray inhaler work reports
that the intensity of turbulence and diameter of device mouthpiece
were (in common to powder inhalers) found to directly influence
dispersion and deposition but while increasing turbulence inten-
sity improves DPI performance due to enhance deagglomeration
potential it is found to increase device mouthpiece deposition and
retention in a prototype spray inhaler and therefore diminish the
effective delivery to the lungs [162]. Flow recirculation near the
nozzle region of a Respimat Soft Mist inhaler also increases device
wall deposition [163]. All of these results are important contribu-
tors to understanding pulmonary drug delivery and for designing

better inhaler devices in future.

4.3.1.3. A comment on turbulent shear. The use of the integral
scale turbulent shear by Coates et al. [19–23] to quantify the
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eagglomeration potential of a flow (in fact, the authors use an
pproximation given by the ratio of the large-scale turbulent kinetic
nergy and eddy dissipation) needs some clarification. Certainly the
arge-scale turbulent eddies, which scale with the size of the device
e.g. its diameter), have the highest characteristic velocities and
enerate the turbulent kinetic energy of the flow but despite this
t is not obvious that the large-scale eddies are the most dominant
cales leading to deagglomeration. We  expand on this below.

The characteristic velocity, u, of an eddy of size l which is signif-
cantly greater than the Kolmogorov scale is a function of the eddy
issipation and length, scaling as u∼(εl)1/3 (a pictorial view of an
gglomerate in a turbulent eddy is given in Fig. 1). Whereas the tur-
ulent shear scales as u/l ∼ ε1/3l−2/3. So, although the eddy velocity
ecreases for smaller l the turbulent shear in fact increases. At the
olmogorov length scale the viscosity, �, dissipates the turbulent

inetic energy. The Kolmogorov scale shear is given by
(

ε/�
)1/2

.
rom this simple scaling introduced above it is possible to make
ome general comments about deagglomeration due to turbulent
otions. The acceleration of an agglomerate will be largely deter-
ined by its path through the large-scale turbulent eddies since

hey have the greatest eddy velocity. A sudden accelerating force
ould result in the breakup of an agglomerate [173] but this process
robably has more in common with impaction than with deag-
lomeration due to fluid shear. The fluid shear results from two
ources: firstly, surface shear resulting from the different fluid
nd particle velocities; and secondly, body shear resulting from
n agglomerate straddling a turbulent eddy and being subject to

 moment about some internal fulcrum. Both types of shear are
nhanced by increasing levels of flow turbulence, but the former
s dominated by the large-scale turbulent eddies while the latter is
ominated by eddies of the size of the agglomerate. If the agglomer-
te is sub-Kolmogorov sized then it will experience the maximum
ody shear but at the same time its small size means that the differ-
ntial velocity between the fluid and the particle is small and thus
urface shear will be less important.

The above considerations do not necessarily contradict the out-
omes of the analysis of Coates et al. Obviously an increase in
ntegral scale turbulent shear will correspond to an increase in
mall scale turbulent shear although the magnitudes at the integral
nd micro scales are very different. There are contested views about
hat are the dominant mechanisms resulting in deagglomeration
ithin a DPI. It seems that only fundamental research examining

ach mechanism in isolation and in combination will resolve the
rgument. Along this line a detailed analysis of turbulence interac-
ions with agglomerates is required. Certainly there is significant
rogress in other types of two-phase flows (e.g. breakup of sprays
174] and suspended particles [175]). We  advance this discussion

 bit more in Section 4.3.3 in the context of cross-disciplinary
esearch.

.3.2. Advanced experimental diagnostics
The other arm of science besides modelling (discussed in

revious subsection), and which certainly predates computational
odelling, is experimental diagnostics performed in the laboratory.

n the field of dry powder inhaler research a number of advanced
iagnostical methods are commonly applied: these include scan-
ing electron microscopy (SEM) for visualisation of the formulation
tructure including particle morphology and agglomeration geom-
try [176–180]; atomic force microscopy (AFM) to determine the
ingle contact point adhesive/cohesive forces between individual
owder particles [177–179,181–184],  inverse gas chromatography

IGC) to determine surface energy characteristics of bulk powder
ormulations [179,185,186],  X-ray diffraction (XRD) to determine
rystal structure and formulation composition [179,187,188],
nd high-speed photography for direct visualisation of
ng & Physics 34 (2012) 409– 427

deagglomeration [189] or used in combination with laser
diffraction to get “in flight” real-time, particle size distribu-
tions [176,190,191] and particle image velocimetry (PIV) [20,192]
or laser doppler velocimetry [193] for air velocity and related
quantities. Critical reviews of some of these technologies and the
advances they have brought about in our understanding of DPI
systems are available in the literature [179,194] and we  do not
repeat that here. Instead we focus on only a few of the diagnostic
methods (namely AFM, IGC, laser diffraction and LDV/PIV) which
can be used to quantitatively analyse powder dispersion and
deagglomeration. These methods have great potential in combined
experimental and modelling research; a topic that is discussed in
some detail in the next subsection.

4.3.2.1. AFM and IGC. Deagglomeration of powders occurs when
the external forces (e.g. rapid acceleration due to impaction or
fluid shear) overcome the adhesive/cohesive forces between parti-
cles. These forces are the van der Waals force, capillary force and
electrostatic force. AFM quantifies the force required for one con-
tact point between particles to be broken; which of course is the
most basic process of deagglomeration. AFM data is therefore the
starting point for any fundamental study of breakage. The forces of
attraction between particles are dynamic and various AFM stud-
ies have shown how the forces vary with particle size, particle
shape [195] and extent of surface roughness [179,184],  the con-
tact area [80,181], relative humidity [177,178,183,184] and particle
core composition [184] or coating composition [182]. While AFM is
very good for analysing the microscale it is of course the mesoscale
(i.e. the bulk powders) which are more complicated due to mul-
tipoint contacts with multiple other particles. Furthermore, the
permutations of these contact arrangements and of the contact
surface area are countless and vary with agglomerate and bulk
power packing structure, powder composition, temperature and
relative humidity. For quantifying bulk powder adhesive/cohesive
forces IGC is popular. Inter-particle forces are not measured directly
but rather surface energy and surface acid/base properties which
are linked to the adhesive/cohesive forces are determined. The
interparticulate interactions in the powder, influenced by the
surface energies [196], of the individual components in the mix-
ture, affect the dispersibility of powder. IGC is applied to the
analysis of bulk powders and it is very useful as a fast, accu-
rate and non-distructive method for measuring surface energy of
various powders [197,198].  Some early pharmaceutical powder
cohesion studies using IGC are reviewed by Grimsey et al. [186].
Recently, some studies demonstrated the relationship between the
powder dispersibility and surface energy [199,84]. For example,
decreased FPF of salbutamol sulphate from the mixture of lactose
with increased dispersive surface energy of powders was  observed
[199]. However, Traini et al. demonstrated an inverse relationship
between the surface energies of four different lactose polymorphs
and FPF of the same drug from the interactive mixtures with those
lactose powders [84]; whereas, negative relationship was found
between the dispersive surface energy of spray dried and milled lac-
tose and the dispersion of budesonide [200]. A more recent study by
Davies et al. [185] has used a combination of AFM and IGC to investi-
gate the surface energy and intrinsic mechanical properties of drug
(budesonide) particles, which help preformulation of DPI formula-
tion for better dispersion. Therefore both AFM and IGC studies are
important in studying particulate interactions for improving DPI
technology.

4.3.2.2. Velocimetry. The impaction and fluid shear processes

within a DPI which lead to dispersion and deagglomeration are
highly unsteady and non-linear and vary both temporally and
spatially (thus some researchers use CFD as described in the pre-
vious subsection). Unlike methods such as hot-wire anemometry,
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he LDV and PIV methods of measuring the flow velocity are non-
nvasive and do not affect the flow velocity. In velocimetry methods
he flow is seeded with small particles as glass, polystyrene, alu-

inium or oil droplets that move with the flow and which scatter
ight produced by a laser. LDV is a point measurement method;
he Eulerian flow speed is derived from the change in wavelength
etween the incident and reflected light. PIV, on the other hand,
rovides vector information; high-speed photography captures the
articles at small time increments and the directional distance
ravelled divided by the time gives the velocity. By imaging two
rthogonal planes and making use of continuity it is possible to
btain the three-dimensional velocity. Although LDV and PIV are
ommonly applied in many fields of fluid mechanics research there
re relatively few inhaler applications although a number of pub-
ications are available [20,172,192,193].  Coates et al. [20] use LDV
f the flow at the exit of an Aerolizer inhaler to validate their CFD
odelling (see Section 4.3.1 for detailed discussion). A comparison

s made between the experimental and CFD predicted mean axial
elocity. Higher moments (e.g. mean square) can also be obtained
y LDV and, although not available in that work, would be use-
ul for validation of the CFD modelled velocity within a DPI. Voss
nd Finlay [172] perform LDV on the flow in a specially designed
eagglomeration rig consisting of a circular pipe with controllable

evels of turbulence and an insertable impact mesh. They explore
he relative importance of shear and impaction mechanisms of
eagglomeration. Root mean square velocity measurements are
eported at various stages in the deagglomeration rig and this is cor-
elated with the extent of deagglomeration which is measured in an
nertial cascade impactor. Mendes et al. [193] did detailed LDV anal-
sis of the flow in a transparent twin-stage impinger and combined
he observed mean velocities with a stochastic particle dispersion

odel to study trajectories, mass fluxes and deposition. Han et al.
192] used PIV to obtain the velocity within an optically transpared
piros inhaler mouthpiece that was machined from transparent
apphire crystal. The mouthpiece is designed with tangential jets to
nduce a rotational flow that acts as a sheath to prevent drug deposi-
ion in the mouthpiece. The author’s PIV analysis shows, however,
hat there is in fact increased likelihood of deposition where the
ets interact with the drug laden core flow prior to development of
he rotational sheath. Some brief suggestions are also made about
mproving the design.

Although velocimetry in DPIs is a relatively immature field that
as been used to investigate only basic velocity statistics within

imited regions of the devices there is a potential for extracting
ich data including the turbulent shear rate (which contributes to
eagglomeration). Some initial steps have been taken towards this
nd. Voss and Finlay [172] correlated the extent of deagglomera-
ion with the root mean square of turbulent velocity fluctuations
ut did not determine the fine scale shear. The issue of course

s that being dominant at the smallest Kolmogorov length scales
typically of the order of 1–10 �m in a DPI) it is difficult to have
ufficient PIV resolution to obtain the shear correctly. It is not
et possible to resolve such a fine scale; some recent PIV mea-
urements of two-phase flow have obtained resolutions down to
0 �m in a limited region of a flow where the Kolmogorov scale
as 110 �m [201]. Although respirable drug powders are much

maller, carrier particles are typically of the order of 100 �m in
ize. Therefore fundamental information on the turbulent shear
ate at that scale is currently possible and may  be of use for study-
ng primary breakup of the small drug actives from the much larger
arrier particles. As with direct numerical simulation the limiting
actor on fine scale PIV is the computational power that is avail-

ble and it may  still be some time before the small scale turbulence
nformation is investigated for practical DPIs although studies of

 fundamental nature (e.g. deagglomeration within a canonical jet
onfiguration) would be of value to improving our understanding of
ng & Physics 34 (2012) 409– 427 421

the key processes involved and also for validation of computational
models.

4.3.2.3. Laser diffraction. Particle size and size distribution of
micronized drug powders and their subsequent dispersion
behaviour can be obtained using the laser diffraction method,
which uses the theory of Mie  scattering. Laser light is focussed at
the particle cloud and the light is scattered at an angle that is depen-
dent on the size of the particles; smaller particles scatter the light
at bigger angles than do larger particles. Generally, assumptions
are made that the particles are spherical and that the dispersion is
dilute enough for there to be no re-scattering (i.e. the photodetec-
tors receive the light directly from the initial particle). Corrections
must be made for laser diffraction of dense dispersions where re-
scattering will be significant. The advantage of laser diffraction is
that it can generate time resolved “in flight” information about the
particle size distribution unlike alternative sizing methods such
as inertial cascade impactors. Particle size and size distributions
can be determined using a small amount of sample. A series of
recent papers by Behara et al. have investigated the laser diffraction
approach for DPI systems [176,190,191] to study the particle size
and size distribution in real life situation and relate the deagglo-
mareation and aerosolisation pattern of highly cohesive powder
agglomerates dispersed from the DPI devices. The outcome their
studies have found the laser diffraction technique to be useful in
understanding the kinetics of powder aerosolisation form different
DPI devices.

4.3.3. Cross-disciplinary research
The preceding sections of this review article have highlighted

the enormous research and development efforts surrounding the
development of DPI systems in areas as diverse as pharmaceuti-
cal and medical sciences, nanotechnology, materials science and
engineering, fluid dynamics, spectroscopy and laser diagnostics.
Yet despite this effort the existence of reliable and universal DPIs
remains lacking. There is a clear need for an organised and contin-
uous international collaborative effort between researchers across
the many disciplines involved; and certainly this is happening to
some degree already. Here we focus on just one cross-disciplinary
research area – computational fluid dynamics/advanced experi-
mental diagnostics – due to the natural fit between those disciplines
and the obvious benefit organised collaboration would have to both
fields. We  cite an exemplar of such a collaboration within a dif-
ferent field of research and suggest some advances that could be
expected in the DPI research field if a similar collaborative effort
was instigated. We  also briefly give requirements and examples of
model problems that could be investigated as part of a concerted
cross-disciplinary research effort.

CFD and experimental diagnostics have a natural affinity. CFD
is predictive and can be used to aid the design of new and novel
DPIs but as direct numerical solution is not possible for practical
CFD applications modelling is required for the turbulent processes
and these models and their numerical solutions require validation.
Experimental diagnostics do not require external validation and
provide solid data for further analysis but they are not in them-
selves predictive, and while experiments certainly can aid aspects
of DPI design full diagnostic imaging of the processes within a
DPI is not yet possible. A number of examples are available in
the literature from researchers using combined CFD and advanced
experimental diagnostics and in previous sections we have already
reviewed the contributions by Coates et al. at the University of Syd-
ney (e.g. Ref. [20] and other references to that research team given

in Section 4.3.1), and Mendes et al. [193] at the Universidade de
Lisboa.

This review article has put a strong focus on the processes
associated with aerosolisation, deagglomeration and dispersion.
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s already discussed these processes are complicated due to their
on-linearity and occurrence at very small scales. To truly under-
tand these we require information on the material properties
nd their inter-particle attractive forces (e.g. from SEM, AFM
nd/or IGC). We  require information on the velocity and turbu-
ent structure of the carrier air (e.g. from LDV and/or PIV). We
lso require data on the size distribution of the powders within
he turbulent air flow (e.g. from “in-flight” laser diffraction). Lastly
at least in this simple list) we need CFD for quantifying and
isualising the physics that cannot be experimentally observed
nd for investigating new and novel DPI designs. While some
uch cross-disciplinary research exists already it seems that a
ore coordinated international collaboration would be of bene-

t. This conclusion is reached based on the personal experience
f the second author who has for some years been involved in
ust such a cross-disciplinary, international collaboration in the
eld of turbulent combustion; another complex, non-linear sys-
em that is dominated by small scale processes. This collaboration
s under the auspices of the International Workshop on Mea-
urement and Computation of Turbulent Nonpremixed Flames
TNF Workshop http://www.sandia.gov/TNF/abstract.html). This
orkshop brings together scientists and engineers in fields as

aried as chemical kinetics, laser/PIV/LDV diagnostics and com-
utational fluid dynamics with the objectives of establishing
n archive of well-documented flame cases, of providing a
ommon basis for collaborative comparison of measured and
odelled data, and of identifying future research priorities. The
orkshop meets biennially and has a published set of pro-

eedings. Even a cursory review of the workshop proceedings
at the above listed website) will indicate that great progress
as resulted in both the CFD and experimental diagnostics
elds as a result of the coordinated international collabora-
ion.

The nomination of DPI-like test cases would be an important
rst step for such an international collaboration if instigated in
he DPI research community. The test cases should foremost be of
ractical importance to real DPI processes. Secondly the test cases
hould isolate the physics (e.g. deagglomeration by shear, deag-
lomeration by impaction, aerosolisation, dispersion, etc.) so that
bservations can be confidently attributed to those isolated phe-
omena. Additionally the test cases should, as much as possible, suit
he requirements of experimentalists and CFD modellers. For exam-
le, the test cases should use apparatus that is optically transparent
or laser and photo imaging. Also the modellers need unambigu-
us boundary conditions, for example the inflow air velocities and
owder fluxes for be fully prescribed. Such conditions and other
equirements of modellers and experimentalists only come about
s a result of extensive cooperation between the two. We  note that
he l-leucine turbulent deagglomeration study by Raula et al. [180]
hich specifically eliminates deagglomeration by wall collision as

n example of test case that could (with modifications to include
he above mentioned requirements) be studied by both experimen-
alists and modellers. Similarly the DEM modelling of agglomerate
all impactions in the absence of fluid interaction forces by Tong

t al. [170] could also for the basis of another test case. Both these
xamples have carefully isolated specific physics and conclusions
ere confidently made in that knowledge.

.4. Regulatory and pharmacpoeial compliance

DPIs are subjected to strict pharmaceutical and manufacturing
tandards by regulatory bodies and the most challenging issue is

he demonstration of delivered dose uniformity [202], which, as
lready illustrated, is lacking in currently available devices. It is
echnically challenging to ensure effective product testing proce-
ures. The performance of inhaled products is characterised by
ng & Physics 34 (2012) 409– 427

testing dose uniformity and aerodynamic particle size distribu-
tion to ensure the reproducibility of delivered dose, which is not
straightforward. No precise guidelines are available in any offi-
cial compilation for developing new formulations or devices. The
Committee for Proprietary Medicinal Products (CPMP) states that
the minimum delivered dose uniformity from a device should be
the mean ± 20% of the nominal content per actuation [203]. It also
states that the uniformity of the delivered dose should be deter-
mined for a fixed pressure drop of 4.0 kPa as this represents a
uniform patient inhalation force which is otherwise very variable in
the population. As previously noted the delivery efficiency of differ-
ent devices containing various drug formulations is very variable.
To ensure that testing methods and conditions are not adding to this
variability it is critical that there is a high degree of device, method
and formulation quality control during testing. Current European
Pharmacopoeial requirements are practiced wherever possible as
the FDA guidelines [204] are still in draft form. Both FDA and CPMP
guidelines on DPI products came into existence in 1998 and have
not been updated since.

Very recently, the International Pharmaceutical Aerosol Consor-
tium on Regulation and Science (IPAC-RS) stated that the influence
of particle size and size distribution on the bioavailability of orally
inhaled and nasal drug products (OINDP) should be considered
[205]. However, it is a complex and time consuming process to cor-
relate between particle size or size distribution of inhaled products
and bioavailability. In addition, the usefulness of risk assessment
and management is emphasised because of the complex inter-
actions between drug formulations, delivery device designs and
patient usage. The major pharmacopoeias are working through the
International Conference on Harmonisation (ICH) to ensure the
reproducibility and accuracy of delivered dose under test condi-
tions which imitate patient practice.

From the above discussion, it is revealed that compendia and
regulations focus mainly on the delivered dose uniformity and
particle size distribution, which determines the consistency of
delivery. However, no guideline on the lower limit of FPF of a drug
delivered or emitted from a device is specified. It may  be that
new devices can deliver consistency over a range of usage con-
ditions and the correct size distribution yet the delivered FPF is
low [27,28]. Clarification of minimum FPF would be most useful to
device designers.

Investigation is still ongoing to ensure the quality of products
by appropriate techniques although certain aspects of instru-
ment assembly, operation and data presentation create a dilemma.
Most pharmacopoeia limit the performance testing of OINDPs
to quality assessment due to the complexity of aerosol dosage
forms. In vitro drug dispersion using a cascade impactor (CI) is
not a straightforward method in predicting the pulmonary dose
accurately and more detailed studies on the suitability of CI for
assessing differences in the regional deposition are required to
establish in vitro to in vivo correlations [206,207].  For testing
with a CI the flow rate is critical since it affects the size of par-
ticles collected at each stage. The best methods for describing
stage mass deposition and representation of particle size data
obtained from each stage is still uncertain. In addition, there is a
lack of agreement on the appropriate statistical methods for the
assessment of in vitro results. Due to the complexity of inhaled
products, which are directly associated with drug formulation,
delivery device and inspiratory force, it is difficult to establish
standard specifications for quality assessment. Pharmaceutical
industries may  take a step to have completed understanding of the
requirements for a universal DPI device and corresponding drug

formulations and unique performance assessment of the deliv-
ery system. Effective testing protocols which distinguish the
unique features of a delivery system can be used to improve
understanding in the development of an efficient new device.

http://www.sandia.gov/TNF/abstract.html
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owever, due to the complex physiology of the respiratory
ract, it is difficult to ensure consistency on dose delivery from

 device and this will surely remain as a subject of future
ebate.

. Conclusions

In this review article we have comprehensively discussed crit-
cal issues associated with the development of DPI systems. We
ave discussed four key factors which motivate and constrain the
ngineering of a universal DPI which is able to deliver maximum
nd repeatable drug delivery and which could be used for both local
nd systemic drug treatments. The first factor is the ability to engi-
eer the physicochemical properties of the drug formulations (i.e.,
owder production methods, particle forces, dispersion behaviour
tc.) which can provide enhanced aerosolisation, deagglomeration
nd dispersion during delivery and improved therapeutic effect
pon deposition in the lungs. The second factor to consider is the
ensitivity of DPI performance to patient usage. This is expected
o be overcome by a device design which enables delivery of
he correct dose over a wide range of inhalation profiles. Mod-
rn engineering enabling technologies, particularly computational
uid dynamics and advanced experimental diagnostic methods,
re the third key factor to consider for realising a universal DPI
esign. CFD can offer fundamental insights into the physical pro-
esses which take place within a DPI and the respiratory tract and
rovide a level of flow detail that is not possible or is too expen-
ive to observe in the laboratory. Already computational modelling
s improving DPI design but in general it requires validation and
hat is where advanced experimental diagnostics come. We  have
pecifically reviewed some of the contributions made using AFM,
GC, velocimetry methods and laser diffraction. Additionally the
mportance of a coordinated collaborative research effort among
ractitioners of the various engineering enabling technologies is
mphasised along with some brief discussion of example model
roblems. Finally, regulatory and pharmacopoeial compliance is a
actor that will continue to constrain DPI development to ensure
afety but these can also serve the functions of coordinating multi-
isciplinary research and testing efforts and in guiding and advising
n best practice. Given the potential for improved treatment for a
ange of conditions and the obvious financial incentives, research
nd development can be expected to expand within medical, phar-
aceutical and engineering research institutions and industries to

evelop DPI device with universal design, which is independent
f patient inspiratory force and that can deliver a consistent and
eproducible dose into the lungs with patient compliance.
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