
Review Article
Theme: Advances in Formulation and Device Technologies for Pulmonary Drug Delivery
Guest Editors: Paul B. Myrdal and Steve W. Stein

Devices for Dry Powder Drug Delivery to the Lung

Kai Berkenfeld,1,2 Alf Lamprecht,2 and Jason T. McConville1,2,3

Received 7 March 2014; accepted 25 February 2015; published online 12 May 2015

Abstract. Dry powder inhalers (DPIs) are an important and increasingly investigated method of modern
therapy for a growing number of respiratory diseases. DPIs are a promising option for certain patient
populations, and may help to overcome several limitations that are associated with other types of
inhalation delivery systems (e.g., accuracy and reproducibility of the dose delivered, compliance and
adherence issues, or environmental aspects). Today, more than 20 different dry powder inhalers are on
the market to deliver active pharmaceutical ingredients (APIs) for local and/or systemic therapy. De-
pending on the mechanism of deagglomeration, aerosolization, dose metering accuracy, and the
interpatient variability, dry powder inhalers demonstrate varying performance levels. During develop-
ment, manufacturers focus on improving aspects characteristic of their specific DPI devices, depending on
the intended type of application and any particular requirements associated with it. With the wide variety
of applications related to specific APIs, there exists a range of different devices with distinct features. In
addition to the routinely used multi-use DPIs, several single-use disposable devices are under develop-
ment or already approved. The recent introduction of disposable devices will expand the range of possible
applications for use by including agents such as vaccines, analgesics, or even rescue medications. This
review article discusses the performance and advantages of recently approved dry powder inhalers as well
as disposable single-use inhalers that are currently under development.
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INTRODUCTION

Drug delivery to the lungs first became widely accessible
in modern clinical practice with the development of commer-
cially available pressurized metered dose inhalers (pMDIs) for
the treatment of asthma by Riker Laboratories in 1956 (1).
Although this was a milestone for the therapy of pulmonary
diseases, concerns arose in 1974 when the contribution of
chlorofluorocarbon (CFC) propellants to the depletion of
the ozone layer was hypothesized (2). As requested by the
Montreal Protocol in 1987, CFCs eventually were substituted
in 1995 by more Benvironmental friendly^ hydrofluoroalkane
(HFA) gases, which were shown not to disturb the oxygen/
ozone equilibrium in the upper stratosphere (3–6). It has since
been realized that HFA gases are up to 2000-fold more potent
than carbon dioxide as greenhouse gases, even so they are
estimated to contribute less than 0.1% to global greenhouse
gas emission (7,8). pMDIs also suffer from potential

difficulties caused by the propellant used (9,10). Depending
on if the drug is being formulated as solution or suspension,
issues, e.g., low solubility (11) and chemical instability of the
active pharmaceutical ingredient (API) (12) or crystal growth
phenomena (13) and instability of the suspension (14), respec-
tively, arise. This leads to potentially inaccurate dose metering
and a limited drug loading capacity (11). Additionally, the low
efficiency of drug targeting to the small airways and reformu-
lation difficulties have been discussed as potential drawbacks
for pMDI formulations. Clinically, patient compliance may be
compromised with bronchoconstriction issues (i.e., Freon effect)
(15), and/or the need to actuate the pMDI delivery device simul-
taneously with patient inspiration, and a complex inhalation
maneuver, especially in certain patient subpopulations
(16,17). One approach in an attempt to overcome these limita-
tions was the development of dry powder inhalers (DPIs). In
1967, Fisons (Ipswich, UK) launched the Spinhaler® device
(7). Since then, remarkable advances in DPI technology have
been made with many devices entering the market, although
pMDIs remain the predominant technology sold and used due
to their wide acceptance and convenience (18). More than 20
different DPI devices from various manufacturers are currently
available, and several more are under development or in
clinical trials. Aside from the classical treatment of the airway
diseases such as asthma and chronic obstructive pulmonary
disease (COPD) (19), several inhalable products for systemic
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drug delivery are already approved and marketed (20), or are
under development (21,22). Additionally, there has recently been
increasing interest in the development of single-use disposable
dry powder inhalers (23). This review is intended to give an
update on recently approved and new DPI devices, as well as
an overview on the latest advances in development and approval
of single-use dry powder inhalation devices.

GENERAL REQUIREMENTS FOR DRY POWDER
INHALATION DEVICES

Inhalation devices are designed to reproducibly deliver a
predefined dose of a drug to the small airways and alveolar
region of the lung. It is well reported that particles with a mass
median aerodynamic diameter (MMAD) of 1–5 μm are effec-
tively deposited at aforementioned sites (24). The MMAD of
a particle depends on its geometrical diameter, density, and
morphology with these properties generally being manipulat-
ed during the manufacturing process (25). Due to
interparticulate forces, i.e., mechanical interlocking, capillary,
electrostatic, and van der Waals forces (26), micronized pow-
ders are very adhesive/cohesive, spontaneously forming ag-
glomerates. The extent of the partial and consequently of the
combined forces is dependent on powder properties such as
particle size, morphology, shape, and material (27), as well as
on environmental factors, e.g., relative humidity (28). Since
the extent of agglomeration negatively affects the fraction of
the inhaled powder, which is within the respirable range (29),
these agglomerates must be effectively deagglomerated prior
to or during the processes of aerosolization and inhalation
(30). DPIs that utilize a patient’s inspiratory airflow to provide
the required energy to overcome the aforementioned
interparticulate forces are known as Bpassive^ devices, where-
as those that utilize other sources of energy are referred to as
Bactive^ devices. One advantage of utilizing a patient’s inspi-
ratory airflow as the main source of energy is that such devices
are breath actuated; this inherently avoids the need to syn-
chronize the actuation and inspiration maneuver by the pa-
tient. The downside of this approach is that devices currently
available show a device-specific airflow resistance, and this
often demands a relatively high inspiratory effort (31) which
might be a hurdle for patient populations suffering from ob-
structive airway diseases such as asthma or COPD, the elderly,
or very young (32). The extent of lung deposition is also
dependent on the individual patient’s inspiratory flow rate
causing a potential difference in the dose effectively delivered
due to this variability (33). Another critical factor affecting the
reproducibility of doses delivered by multidose inhalers is
dose metering. While single-dose and multi-unit dose devices
use premetered powders packed into blisters or capsules,
powder bed bulk multidose inhalers use powder reservoirs
so that the dose to be delivered has to be separated from the
bulk material prior to actuation (34). For both types of de-
vices, suitable powder flow properties are essential, either for
accurate dosing or emptying of the single-dose container en-
tirely. Since flow properties of micronized powders are often
poor, most formulations consist of physical blends of drug
particles with larger (30–90 μm) carrier particles such as lac-
tose, to aid deagglomeration and powder flow (35). In light of
the aforementioned considerations, the ideal DPI would re-
producibly deliver an accurate dose, regardless of a patient’s

condition. Clinically, it may also be advantageous if the device
is breath actuated, easy, and safe to use, offers some type of
control feedback mechanism (related to efficacy), and has an
accurate dose counter. The dose counting mechanism is a
standardized requirement that serves to help patients
to track whether doses have been administered appropriately,
and when to replace the device at a suitable time (16,36).

COMMERCIALLYAVAILABLE DPI DEVICES

As discussed in the previous section, safety and efficacy
of local as well as systemic dry powder inhalation therapies are
dependent in part on the characteristics of the inhalation
device and formulation properties that are used. Over the past
50 years, numerous DPI devices have been developed and
marketed, and there has been a steady evolution in improve-
ment of inhaler characteristics. The first generation DPI de-
vices, such as the Spinhaler (Fisons, Ipswich, UK) and
Rotahaler® (Glaxo, London, UK), had poor aerosolization
performances with relatively low amounts of drug in the range
of 1–5 μm, defined as the fine particle fraction (FPF), of
approximately 10% (37,38). Generation two DPI devices,
e.g., the Handihaler® (Boehringer-Ingelheim, Ingelheim am
Rhein, Germany), can achieve FPFs of more than 20% (39).
State-of-the-art devices like the Genuair® (Almirall Sofotec
GmbH, Bad Homburg v.d. Höhe, Germany) perform even
better, creating FPFs of more than 30% (40). Similar consid-
erations can be applied with respect to airflow resistance or
total emitted dose (TED). Table I gives an overview of several
dry powder inhalation devices that are currently marketed,
and, since they have already been extensively discussed else-
where in the literature, they will not be discussed at length in
this review.

Over the last five years, several new dry powder inhala-
tion devices have gained approval (Table II). Approved in
Spring 2013, the TOBI® Podhaler® (Novartis, Basel, Switzer-
land) offers a new therapeutic option for patients suffering
from chronic Pseudomonas infections associated with cystic
fibrosis. TOBI Tobramycin Inhalation Solution (TIS™)
(Novartis, Basel, Switzerland) was already available in the
USA as of 1997 for inhalation via the LC® Plus jet-nebulizer
(PARI Respiratory Equipment Inc., Midlothian, VA, USA).
Drawbacks of this regimen were relatively long inhalation
times, and the need of cleaning the nebulizer after every use,
which may have led to the risk of lung infection from devices
that were not cleaned properly. Furthermore, nebulizers are
somewhat bulky, and this particular type requires a com-
pressed air supply/generator in order to be operated. Addi-
tionally, TIS has to be refrigerated when stored (46,47), or the
product may suffer degradation prior to use. Considering the
aforementioned limitations, more convenience for those pa-
tients qualifying for using the TOBI Podhaler, a certain min-
imum inspiratory performance and compliance are required,
and increased adherence can be expected (47,48). Much effort
has been made to find alternative routes of administering
insulin in a way that would avoid using needles, which is
expected to increase the therapeutic comfort of the patient
(49), as well as the safety of the therapy, since the risk of
hypoglycemia events would be reduced (50). Starting another
attempt to clinically accepted pulmonary diabetes therapy,
Afrezza® (MannKind Corp., Valencia, CA, USA), using
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MannKind’s proprietary TechnoSphere® technology deliv-
ered by the Dreamboat™ inhaler, was given FDA approval
for the delivery of rapid acting recombinant insulin in 2014
(51). Most of the recently launched DPIs are approved for the
administration of novel APIs or API combinations, especially
for the treatment of asthma and COPD. Clinical evaluation
and therapeutic benefit of those novel drugs are beyond the
scope of this review, and will therefore not be discussed. An
overview on selected performance characteristics of the in-
halers discussed in the following sections is given in Table III.

Genuair

The Genuair (Almirall Sofotec GmbH, Bad Homburg
v.d. Höhe Germany), marketed as Pressair® in the USA, is a
multidose disposable inhalation device that was approved in

2012 for the delivery of aclidinium bromide (52), an
antimuscarinic drug for the treatment of COPD. The design
resembles the Novolizer® (Novartis, Basel, Switzerland), the
precursor in its development. It offers visual and audible
feedback control mechanisms for priming, and for the correct
inhalation maneuver. In order to prime the device, the patient
is required to push and release a button on the rear of the
device, triggering the release of a single dose from a
nonremovable cartridge. A control window changes from red
to green, indicating that the device is primed and ready for
use. An audible click indicates correct inhalation and the
control window changes back to red. Once the device is
primed, a trigger threshold mechanism prevents accidental
release of an additional dose. Particle deagglomeration is
achieved by a cyclone separator (53). In vitro experiments
using a five-stage multistage liquid impinger (MSLI) at a flow

Table I. Overview on Selected Inhalers Currently Marketed

DPI Drug delivered DPI type
Formulation
storage Reusable? Company Reference

Spinhaler SC Single dose Capsule Yes Aventis (15,16,41,43,44)
Rotahaler/DPhaler® SS, BDP Single dose Capsule Yes GSK/Cipla (15,41,43,44)
Cyclohaler®/
Aerolizer®

SS, BDP, IBR, BUD, FOR Single dose Capsule Yes Pharmachemie/
Novartis

(16,43,44)

Handihaler TT Single dose Capsule Yes Boehringer-
Ingelheim

(44)

Turbuhaler FOR, TS, BUD Multidose Reservoir No Astra Zeneca (15,16,41,43,44)
Diskhaler® SX, ZAN Multi-unit dose Blister pack Yes GSK (16,43)
Diskus® SS, SX, FLU Multi-unit dose Blister strip No GSK (41,44)
Aerohaler® IBR Single dose Capsule Yes Boehringer-

Ingelheim
(42,43)

Easyhaler® BUD, BDP, SS, FOR Multidose Reservoir No Orion (15,41,43)
Pulvinal® BDP, SS Multidose Reservoir No Chiesi (15,43)
Novolizer SS, BUD, FOR Multidose Cartridge Yes MEDA (15,16,42,43)
Turbospin COL Single dose Capsule Yes PH&T (42)
MAGhaler®/
Jethaler®

BUD Multidose Ring tablet No Ratiopharm (15,41)

Taifun® SS Multidose Reservoir No LAB Pharma (15)
Clickhaler® SS, BDP Multidose Reservoir No Recipharm (15,41–44)
Flexhaler® BUD Multidose Reservoir No AstraZeneca (45)
Twisthaler® MF Multidose Reservoir No Merck (43,44)

BDP beclomethasone dipropionate, BUD budesonide, COL colistimethate sodium, FLU fluticasone propionate/furoate, FOR formoterol
hemifumarate, IBR ipratropium bromide, SC sodium cromoglycate, SS salbutamol sulfate, SX salmeterol xinafoate, TS terbutaline sulfate,
TT tiotropium, ZAN zanamivir

Table II. Recent Approvals

Product Inhaler Company Approved Drug Indication

TOBI Podhaler Novartis March 2013 TOB Cystic fibrosis (infection)
Breo® ELLIPTA® GSK May 2013 FLU/VIL Asthma
Anoro® ELLIPTA® GSK December 2013 UME/VIL COPD
Tudorza® Pressair/

Genuair
Almirall July 2012 ABR COPD

Adasuve Staccato Teva select brands December 2012 LOX CNS disorder
Arcapta® NEOhaler® Novartis July 2011 IND Asthma
Aridol® dto Pharmaxis October 2010 MAN Bronchial challenge testing
Foster® NEXThaler Chiesi July 2012 (Europe) BDP / FOR Asthma
Inavir® TwinCaps Daiichi Sankyo September 2010 (Japan) LAN Viral infection (postexposition prophylaxis)
Afrezza® Dreamboat™ MannKind June 2014 INS Types 1 and 2 diabetes mellitus

ABR aclidinium bromide, BDP beclomethasone dipropionate, FLU fluticasone furoate, FOR formoterol hemifumarate, IND indacaterol
maleate, INS insulin, LAN laninamivir, LOX loxapine, MAN mannitol, TOB tobramycin, UME umeclidinium bromide, VIL vilanterol
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rate of 90 L/min (for 2.7 s) showed a FPF of 40.3±5.6% (n=4)
of the dose delivered. Gamma scintigraphic experiments in 12
healthy volunteers showed a lung deposition of 30.1±7.3% of
the metered dose. Average dose retained in the inhaler was
found to be 11.5% (40). Another study examining the peak
inspiratory flow (PIF) through the device in patients suffering
from moderate to severe COPD concluded that the examined
population, on average, was able to generate enough PIF (92.0
±15.4 L/min) to reliably inhale the full dose. Additionally,
97% of performed inhalation maneuvers with the Genuair
were shown to be successful (54). Summarizing data from
conference presentations, Chrystyn and Niederlaender report-
ed an airflow-independent resistance of 0.031 kPa0.5 min/L
and a constant delivery of fine particle doses over an inspira-
tory flow rate range of 45–90 L/min (53).

The Genuair inhalation device offers multiple feedback
mechanisms to ensure patient compliance, which is important
since it is designed to be used on a daily basis for COPD
treatment. The fairly low airflow resistance meets the needs
of this patient population, and the FPF of about 40% is state
of the art.

Breezhaler

The Breezhaler, marketed as Neohaler™ in the USA, has
been developed by Novartis (Basel, Switzerland), and is ap-
proved for the delivery of indacaterol (a long-acting β-adren-
ergic drug) and glycopyrronium bromide (an anticholinergic
drug), both indicated for the treatment of COPD. Similar to
the Handihaler, it is a single-dose, capsule-based inhaler (see
Fig. 1). Prior to inhalation, the patient has to tilt back the
mouthpiece and insert a capsule into the device, which is to be
pierced by pushing two buttons being located on both sides of
the device (55). Piercing the capsule makes an audible clicking
sound indicating that the device is primed. Upon inhalation,
the capsule makes a whirring noise, which serves as a positive
audible feedback control, and indicates that the powder is
being inhaled. The patient is advised to verify the correct
inhalation by checking on powder remnants in the see-
through capsule (56). Due to its very low airflow resistance
of 0.02 kPa0.5 min/L, the Breezhaler minimizes the effort
patients have to make in order to successfully perform the
inhalation maneuver, creating independence of the aerosoli-
zation performance from the grade of COPD severity or age-
related factors (57). In vitro performance tests conducted with
the next generation cascade impactor (NGI) coupled to a flow
volume simulator, simulating a patient’s breathing pattern,

showed an average FPF of 26.8±5.8% of the metered dose
(150 μg indacaterol). MMAD was found to be 3.2±0.22 μm,
and the emitted dose (ED) was 68±9.7% (58).

Compared to Genuair, the Breezhaler has a lower airflow
resistance, which may increase compliance, and therefore
safety in COPD therapy. A clinical trial evaluating
preference and satisfaction of patients as well as the ease of
use of both inhalers (59) has been conducted, with no results
published to date. So it remains unclear if the lower reported
resistance can translate directly into an overall therapeutic
benefit. Audible and visible control feedback mechanisms
verify that the dose was primed and inhaled correctly. Since
the device is designed as single unit dose device, the need for a
dose metering system is negated, making the delivery system
more robust when operated correctly, and cheaper to manu-
facture. On the other hand, carrying the device and blister
packs separately might appear to be an additional burden to
some patients, especially when traveling.

Podhaler

The Podhaler device, also known as T-326 inhaler, is
designed and marketed to be used with Tobramycin Inhala-
tion Powder (TIP™) (60). TIP is a particle-engineered
tobramycin formulation based on the PulmoSphere® technol-
ogy, and produced by an emulsion-based spray drying process.
Briefly, tobramycin and calcium chloride are incorporated into
the outer phase of an emulsion of perfluorooctyl bromide
(perflubron) and distearoylphosphatidylcholine in water. Up-
on spray drying, water and perflubron are removed

Table III. Overview on Selected Performance Characteristics of Inhalers Reviewed

DPI DPI type Formulation storage FPF [%] MMAD [μm] Airflow resistance [kPa0.5 min/L]

Genuair Multidose Cartridge 40.3±5.6 n.r. 0.031
Breezhaler Single dose Capsule 26.8±5.8 3.2±0.22 0.02
Podhaler Multi-unit dose Capsule n.r. n.r. 0.025
NEXThaler Multidose Reservoir 54.5–67.6 n.r. 0.036
Twincer Different makes 23–60 n.r. n.r.
Conix Different makes 85 n.r. n.r.
TwinCaps Multi-unit dose Capsule 34 n.r. 0.057
Staccato Single use Thin drug film 83–93 1.9–2.2 0.025
Dreamboat Multi-unit dose Cartridge n.r. n.r. 0.093

Mouthpiece 

Screen 

Button 

Capsule chamber 

Fig. 1. Schematic diagram of the Breezhaler. Modified from (62)
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subsequently, forming highly porous particles (see Fig. 2) (60),
with a drug load as high as 90% w/w (61). TIP shows good
flow and aerosolization properties and can be formulated
without the addition of carrier particles. Due to the high dose
of tobramycin that needs to be delivered in order to insure an
effective therapy, a high drug load is essential to keep the
amount of powder to be inhaled low (60).

Based on the Turbospin® device (PH&T, Milan, Italy),
the Podhaler is a capsule-based passive single-unit dose inhal-
er. To prime the device for inhalation, the patient has to screw
off the mouthpiece, insert a TIP capsule, and then replace the
mouthpiece. By pressing a plunger on the bottom end of the
device, the capsule is pierced twice by a Bstaple^ (see Fig. 3).
During inhalation, air is drawn through tangential slots in the
capsule chamber putting the capsule into vortical motion,
which causes efficient release, aerosolization, and entrainment
of the powder (62). The low airflow resistance of about
0.025 kPa0.5 min/L (63) and an optimized capsule filling vol-
ume contribute to the inhalation maneuver being performed
successfully by most patients (60,62). In vitro experiments
using the NGI at a pressure drop of 5 kPa, that results in a
flow rate of 85 L/min, showed a fine particle dose of 13 mg.
Each TIP capsule contains 28 mg of tobramycin. Emitted
doses at different airflow rates of 40, 60, or 85 L/min were
found to be 93.5, 102, and 103.2% of nominal label claimed
dose, respectively (63).

Since cystic fibrosis patients face comparable challenges
during inspiration as those faced by COPD patients, the low
airflow resistance is crucial for their compliance. As indicated
previously, the use of TIP instead of TIS is less time consum-
ing, and reduces the risk of patient infection from using a
nebulizer that has not been effectively cleaned. Overall, the
TOBI dry powder inhalation system might be expected to be
highly beneficial for cystic fibrosis patients with persistent
Pseudomonas infections, which are not being treated in a
hospital setting.

NEXThaler®

The NEXThaler (Chiesi Farmaceutici, Parma, Italy) is a
multidose disposable passive DPI device, which has been
approved for the delivery of a combination of formoterol
fumarate and beclomethasone dipropionate. In this device,

the dry powder formulation has protection from environmen-
tal influences, such as humidity, by a desiccant, which is placed
adjacent to the powder reservoir and separated by a semiper-
meable membrane. A chamfer at the front edge of the reser-
voir ensures that the powder is uniformly dispensed into the
dosing cup. This process is reported to improve the reproduc-
ibility of the dosing (64). In order to prime the device, the
patient must first open the mouthpiece cover. The integrated
dose counter advances when the mouthpiece cover is closed
(65), but only if the metered dose has been inhaled. The dose
is released when the breath actuation system measures an
inspiratory flow corresponding to a pressure drop of 1.5 kPa
(64). The inspiratory flow resistance of 0.036 kPa0.5 min/L is
intermediate, and requires an inspirational effort comparable
to inhalation with the Diskus® or Turbuhaler®. In vitro ex-
periments using the NGI at flow rates of 30 and 90 L/min show
high FPFs of 54.5 and 67.6%, respectively (66).

Though the NEXThaler device is probably the most easy
to use device presented in this section, it offers audible and
visible feedback control mechanisms, indicating that the dose
was inhaled correctly. It might be a concern that a more visible
control mechanism would have been desirable, since the pa-
tient must be aware of how many doses are left before and
following inhalation. This visualization issue might be a safety
concern particularly in older patient populations. Since the
inspiratory capacities of patients using this inhaler might be
compromised, a lower airflow resistance would also be desir-
able. However, one should bear in mind that FPFs of more
than 50% are a great improvement in comparison to the older
DPI models.

Dreamboat

The Dreamboat (MannKind Corp., Valencia, CA, USA)
inhaler is a reusable multi-unit dose inhalation device, which
has been approved for the delivery of recombinant rapid
acting prandial insulin using MannKind’s proprietary
TechnoSphere technology. TechnoSpheres are engineered
particles consist ing of a novel excipient—fumaryl
diketopiperazine (FDKP). FDKP is highly water soluble at
pH>6 (67) but precipitates into microcrystalline platelets,
which agglomerate, and form low density particles at acidic
conditions. Insulin or other peptides present in solution are
entrapped during the self-assembly process (68). In order to
form a dry powder, suspensions need to be dried by a suitable
method, e.g., freeze-drying (69). Resulting particles are re-
ported to have a geometrical diameter of 1–10 μm
(67,70,71), high internal porosity and surface area (71), and
can be administered without the addition of carrier particles.
In order to inhale a dose, the patient has to insert a
premetered plastic cartridge, containing a dose of either 4 or
8 international units of insulin, into the device, close it, inhale,
and remove the cartridge afterwards. Since doses in diabetes
therapy are to be determined individually, multiple inhalation
maneuvers must be conducted subsequently to deliver the
dose needed. The number of cartridges to be inhaled can be
determined using a dose conversion table given in the pre-
scribing information (51). In order to avoid application of
erroneous doses, the cartridges are color coded, and cartridges
already used are visually distinguishable from the ones un-
used. In earlier development stages and during pivotal clinical

Fig. 2. SEM image of PulmoSphere particles. Reproduced from
Pharmaceutical Research with kind permission from Springer Science
+ Business Media
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trials, MannKind used its also proprietary MedTone™ inhaler
but switched to the Dreamboat due to its smaller size, more
appealing design, and its capability to deliver equivalent doses
at a lower cartridge load (50,72). The Dreamboat inhaler
deagglomerates the powder in a convergence zone where
two independent flow paths intersect. One inlet stream enters
the device at the cartridge, fluidizing and entraining the pow-
der, whereas another inlet stream enters from the rear end of
the mouthpiece (see Fig. 4) (73). The inhaler is reported to
have a high resistance of about 0.093 kPa0.5 min/L (67). Since
subpopulations with impaired lung function, i.e., patients suf-
fering from obstructive diseases such as asthma or COPD as
well as smokers, are excluded from using Afrezza (51), qual-
ified populations can be expected to generate sufficient inspi-
ratory flow. Predominant features of the Dreamboat inhaler
are its size and design, as well as its intuitive operation. It lacks
visible or audible feedback that the dose was inhaled correctly
as well as a visible verification that the amount needed was
inhaled. Pulmonary application from a small device resem-
bling an asthma inhaler surely makes the therapy more dis-
crete, which can be advantageous in public settings, and might
improve the patient’s quality of life. After the withdrawal of
Pfizer’s Exubera® in 2008, Afrezza now is the second attempt
to market an inhalable insulin formulation. By now, it remains
unclear if Afrezza will become more successful than its pre-
cursor, but this approach has some potential to improve the
quality and tolerability of insulin therapy.

DISPOSABLE SINGLE-USE DPIS

Most DPI devices are developed and marketed for the
treatment of chronic airway diseases such as COPD and asth-
ma, and, besides the general requirements mentioned above,
they are optimized in terms of cost effectiveness, and to in-
crease patient compliance and adherence to their routine
medication (22). Apart from these well-established

applications, DPIs are also a suitable option for therapeutic
or prophylactic interventions that might require a lower fre-
quency of drug intake (74–76). Though not being a disposable
single-use inhaler, GSK’s Diskhaler® (Glaxo Wellcome/GSK,
Brentford, UK), which has already been discussed elsewhere
(15,43), is to be mentioned as the first device being approved
for inhalable anti-infectious therapy. It initially gained FDA
approval for the administration of zanamivir, the first clinically
available neuramidase inhibitor, for treatment of influenza A
and B virus infections in 1999, which was extended to prophy-
lactic treatment in 2006 (77). Having received authorization
for the Japanese market in 2010, the TwinCaps® inhaler
(Hovione, Loures, Portugal) was the first disposable single-
use DPI device to be approved. It is used for the delivery of
laninamivir, a novel neuramidase inhibitor indicated for the
treatment and postexposure prophylaxis of influenza A and B
virus infections. Patients suffering from other infectious air-
way diseases, e.g., cystic fibrosis-related Pseudomonas infec-
tions or pulmonary aspergillosis, could also benefit from using
disposable, as opposed to reusable DPIs or nebulizers, to
minimize the risk of recurrent infections. Similar consider-
ations could apply to inhaled cancer therapies, minimizing
the risk of unwanted exposure to highly cytotoxic drugs (64).
Additionally, disposable DPIs could also offer a superior way
of delivering vaccines (78). Vaccine formulations contain an-
tigens such as proteins, peptides, and polysaccharides, or at-
tenuated bacteria, viruses, or parasites to induce a specific
immunological response (79). Since they are prone to degra-
dation and show poor absorption and bioavailability when
administered via the oral route, most modern vaccine formu-
lations are administered parenterally as intramuscular or sub-
cutaneous injections (80). However, application by injection
requires trained medicinal personnel and involves the risk of
needle-stick injuries and transmission of blood-borne infec-
tions. Due to stability issues, most vaccine formulations re-
quire uninterrupted refrigerated storage conditions (81).

Fig. 3. Cross-sectional view of the Podhaler device. Modified from (62)

Fig. 4. Schematic diagram of the flow path in the Dreamboat device. Modified from (73)
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There is an increased strain on developing countries that have
a high demand/need for updating their vaccination programs
(82), and do often not meet some of the aforementioned
requirements. Dry powder formulations offer a noninvasive
route of delivery as well as improved stability upon storage
and transport. Another possible field of application for dis-
posable DPIs is in the use in rescue medication. Though not
strictly being a dry powder inhaler, FDA and European Med-
icines Agency (EMA) approval of the Staccato® device
(Alexza, Mountain View, CA, USA) in 2012/2013 confirms
the feasibility of this concept. It has been approved for the
delivery of loxapine, a dibenzoxapine antipsychotic drug indi-
cated for the treatment of agitation related to acute schizo-
phrenic episodes and bipolar I disorders (20). Other possible
applications as rescue medicine would be in acute pain man-
agement (74), migraine (83), and Parkinson’s disease (84). As
mentioned earlier in this section, single-use disposable DPIs
have to meet different requirements than reusable ones. The
need for an effective dose metering system is however negat-
ed. Since the disposable DPI itself can be packed and sealed, it
is therefore not exposed to direct environmental conditions
such as humidity, so there may be no need to ensure a high
level of protection of the drug within the DPI. Patients poten-
tially using disposable DPIs cannot be expected to be familiar
with medical inhalation devices, so it is preferable to keep
operation of the device as simple as possible. Visible or audi-
ble control feedback mechanisms would be a great benefit to
naive patients. Of course, it is compulsory for disposable
devices to meet all the requirements necessary to ensure a
safe therapy, i.e., dose accuracy and reproducibility (23).

Twincer®

The breath-actuated Twincer device is designed to
efficiently deliver high doses of non-particle-engineered
dry powders, producing a high fine particle fraction at a
low airflow resistance (85). It consists of three plate-like
plastic parts forming airflow passages and either a blister
chamber or a drug compartment. Connection of the dose
compartment to a powder channel is established by either
removing a folded plastic foil from the blister or actuating
a slide (86). Powder deagglomeration is achieved by two
tangentially arranged air classifiers utilizing the same prin-
ciple that is present in the Novolizer device (as mentioned
above). However, the number of tangential air channels is
reduced in this device (see Fig. 5). In vitro experiments
show a good performance of particle deagglomeration,
compared to the Turbuhaler device. Particle size distribu-
tions of aerosolized colistin sulfomethate were found to be
similar in a dose range from 0 to 25 mg using different
models of the Twincer, optimized for the specific drug
load. Multistage impactor experiments at flow rates of 30
and 60 L/min determined FPFs of approximately 40% and
52–60% (depending on the model), respectively (85). An-
other study using a four-stage liquid impinger reported
the FPF of spray- or spray-freeze dried monovalent influ-
enza vaccine/inulin particles to be 37 and 23%, respective-
ly (88).

Since the Twincer can be loaded with fairly large amounts
of powders, it is an interesting candidate for the application of
e.g., antibiotics or other APIs requiring high doses. In a make

developed for market entry, visible and/or audible feedback
control mechanisms would be desirable, but one must notice
that this device is still under development.

Conix™

The Conix drug delivery platform (3M, St. Paul, MN,
USA) is available as single-dose reusable, single-dose dis-
posable, and multidose DPI device. To deagglomerate the
powder formulation, it utilizes a reverse cyclone. Upon
actuation, air and powder enter a conic chamber creating
a free vortex. Different from a regular cyclone separator,
the bottom of the chamber is closed, forcing the vortex to
reverse the flow creating a second vortex in the center
that exits from an orifice in the lid (see Fig. 6). This
design is reported to achieve relatively high velocities in
the vortex resulting in an efficient deagglomeration (89).
Carrier particles are retained within the cyclone reducing
the amount of powder impacting in the patient’s throat or
upper airways (90). In vitro experiments investigating the
performance of the Conix to aerosolize salbutamol pow-
der formulations extracted from the Accuhaler® (GSK,
Brentford, UK) using an Andersen cascade impactor re-
port a FPF of 85% and an ED of slightly more than 60%
(89). This high FPF is related to the retention of carrier
particles within the reverse cyclone separator. This reten-
tion of powders is not problematic for a single-dose dis-
posable unit; however, it should be noted that this type of
carrier particle retention would be considered detrimental
to the performance of a multidose type device.

TwinCaps

As mentioned above, the TwinCaps (Hovione, Loures,
Portugal) inhalation device is a multi unit dose inhaler, de-
signed to be marketed as prefilled, low-cost inhaler to deliver
large doses (91). In 2010, it gained approval in Japan for the
delivery of laninamivir, a novel neuramidase inhibitor for the
treatment and postexposure prophylaxis of influenza A and B
virus infections, and was marketed as Inavir® (Daiichi
Sankyo, Tokyo, Japan). As shown in Fig. 7, the inhaler con-
sists of two plastic parts, of which the dose compartment
housing is moveable. It contains two separate compartments,
offering protection of the powder formulation from most en-
vironmental influences when closed. To prime the device, the
patient is required to slide the housing to either side, aligning
the dose compartment with the air channel by pushing one of
the two buttons being placed on both sides of the device. After
inhaling the first dose, the housing slides to the opposite side,
and the second dose compartment becomes accessible. Upon
inhalation, a turbulent airflow in the compartment is created,
entraining and deagglomerating the powder (23). In vitro ex-
periments aerosolizing a lactose-based model carrier formula-
tion using an Andersen cascade impactor operated at a
pressure drop of 4 kPa demonstrated a FPF of 34% and an
ED of 35%. Resistance is reported to be 0.057 kPa0.5 min/L
(92), and can therefore be evaluated as intermediate. Due to
the high drug loading capacity, the TwinCaps device, similar to
the Twincer, is an interesting future option for the delivery of
high doses.
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Staccato

Though not being a classical dry powder inhaler, the
Staccato device (Alexza Pharmaceuticals, Mountain View,
CA, USA) is a highly interesting disposable single-use inhala-
tion device, and, as such, it will be discussed in this section. As
mentioned earlier, it was approved by FDA and EMA for the
delivery of loxapine marketed as Adasuve® (Teva North
America, North Wales, PA, USA). It establishes aerosoliza-
tion of respirable solid-state particles not by deagglomerating
a preformulated dry powder but by resublimation of vapor-
ized drug in situ (93). It consists of a heat package and a breath
sensor in a polypropylene housing (see Fig. 8). To prime the
device, the patient has to remove a tab on the rear end and a
green display light indicates when it is ready to be actuated
(94). The heat package is coated with a 1–10 μm-thick drug

film in the dry state, corresponding to a dose of 5 or 10 mg,
which is vaporized upon breath actuation. The breath sensor is
coupled to the heat package, and triggers a chemical reaction
causing the heat package to heat up to about 400°C within
approximately 0.2 s when inspiratory airflow from the patient
is detected (95). Vaporized drug resublimates into distinct
aerosolized particles within a respirable size range, to be
subsequently entrained by the airflow. Size distribution of
the resublimated particles is controlled by the airflow velocity
over the vaporizing compound (96). Even though the device
locally generates high temperatures, it was shown that the
peak wet bulb temperature of the outlet stream of 39.9
±0.1°C, determined in a worst-case scenario setup, is well
below the recommended standard of 50°C (97). In vitro ex-
periments using the NGI at a flow rate of 30 L/min showed an
ED of 89–102% depending on the preoperating stress

Fig. 5. Cross-sectional view (left) and detailed view (right) on the air classifiers of the Twincer
device. Modified from (23,87)

Outlet 

Inlet 

Vortex finder 

Free vortex Forced vortex 

Fig. 6. Schematic of the reverse cyclone technology used in the Conix
device. Modified from (89)
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conditions applied. FPF ranged from 83 to 93%, and the
MMAD from 1.9 to 2.2 μm. Variation of the flow rate to 15
and 45 L/min showed a MMAD of 2.8 and 1.7 μm, respectively
(95), demonstrating independence from the inspiratory per-
formance of the patient. Inspiratory flow resistance is reported
as approximately 0.025 kPa0.5 min/L (98,99), and can be eval-
uated as low. In vitro experiments using an oropharyngeal
geometry model verified that about 90% of the emitted dose
is in a size range sufficiently small to reach the lower airways
(98). In vitro and in vivo studies showed a high consistency in
the dose effectively delivered (99), and confirm a rapid uptake
of the drug (100). Feasibility of the Staccato device in other
therapeutic fields, e.g., acute pain management or smoking
cessation, is also being investigated (101,102). According to
Alexza’s product pipeline Staccato fentanyl is being devel-
oped as a multidose device (99,103). Due to the mechanism
used to generate the aerosol particles, this device is limited to
the application of highly potent drugs, which are not prone to
degradation upon heating.

Other Notable Devices

The ResQhaler™ (Aespira Ltd., Moshav Shdema, Israel)
is a disposable, breath-actuated dry powder inhaler featuring
an audible control feedback mechanism. It utilizes the
company’s proprietary ActiveMesh® technology. Dry powder
formulations are stored in a mesh-like package releasing par-
ticles in the respirable range upon breath-driven beating of the
container (104).

The TrivAir™ (Trimel Pharmaceuticals, Mississauga,
Canada), formerly known as DirectHaler™, is a disposable

dry powder inhaler for pulmonary and nasal delivery. It con-
sists of a U-shaped inhaler tube with a corrugated bend, which
serves as deagglomeration zone (23). In 2010, Trimel started a
phase II clinical trial for dose finding of salbutamol sulfate in
intermittent or persistent mild asthma patients. The status of
this trial is unknown (105).

The Cricket™ inhaler (MannKind Corp., Valencia, CA,
USA) is the single-use disposable version of the Dreamboat
inhaler, which was designed to be used with the company’s
proprietary TechnoSphere technology, and has already been
discussed in a previous section (106).

Occoris® (Team Consulting, Cambridge, UK) is an active
powder aerosolization engine to be incorporated into single-
dose reusable and disposable or multidose inhalers. It is de-
signed to aerosolize unformulated powders, and the manufac-
turer highlights the high performance while still being a low-
cost device (107).

Another inhaler has been developed by Manta Devices
(Cambridge, MA, USA). For priming the device, it has to be
popped out from a blister offering environmental protection
(108).

CONCLUSION

During the past five decades, dry powder inhalation be-
came widely available, and has an established key position in
the treatment of respiratory diseases. The field has expanded
to include not only local therapy for obstructive pulmonary
diseases, but also systemic delivery of compounds requiring
parenteral application or regimens that might require a fast
onset for the desired therapeutic effect. The availability of

Mouthpiece with inhalation channel 

Non-movable part 

Movable part 

Powder doses 

Fig. 7. Schematic diagram of the sealed (left), primed (middle), and actuated (right) TwinCaps
device. Modified from (24)

Fig. 8. Schematic diagram of the Staccato loxapine device. Modified from (93)
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reliable, cheap, and convenient single-use dry powder inhala-
tion devices could be influential in the development of future
vaccination strategies and is likely to become increasingly
important in the therapy of respiratory infections.
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