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“the only way to assure the quality of a product is by controlling its 
manufacturing process” (Shewhart, 1931) 

“Product should be designed to meet patients’ needs and the intended product
performance” (ICH Q8 R2 guideline)

Contents lists available at ScienceDirect

European Journal of Pharmaceutical Sciences

journal homepage: www.elsevier.com/locate/ejps

The application of Quality by Design framework in the pharmaceutical
development of dry powder inhalers
Francesca Buttinia, Stavroula Rozoub, Alessandra Rossia, Varvara Zoumplioub,
Dimitrios M. Rekkasc,⁎

a Food and Drug Department, University of Parma, Parco Area delle Scienze 27/A, 43124 Parma, Italy
b ELPEN Pharmaceutical Co. Inc., 95 Marathonos Ave., 19009 Pikermi, Attica, Greece
c Department of Pharmacy, National and Kapodistrian University of Athens, 15784 Athens, Greece

A R T I C L E I N F O

Keywords:
Quality by Design
Dry powder inhalers
Orally inhaled drug products
Design of Experiments
Risk analysis
System thinking

A B S T R A C T

This review aims in discussing the application of the Quality by Design (QbD) approach on the development of
the Dry Powders Inhalers (DPIs). It starts with a thorough presentation of the Quality's concept evolution within
the pharmaceutical sector and how this slowly adopted set of quality guidelines is now a major scientific and
regulatory requirement. DPIs represent a type of delivery system where the system's thinking approach in-
tegrating the device, the formulation and the patient represent a major challenge to be met. Within this context
this review points out the critical gaps in this optimization exercise and proposes a series of remedies in over-
coming the obstacles when the system's parts are viewed alone and not as a whole. Statistical thinking and the
corresponding tools are the means for successfully carrying out this purpose. QbD is not just another guideline to
simply comply with. It is the ultimate scope of any pharmaceutical development effort, which is to fully un-
derstand and then consistently meet the patient's needs during the entire lifecycle of the product. QbD is focusing
on delivering quality value to the patients without compromises in product's safety and effectiveness profile.

1. Analysis of the QbD framework and the roadmap towards
process and product knowledge in Pharmaceutics

A search in Scopus and the similar databases during the last decade
reveals a sharp increase in the use of the Quality by Design (QbD)
concept in the titles of pharmaceutical technology and engineering
papers, which is in contrast with the recent past where this approach
was completely unknown within the said sector. A number of inter-
related reasons contributed to the late realization on behalf of the
pharmaceutical industry of a well-established scientific truth easy to be
proved (Politis and Rekkas, 2011): Quality cannot be tested into the
final product, but it should be built in by design (web ref. 1–3).

The awareness for the new mind-set for Quality in the pharmaceu-
tical business environment officially started with the FDA's loud noise
calling for a serious change upon the rise of the 21st century, linking
directly patient's safety with the level of science integrated in devel-
opment and manufacturing activities. The introduction of a new reg-
ulatory series of the so called “Quality related guidelines” combined

with updated editions of previous relevant publications injected with
terms such as the “Systems and Risk based approaches to cGMPs” (web
ref. 1,2), revealed new key words for industry introducing the concepts
of QbD, Quality Risk Management (QRM), Pharmaceutical Quality
Systems (PQS) and the similar (web ref. 4,5).

The above facts taken together with newspaper columns (web ref. 6)
full of negative comments regarding the old manufacturing paradigms
still adopted by the pharmaceutical industry, created initially a turmoil
which in the following years turned into an unavoidable big wave of
change in the way quality assurance and design were perceived and
realized (Politis and Rekkas, 2011).

QbD is not a new concept. It is dated several decades back starting
with W.A. Shewhart's work (Shewhart, 1931) who by introducing the
famous control charts in the early '30s practically shared for free with
the scientific community a fundamental principal: the only way to as-
sure the quality of a product is by controlling its manufacturing process.
This rational claim shifted for the first time the focus from the end
product towards its process as the later shapes the quality
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From Quality by Test to 
Quality by Design

Relevant for patients are:
• Safety
• Efficacy
• Medication performances

Quality by Design Tools:
• Risk assessment (RA)
• Design of experiments (DoE)
• Process analytical technology (PAT)



Why is Particularly Challenging the Development of  
Inhaled Drug Product?

• Product is a formulation-device combination

• Product handling may affect the respirable dose

• Manufacturing process often exhibits low process

capability

• Environmental conditions influence product

manufacture and use

• Lack of clear in vitro-in vivo correlation

Buttini et al. EJPS 2017 – in press



Constraints and Questions for DPI Design

1. Microparticles

manufacturing 

2. Formulation 

construction

3. Device to identify 

Production process technique?
Pure API or plus excipient?
Excipient type?

Single/multi dose inhaler? Disposable?
How to control of amount of powder to 
inhale?
How many maneuvers?

How to transform sticky 
microparticles in a flowing and 
respirable powder? 



Particle coating process for binary mixtures
of tobramycin and sodium stearate during
spray drying

Antibiotic Microparticle
Production

Research Paper

Pulmonary Spray Dried Powders of Tobramycin Containing Sodium Stearate
to Improve Aerosolization Efficiency
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Purpose. Tobramycin microparticulate powders containing the hydrophobic adjunct sodium stearate
were studied for their use as pulmonary formulations in dry powder inhalers.
Methods. Spray-dried powders were characterized in terms of particle size distribution, morphology,
crystallinity, drug dissolution rate, toxicity on epithelial lung cells and aerosol efficiency.
Results. The presence of the sodium stearate had a direct influence on the aerosol performance of
tobramycin spray-dried powders. Powders containing 1% w/w sodium stearate had fine particle fraction
FPF of 84.3±2.0% compared to 27.1±1.9% for powders containing no adjunct. This was attributed to the
accumulation of sodium stearate at the particle surface. Powders with higher sodium stearate
concentrations (2% w/w) showed significantly lower FPF (66.4±0.9%) and less accumulation of sodium
stearate at the particle surface. This was attributed to the formation of adjunct micelles, which remained
internalised in the particle structure due to their reduced tropism toward the drying drop surface and
molecular mobility. Preliminary analysis of the toxicity effect of sodium stearate on A549 cell lines
showed that the adjunct, in the concentration used, had no effect on cell viability over a 24-h period
compared to particles of pure tobramycin.
Conclusions. Tobramycin pulmonary powders with low level of sodium stearate, presenting high
respiration performances and no overt toxicity on lung cells, could be used to improve therapeutic
outcomes of patient with Cystic Fibrosis (CF).

KEY WORDS: antibiotic; dry powder inhaler; spray drying; pulmonary delivery; NGI; tobramycin.

INTRODUCTION

The administration of antibiotics to the respiratory tract
of patients with lung infections is a promising therapeutic
technique for the stabilisation and restoration of lung
function (1). While parenteral antibacterial regimens are
commonly used to treat acute infection in disease states such
as cystic fibrosis (CF), bronchiectasis, pneumonia and chronic
obstructive pulmonary disease (COPD) (2), the use of
aerosolized antibiotics has been proven to ameliorate lung
function, reduce systemic long-term toxicity as well as
decrease hospitalization (3–5). Furthermore, when considering
drugs such as aminoglycosides antibiotics administered paren-
terally, high doses (10 mg Kg−1) (6) are required to overcome
poor lung distribution (7), due to their high polarity and poor
drug penetration into the endobronchial space (8).
Consequently, these classes of antibiotics exhibit a narrow

safety margin (9) since they may cause severe ototoxicity and
nephrotoxicity in long-term therapy.

The administration of aminoglycosides by inhalation
offers an attractive alternative due to the delivery of lower
amount of antibiotic directly to the site of infection (TOBI®;
600 mg per 5 ml), while minimizing bioavailability (10) and
reducing systemic side effects. Tobramycin solution for
inhalation is the only antibiotic product approved by the
Food and Drug Administration for respiratory delivery (11).
Although the administration of tobramycin by nebulisation has
many advantages for the treatment of lung infections, the
formulation via nebulisation requires an extended administra-
tion time (approx 20 min) (12). Furthermore, the nebulisation
approach has limited versatility and low efficiency, poor
reproducibility and potential risk of bacterial contamination
(13).

An alternative approach for delivering drugs to the lung
is the use of dry powder inhalers (DPI) activated and driven
by the patient’s inspiratory flow (14). DPI formulations
incorporate a powder containing the drug as micron-sized
particles (aerodynamic diameter less then <5 μm) which,
upon inhalation are aerosolised from the device to deposit in
the respiratory tract (15). Dry powder inhalers have many
advantages over liquid nebuliser systems; for example, DPIs
are breath-actuated, require minimal patient coordination,
are propellant free and have a short treatment time.
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Optical microscope image of 
a pure tobramycin SD 
powder

Buttini et al. WO2010/003465 A2. 

LOW sodium stearate conc (<0.1 mg/ml)

HIGH sodium stearate conc

Tobramycin 
70% water 

NaSt
30% ethanol 

Mixing 
@40°C



Tobramycin (112 mg, RF 78%)
Amikacin (120 mg, RF 68%)

Ciprofloxacin (50 mg, RF 64%)
CMS(125 mg, RF 71%)

• High drug content
• 1% of a safe excipient
• Flowing and respirable powder
• No need of further manufacturing steps
• SD is a mature production technology 

NaSt Technology

Tobramycin

Buttini et al. WO2010/003465 A2 
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A B S T R A C T

An amikacin product for convenient and compliant inhalation in cystic fibrosis patients was constructed
by spray-drying in order to produce powders of pure drug having high respirability and flowability.
An experimental design was applied as a statistical tool for the characterization of amikacin spray drying
process, through the establishment of mathematical relationships between six Critical Quality Attributes
(CQAs) of the finished product and five Critical Process Parameters (CPPs).
The surface-active excipient, PEG-32 stearate, studied for particle engineering, in general did not benefit
the CQAs of the spray dried powders for inhalation. The spray drying feed solution required the inclusion
of 10% (v/v) ethanol in order to reach the desired aerodynamic performance of powders. All desirable
function solutions indicated that the favourable concentration of amikacin in the feed solution had to be
kept at 1% w/v level. It was found that when the feed rate of the sprayed solution was raised, an increase in
the drying temperature to the maximum value (160 !C) was required to maintain good powder
respirability. Finally, the increase in drying temperature always led to an evident increase in emitted dose
(ED) without affecting the desirable fine particle dose (FPD) values.
The application of the experimental design enabled us to obtain amikacin powders with both ED and FPD,
well above the regulatory and scientific references. The finished product contained only the active
ingredient, which keeps low the mass to inhale for dose requirement.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive genetic disease in
Caucasians. Mutations in the gene cystic fibrosis transmembrane
regulator (CFTR) led to a defective chloride ion transport in the
airway lumen, causing an abnormal accumulation of viscous
mucus. CFTR mutations are grouped into five classes scaled from
not synthesized CFTR protein (class I) to partly defective protein
production or processing (class V) (Amaral and Kunzelmann,

2007). The most common are the class II mutations (including the
prevalent, F508del), which affect about 90% of CF patients. In this
class, the misfolded protein is retained at the endoplasmic
reticulum, and subsequently degraded in the proteasome, (Ratjen
and Döring, 2002; Coffey and Ooi, 2012).

Cystic fibrosis in the lungs often gives rise to chronic
pulmonary infections. Bacteria entering the lung and trapped
in the mucus layer are difficult to remove through mucociliary
clearance. The therapy of CF infections consists of antibiotics
administered orally or intravenously (aminoglycosides, macro-
lides). As the lung is the site of action, inhaled medications are
advantageously prescribed (Heijerman et al., 2009; Bruce et al.,
2011; Balducci et al., 2014; Colombo et al., 2013). This
administration route concentrates the drug at the site of
infection, limiting systemic exposure and side effects. However,
substantial differences in inhalation administration techniques
exist. For instance, nebulizers, mostly used in hospitals and

Abbreviations: AMK, Amikacin; DPI, Dry Powder Inhaler; QbD, Quality by
Design; DoE, Design of Experiments; CQAs, Critical Quality Attributes; CPPs, Critical
Process Parameters; LOD, Loss on Drying; ED, Emitted Dose; FPD, Fine Particle Dose.
* Corresponding author. Tel.: +39 0521 906008; fax: +39 0521 905006.
E-mail address: francesca.buttini@unipr.it (F. Buttini).
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2 µm

2 µm

With excipient

Without excipient

10

CQAs Range Values Negatively affected by Positively affected by
SD yield (%) 67 - 88 Waxy excipient High solid concentration

LOD (%) 7.6 - 9.7 Waxy excipient Drying temperature

Dv(0.5) (µm) 1.88 - 3.52 -
High solid concentration
Feed rate

Bulk Density 
Agglomeration had a 
positive effect

Waxy excipient
High solid concentration
Feed rate

Drying Temperature
Ethanol (%)

ED (mg) 5.7 – 9.2 Waxy excipient
Feed rate
Interaction between excipient and 
solid conc

FPD (mg) 3.5 – 6.1 Waxy excipient
Interaction between excipient and 
ethanol

Half fractional factorial design (2 n-1)
16 experiments

Amikacin SD
using PEG_32 Stearate

• Factor 1: Drying temp
• Factor 2: Feed rate
• Factor 3: Ethanol %
• Factor 4: PEG_32 stearate %
• Factor 5: Solid Conc



• Feed solution required the inclusion of 10% (v/v) ethanol
• Amikacin in the feed solution had to be kept at 1% w/v level
• Increase in drying temperature always led to an evident

increase in emitted dose (ED) without affecting the fine particle
dose (FPD) values

Without excipient

With PEG32_Sterate

Belotti, S., et al. 2014. Int J Pharm 471, 507–515. 

3.4. Aerodynamic performance

The ED, i.e. the amount of powder leaving the device after
actuation and entering the impactor, was measured on the spray
dried powders before and after agglomeration (Table 3, Fig. 6 a).
According to pharmacopoeia requirements, the ED should exceed
75% of the dose loaded in the device, which in this case was 10mg.
FromTable 3, it is obvious that the compendial specificationwasmet
foralmost50%of thecases,whichcorrespondedtothosewithout the
excipient, both before and after agglomeration. In other words, the
ED attribute was very negatively affected by the excipient (factor D)
at the highest level (1% w/w). The predominant effect of this factor
was confirmed through statistical analysis (Table 3) and the relevant
Pareto chart (Fig. 7). It is likely that PEG-32 stearate increased
powder cohesiveness, thus hindering de-aggregation by air stream,
as already observed for the production yield.

As for the remaining factors, the feed rate of the sprayed
solution (factor B) showed a weaker but positive influence on this
critical quality attribute. A significant interaction was identified
between the presence of the excipient and amikacin concentration
(DE)with a positive coefficient, despite the fact that factors D and E
had individually negative effects. The fact that the individual

contribution of these two variables was negative, but their
interaction was positive, indicates that the interaction produced
a bigger effect to the response compared to the individual
contributions. Thus, the interaction in this case is synergistic.
Therefore, it is not always true that factorswith individual negative
effects will also have a negative interaction, as this has to do with
the magnitude of the change they cause to the response at their
different levels of utilization.

Fig. 6. Values of ED (a) and FPD (b) of amikacin spray dried powders before and
after agglomeration (mean value and standard deviation; n =3).

Fig. 7. Pareto chart illustrating the rank of the t-values corresponding to the effect
on the ED of each factor and their interactions. (empty bars: significant; full bars:
non-significant). Blue bars =negative effects; orange bars = positive effects. A:
Drying temp.; B: feed rate; C: ethanol content; D: excipient presence; E: AMK conc.
The orange line corresponds to the Bonferroni limit and the black one to the t-value
limit.

Fig. 8. Pareto chart illustrating the rank of the t-values corresponding to the effect
on the FPD of each factor and interactions (empty bars: significant; full bars: non-
significant). Blue bars = negative effects; orange bars = positive effects. A: Drying
temp.; B: feed rate; C: ethanol content; D: excipient presence; E: AMK conc. The
orange line corresponds to the Bonferroni limit and the black line to the t-value
limit.

S. Belotti et al. / International Journal of Pharmaceutics 471 (2014) 507–515 513

A: Drying temp.; B: feed rate; C: ethanol 
content; D: excipient presence; E: AMK conc

Rank of the t-values corresponding to the 
effect on the FPD of each factor and 
interactions 



Central Composite Design

15 experiments
• Drying T (°C): 150-165-180

• Feed rate (mL/min): 2-3.5-5

• Ethanol presence (%): 0-5-10

Fine Particle DoseEmitted Dose

Ethanol Effect on
Particle Morphology and 
Respirability

Research Paper

Spray-dried amikacin sulphate powder for inhalation in cystic fibrosis
patients: The role of ethanol in particle formation
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a b s t r a c t

A Central Composite Design (CCD) was applied in order to identify positive combinations of the produc-
tion parameters of amikacin sulphate spray-dried powders for inhalation, with the intent to expand the
experimental space defined in a previous half-fractional factorial design. Three factors, namely drying
temperature, feed rate and ethanol proportion, have been selected out of the initial five. In addition,
the levels of these factors were increased from two to three and their effect on amikacin respirability
was evaluated. In particular, focus was given on the role of ethanol presence on the formation of the
microparticles for inhalation.

The overall outcome of the CCD was that amikacin respirability was not substantially improved, as the
optimum region coincided with areas already explored with the fractional factorial design. However,
expanding the design space towards smaller ethanol levels, including its complete absence, revealed
the crucial role of this solvent on the morphology of the produced particles. Peclet number and drug solu-
bility in the spraying solution helped to understand the formation mechanism of these amikacin sulphate
spray-dried particles.

! 2015 Elsevier B.V. All rights reserved.

1. Introduction

Lung infections in Cystic Fibrosis (CF) patients caused by
Pseudomonas aeruginosa are efficiently managed with antibacterial
drugs. These treatments require high doses of antibiotics. However,
using the pulmonary route, the inhaled drug is directly deposited
on the site of infection providing higher local concentrations with
lower doses compared to systemic administration. Dry powder
inhalers are able to deliver high payloads of drug in a shorter time,
offering a convenient alternative to solutions for nebulization [1].
However, high doses of powders can raise adverse effects during

the administration, such as cough and choking. Consequently,
there are two approved administration strategies for delivering
high doses of powdered drugs to the lung of the patients [2]. The
first used a single pre-metered capsule reservoir containing the
whole dose to be extracted by successive inhalation acts, such as
with the Colobreathe" product [3]. The second strategy consisted
in splitting the dose in multiple capsule reservoirs. In TOBI"-
Podhaler, the dry powder of tobramycin formulation (112 mg dis-
persed in approximately 200 mg of powder) is administered by the
consecutive inhalation of four capsules content. An evolution of
these delivery systems is the use of new disposable devices, cap-
able to gradually release the dose loaded in the device reservoir
in alternative to hard capsules [4,5].

The performance of a dry powder inhaler is governed by
formulation characteristics. Particle engineering strategies have
been adopted to optimize size, morphology and structure of micro-
particles, in order to maximize the respirable fraction of the drug,
without compromising the powder flow properties [6,7]. Since the

http://dx.doi.org/10.1016/j.ejpb.2015.03.023
0939-6411/! 2015 Elsevier B.V. All rights reserved.

Abbreviations: CCD, Central Composite Design; CF, cystic fibrosis; CQAs, Critical
Quality Attributes; CPPs, Critical Process Parameters; DoE, Design of Experiments;
ED, Emitted Dose; FPD, Fine Particle Dose.
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Amikacin SD from water 
feed solution
Amikacin SD from 
water:ethanol



Solvent power and volatility influence texture and surface

chemistry of spray-dried microparticles

The Peclet number (Pe) can predict the particle formation process and the resulting particle 
properties

Pe = K
8D

Pe ≤ 1

Dense particle

Droplet

Pe > 1

Empty shell particle

Water/EtOH mixtures

Water

• Evaporation rate constant, κ =  droplet surface area reduction in time (cm2/s)

• D is the diffusion coefficient of dissolved substance in the sprayed solution

Vehring. Pharm Res (2008) 25:999–1022; Belotti, et al.  Eur J Pharm Biopharm (2015) 93:165-172



Primary microparticles held together by weak interactions. 
Strong enough for handling, but de-agglomerated by turbulent air flow during inhalation.

Chimeric Agglomerates / Soft Pellets



Belotti, et al.  Eur J Pharm Biopharm (2015)



Treatment 
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PatientFormulation



Despite considerable attention by researchers to develop new inhalers = there has been no 
sustained improvement over the past 50 years in patients’ ability to use inhalers

Inhalers use by patients over the past 40 years



DPIs: essential steps for drug inhalation
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Reducing the number of operation steps 
decreases the probability of serious errors with DPIs 

Device Number of 
Operation Steps



Treatment 
Efficacy Device

PatientFormulation



Patient compliance vs number of capsules

Number of capsules to inhale in 
one week of therapy

TOBI® PodHaler®
200 mg powder (eq 112 mg of tobramycin)
4 capsules
2 inhalation acts
Twice daily

52

24

7

17

Patients vs Capsule Number (%)

4 cps

3 cps

2 cps

?

Boerner et al., 37th European CF Conference, 2014, Gothenburg 

Source Twitter



Administration Strategy of TobraPS

Excipient 8 mg

Tobra 112 mg

TobraPS
1 cps x 120 mg

Preparation Steps # Inhalation Acts # Time

TobraPS 6 ? ?

RS01 inhaler 
housing cps size #0

The linear relationship validates the 
capsule number reduction  by 

increasing the strength 



Inhalation Profile through RS01 size #0 during powder inhalation

Subj 1
Subj 1

Subj 2 Subj 3

Manuscript in preparation



Emitted Dose & Sequence of Inhalation Acts

Manuscript in preparation

• 3 healthy volunteers (1F, 2M; age 31-71)

• TobraPS Dose: 120 mg (equivalent to 112 
mg of drug)

• RS01 device size cps size #0

• Time to complete the administration: 2-3 
min

Manuscript in preparation



Relation between Emitted Dose 
Peak Inhalation Flow  - Inspiratory Volume
(first inhalation act)

Manuscript in preparationManuscript in preparation



Powder Emitted & Air Volume:
in vitro/in vivo all inhalation acts  

TobraPS Dose: 120 mg 
(equivalent to 112 mg of drug)
Cps size #0

In vitro: 
Flow rate: 60 L/min

Manuscript in preparationManuscript in preparation



Foradil® Aerolizer® (Novartis) 

Formoterol fumarate lactose blend: 

12 µg / 25 mg of lactose
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Accessorized DPI: a Shortcut towards Flexibility and Patient
Adaptability in Dry Powder Inhalation
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ABSTRACT
Purpose In this work, a novel powder dispersion add-on de-
vice, the AOS (Axial Oscillating Sphere), was studied in con-
junction with commercially available DPI devices to improve
the powder dispersion.
Methods An ordered mixture of formoterol fumarate and
lactose was selected. We studied in two laboratories located
at different altitudes the dispensing and dispersion of the drug
at different flow rates, paying particular attention to a number
of metrics of Fine Particle Dose (FPD).
Results Two novel findings emerged from the data collected.
First, the aerosol quality, measured as fine particle dose, can be
increased by adding the accessory promoting the dispersion
and de-aggregation of the formulation. The second finding
was that, albeit the emitted dose was independent of altitude,
the drug/lactose carrier DPI aerosolizing performance
changed with the altitude of testing. In particular, fine particle
dose depended on both altitude and device configuration. The
RS01 inhaler without the AOS accessory used at higher alti-
tude gave the lowest FPD values. By combining the AOS ac-
cessory with the DPI, however, the performance dependence
on altitude/atmospheric pressure was essentially removed.

Conclusions Increasing inhaler performance can be achieved
using an add-on accessory that enhances aerosol dispersion
and minimizes flow rate dependency.

KEY WORDS atmospheric pressure . axial oscillating
sphere . dry powder inhaler . fine particle dose . formoterol
fumarate

ABBREVIATIONS
AOS Axial oscillating sphere
DPI Dry powder inhaler
DUSA Dosage units sampling apparatus
Dv50 Median volume diameter
ED Emitted dose
EF Emitted fraction
FF Formoterol fumarate
FPD< 3 μm Fine particle dose < 3 μm
FPD< 5 μm Fine particle dose < 5 μm
FPD≤ S4 Fine particle dose from S4 to MOC
FPF Fine particle fraction
IP Induction port
MD Metered dose
MMAD Mass median aerodynamic diameter
MOC Micro-orifice collector
RS01-LR RS01 device- LOW resistance
RS01-MR RS01 device- MEDIUM resistance
S4 Stage 4 of next generation impactor

INTRODUCTION

Dry powder inhaler (DPI) products have gained popularity
due to a number of factors, including their convenience and
compliance. From a patient perspective, DPIs are widely pre-
scribed and used despite the need for rigorous training to
ensure correct use (1). Different DPI device designs, combined
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AOS (Axial Oscillating Sphere) 
Respira TherapeuticsInc.

AOS accessory to add or incorporate within the mouthpiece of existing
DPI; Device resistance slightly raises; the sphere oscillation during
inhalation flow promotes the formation of extra-fine aerosol particles.

How Can We Improve 

the Respirable Dose?

Manuscript in preparationTelko and Hickey. Respir Care (2005) vol. 50 (9) pp. 1209-27



Full Factorial Design

• Altitude (m): 55 (Parma), 1560 (Albuquerque)

• Device type: RSO1_MR, RSO1_LR

• Device configuration: No-AOS, With-AOS

• Pressure Drop (kPa): 4, 2
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Relationship between MMAD and flow rate for 
the RS01 devices with and without AOS 
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Inverse relationship driving to an asymptote

No-AOS, the asymptote = 2.99 μm

With AOS, the asymptote = 2.07 μm

Estimated formoterol fumarate

MMAD =1.7 ⋅ 1.2 ≈1.9µm



Fine Particle Dose of formoterol
fumarate vs flow rate

Circle: RS01-LR; square: RS01-MR
Empty symbols: without AOS; 
Full symbols: with AOS

• AOS Improved API 
deaggregation

• Device performance less 
dependent on the inspiratory 
effort 

• DPI dependence on 
atmospheric pressure was 
almost completely eliminated 

With FPD defined as <3 μm, the values with AOS acces-
sory were consistently higher compared to those generated
without AOS using both metrics of performance.

In fact, the FPD <3 μm values exhibited by RS01s without
the AOS accessory at all the flow rates at the lower altitude
(55 m, Parma), were confirmed to be significantly higher than
the values obtained with the same devices at higher altitude.
When the AOS accessory was in place, the FPD <3 μm ob-
tained with the both RS01 devices improved. In addition, in
the presence of the AOS, the differences in FPD <3 μm at the
two laboratories was significantly reduced. This is graphically
demonstrated by the shift of the data points with AOS to the
left of the plot (see Fig. 5), i.e. towards the lower flow rates.
The consequence is that a lower inspiratory effort produced
aerosols with higher fine and extra-fine particle content when
the AOS accessory was added.

A dependence of the induction port (IP) deposition as a
function of flow rate was not observed in this study (data not
shown). Increasing flow rate increases the likelihood of inertial
impaction as evidenced by an increase in the parameter d2Q
(see Eq. 2). However, this increase in the impaction parameter
did not translate in a higher deposition on the IP. Figure 6
illustrates the relationship between the impaction parameter
(d2Q) and the amount of FF deposited on the induction port.
Likely, the geometry of the IP avoided this effect.

A parameter that has been demonstrated to offer a good
correlation with in vivo data, is the amount of drug deposited
on the NGI Stage 4 to MOC (≤S4) (see BDiscussion^ section).
It is evident that changing the air-flow rate changes the stage
cut-off diameter. The results for this metric of performance
confirmed that the two testing sites produces different results

with lower performance for the RS01 used without AOS at
the highest altitude (Fig. 7).

DISCUSSION

Over the past few decades, numerous definitions of BFine
Particle Dose^ or BRespirable Fraction^ have been

Fig. 5 Fine particle dose of formoterol fumarate <3 μm versus flow rate. (graph (a) black symbols: 55 m; graph (b) red symbols 1556m. Circle: RS01-LR; square:
RS01-MR. Empty symbols: without AOS; full symbols: with AOS).
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Fig. 6 Impaction parameter versus IP formoterol fumarate deposition at
55 m. (Circle: RS01-LR; square: RS01-MR. Empty symbols: without AOS; full
symbols: with AOS).
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ABSTRACT
Purpose The aim of this work was to evaluate the effect of
two different dry powder inhalers, of the NGI induction port
and Alberta throat and of the actual inspiratory profiles of
asthmatic patients on in-vitro drug inhalation performances.
Methods The two devices considered were a reservoir
multidose and a capsule-based inhaler. The formulation used
to test the inhalers was a combination of formoterol fumarate
and beclomethasone dipropionate. A breath simulator was
used to mimic inhalatory patterns previously determined
in vivo. A multivariate approach was adopted to estimate the
significance of the effect of the investigated variables in the
explored domain.
Results Breath simulator was a useful tool to mimic in vitro the
in vivo inspiratory profiles of asthmatic patients. The type of
throat coupled with the impactor did not affect the aerody-
namic distribution of the investigated formulation. However,
the type of inhaler and inspiratory profiles affected the respi-
rable dose of drugs.
Conclusions The multivariate statistical approach demon-
strated that the multidose inhaler, released efficiently a high
fine particle mass independently from the inspiratory profiles
adopted. Differently, the single dose capsule inhaler, showed a
significant decrease of fine particle mass of both drugs when

the device was activated using the minimum inspiratory vol-
ume (592 mL).

KEY WORDS Multivariate analysis . Breath simulator .
Alberta throat . NEXThaler® . RS01

ABBREVIATIONS
AT Alberta throat
BAM Breath activated mechanism
BDP Beclomethasone dipropionate
CQAs Critical quality attributes
DD Delivered dose
DPI Dry powder inhaler
EFPF Extra fine particle fraction
EFPM Extra fine particle mass
FF Formoterol fumarate
FPF Fine particle fraction
FPM Fine particle mass
IP Induction port
MLR Multiple linear regression
MMAD Mass median aerodynamic diameter
NGI Next generation impactor
PCA Principal components analysis
PIF Peak inspiratory flow
QC Quality control
USP United States pharmacopeia

INTRODUCTION

Breath-actuated dry powder inhalers (DPIs) and metered dose
inhalers are the most used systems to deliver locally-acting
drugs to the lungs. DPIs are becoming more and more popu-
lar because they do not need the coordination between release
of the dose and patient inhalation manoeuvre, they do not
contain any propellant and dry powders are generally more
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1) Inspiratory profile, at six levels, namely the reference con-
ditions according to Ph. Eur., MIN profile, 10th, 50th, 90th

percentile and MAX profile. Each profile was associated
with the corresponding inspiratory peak inhalation, the
duration of inhalation and the volume of the inspiration;

2) Type of throat, at two levels, namely IP and BAlberta
throat^;

3) Type of inhaler, at two levels, namely capsule inhaler and
multidose inhaler.

To study the whole domain identified by the three vari-
ables and their levels, 24 sets of experiments (6×2×2) were
required (Table I). Each experiment was performed in tripli-
cate, obtaining an experimental matrix of 72 experiments
(Table II). The 72 experiments were carried out according
to a randomized order to avoid systematic errors that could
alter the results.

The design space was constructed and analysed using
JMP® Software, Version 9.0.2 (SAS, Cary, NC, USA). The
results were also elaborated using programs written for the
Matlab environment (MathWorks, Natick, MA, USA).

Data analysis

The collected responses of the experimental design were 24
different Critical Quality Attributes (CQAs). Twelve CQAs
both for formoterol fumarate and beclomethasone dipropio-
nate were analysed (Table III).

Fine Particle Mass, Extra Fine Particle Mass, Fine Particle
Fraction, Extra Fine Particle Fraction and Mass Median
Aerodynamic Diameter were measured or calculated accord-
ing to Ph. Eur. 8 ed. specifications. The throat deposition was
the amount of active ingredients recovered in the throat (IP or
Alberta throat). The particle masses in selected size ranges

were characterized by different particle size and calculated
by CITDAS Copley Scientific software.

RESULTS

Critical Quality Attributes

Twenty-four Critical Quality Attributes (CQAs) of the formu-
lation produced were selected.

The fine particle mass is the amount of drug particles small-
er than 5 μm deposited in the impactor. It is the most signif-
icant attribute to consider and it indicates the product
respirability. The delivered dose is another important critical
quality attribute to take into consideration because it is related
to the drug dose leaving the device upon inhalation. The Ph.
Eur. specification establishes that more than 75% of the load-
ed dose must leave the device upon aerosolization in
compendial conditions (20). The powder size, expressed as
volume diameter of particles, reflects the capability of the
powder production to provide a particle size distribution at
micron level, in order to obtain a favourable aerodynamic

Fig. 1 Inspiratory profiles obtained from asthmatic patients inhaling twice
through the NEXThaler®. Profiles corresponding to the 10 th, 50 th and 90 th

percentile of the Peak Inspiratory Flow (PIF) as well as the profile with the
maximum PIF (MAX profile) and the one with the minimum PIF (MIN profile)
are illustrated.

Table I Scheme of the Design of Experiment Consisting of Three Vari-
ables: Type of Inhaler, Type of Throat and Inspiratory Profile, (IP=Induction
Port)

Type of inhaler Type of throat Inspiratory profile

NEXThaler® IP Reference Condition
MIN profile
10 th percentile
50 th percentile
90 th percentile
MAX profile

Alberta throat Reference Condition
MIN profile
10 th percentile
50 th percentile
90 th percentile
MAX profile

Capsule Inhaler IP Reference Condition
MIN profile
10 th percentile
50 th percentile
90 th percentile
MAX profile

Alberta throat Reference Condition
MIN profile
10 th percentile
50 th percentile
90 th percentile
MAX profile

Buttini et al.

Independent flow rate
Device: 
Investigation by DoE model were the type of inhaler, the type throat, the interac-

tion between the type of throat and the type of inhaler, the
quadratic term of the inspiration volume.

Moving from the multidose to capsules inhaler the value of
the delivered dose decreases. The response surface showed
that the multidose released a dose of FF around of 4.7 μg
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A= MMAD

B= Throat deposition and Delivered Dose

C= FPM, EFPM, FPF, EFPF, Particle size 0-1µm,

Particle size 1-2µm, Particle size 2-3µm,

Particle size 3-4µm, Particle size 4-5µm
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Fig. 8 Model coefficients for the PC2 response represented by multiple linear regression. The level of statistical significance is reported according to the
convention: *=p<0.05, **=p<0.01, ***=p<0.001.
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FPM FF = 2.61 + (0.41*Volume) + (0.06*type of throat) – (0.05*type of inhaler)

+ (0.03*Volume*type of throat) + (0.27*Volume*type of inhaler)

– (0.01*type of throat*type of inhaler) + (0.04*Volume2)

Fig. 9 The coefficients of the
model and the equation of the
model for the formoterol fumarate
fine particle mass.
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The coefficients of the model and the 
equation of the model for the formoterol

fumarate fine particle mass

families of data on PC2 are clearly evidenced: the first, at low
values on PC2, which collects the experiments performed with
the capsules inhaler (these experiments led to low values of
Delivered Dose and amount of drug deposited on IP or
BAlberta throat^) and a second family, with high values on
PC2, which collects the experiments performed with the
multidose inhaler (these experiments led to high values of De-
livered dose and amount of drug deposited on IP or BAlberta
throat^). This means that in general the multidose allows de-
livering to the patient a greater amount of drug.

The experiments performed with the capsules inhaler
are more distributed along the PC1, thus highlighting a
greater variability of the experiments with the capsules
inhaler, whereas those performed with the NEXThaler®

are less spread highlighting high consistency. Since the
PC1 is the component along which the differences be-
tween the inspiratory profiles are explained, the ob-
served data mean that the difference in performance
between the in vitro profiles are much less evident using
the multidose inhaler compared the capsule inhaler.

3.3. Variable correlation and prediction of the system
behaviour

In order to establish a relationship between model matrix X
(Table IV) and response y,MLR analysis was carried out. The
MLR model is defined by the equation:

y ¼ Xb þ e ð1Þ

where X is the model matrix; b the coefficient of the model
and e the error vector. The coefficients of the model can be
computed by the following relationship:

b¼ X ⋅XT! "−1
⋅XT ⋅y ð2Þ

Where XT is the transposed of the model matrix.
Taking into account the correlation between the re-

sponses, the same conclusions could be obtained by con-
sidering the qualitative variable Binspiratory profile^ or
the quantitative variables Bpeak of inspiration^ or
Bvolume of inspiration^.
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Fig. 4 Scores plot: the effect of the
type of throat on aerodynamic
performances.
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Fig. 5 Scores plot: the effect of the
type of inhaler on aerodynamic
performances.

Effects on Respiratory Profiles on Aerodynamic Performance

Scores plot: the effect of the type of inhaler on 
aerodynamic performance 

Inspiratory profiles obtained from 
asthmatic patients 

Exp plan: 24 exp in triplicate (n=72)

Manuscript in preparationMultidose-breath 
activated device

Single dose capsule 
device
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