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v

The pace of new research and level of innovation repeatedly introduced into the 
field of drug delivery to the lung are surprising given its state of maturity since the 
introduction of the pressurized metered dose inhaler over a half a century ago. It is 
clear that our understanding of pulmonary drug delivery has now evolved to the 
point that inhalation aerosols can be controlled both spatially and temporally to 
optimize their biological effects. These abilities include controlling lung deposition, 
by adopting formulation strategies or device technologies, and controlling drug 
uptake and release through sophisticated particle technologies. The large number of 
contributions to the scientific literature and variety of excellent texts published in 
recent years are evidence for the continued interest in pulmonary drug delivery 
research. This reference text endeavors to bring together the fundamental theory 
and practice of controlled drug delivery to the airways that is unavailable elsewhere. 
Collating and synthesizing the material in this rapidly evolving field presented a 
challenge and ultimately a sense of achievement that is hopefully reflected in the 
content of the volume.

The spatial and temporal control of drug delivery to the airways as a general 
theme runs through the entire volume from discussions of micro and macro struc-
ture of the lung, particle engineering and polymer science, device design, to regula-
tory perspectives and science. The initial chapter topics were selected to provide a 
fundamental background to the problems and opportunities for controlled pulmo-
nary drug delivery. In addition to providing an anatomical, physiological, and meta-
bolic overview of the airways, the book provides unique guidance on specific 
microenvironments that exist in both health and disease within the airways – opening 
possible avenues to allow for targeted, triggered, or modulated delivery systems 
based on the physicochemical differences between target and bystander tissues and 
cells. The latter sections of the book explore technologies and tools available to 
facilitate controlled drug delivery to the airways, specifically covering topics such 
as, aerosol delivery technologies, materials and excipients, particle science, gene 
delivery, in vitro and in vivo tools including imaging. Finally, regulatory approval 
perspectives and the development of performance specifications complete the “tool 
box” that is provided by the text as a whole.

Preface



vi Preface

The authors who kindly agreed to contribute to Controlled Pulmonary Drug 
Delivery are acknowledged leaders in their respective fields, and many have initi-
ated research programs in new and emerging research areas of relevance to the title 
of the volume. As a result, we hope that this text will provide a framework for inter-
ested researchers to find solutions to their drug delivery questions. The contents of 
the book should provide bridges between the multiple disciplines needed to suc-
cessfully achieve controlled pulmonary drug delivery.

Austin, TX Hugh D.C. Smyth
Chapel Hill, NC Anthony J. Hickey
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Abstract Both anatomy and physiology of the airways are critical for understanding 
and predicting the dynamics of drug delivery systems that are inhaled. This theme 
that intimately links the biology of the airways to the response of pulmonary drug 
delivery systems is present throughout other following chapters in this book. 
Therefore, it is ideal to introduce these concepts in this chapter by first address-
ing the lung architecture on the macroscale and how it influences drug delivery. 
Then, we discuss the microscale interactions between the airway environment 
and drug delivery system. By discussing the anatomy and physiology at these 
scales in the direct context of pulmonary drug delivery, we believe this chapter is 
unique and, hopefully, useful for those seeking the controlled release in the respi-
ratory tract.

Keywords Anatomy • Cell biology • Deposition • Physiology

1.1  Macrostructure and Function

When considering drug delivery to the lung, one must first understand the general 
composite structure of the lung. The airway can be broken into two distinct zones: 
the conducting airway and the respiratory airway.

H.D.C. Smyth () 
College of Pharmacy, University of Texas at Austin, Austin, TX 78746, USA 
e-mail: hsmyth@mail.utexas.edu

Chapter 1
Macro- and Microstructure of the Airways  
for Drug Delivery

Kevin P. O’Donnell and Hugh D.C. Smyth 
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1.1.1  Conducting Airways

The conducting zone constitutes the upper portion of the airways. It begins at the 
mouth/nose, and comprises the trachea, bronchi, bronchioles, and terminal bronchi-
oles. This portion of the airway bifurcates approximately 17 times prior to reaching 
the respiratory zone of the deep lungs, which branches further and is discussed in 
the following sections. This branching allows for a progressive increase in surface 
area and a corresponding decrease in air velocity (Fig. 1.1) [43]. The presence of 
smooth muscle gradually increases from the trachea to the terminal bronchioles, 
connecting the incomplete cartilage rings of the trachea and eventually becom-
ing a complete layer. Within the conducting region, no gas exchange takes place; its 
primary purpose, rather, is to transport the gas to the respiratory zone [1]. A sec-
ondary function of the conducting airways is to ensure that inspired gasses are 
humidified and heated so as to provide the alveoli with air identical to the preexist-
ing environment. The dangers associated with the inspiration of dry and improperly 
heated gasses have been demonstrated [65]. The obvious problems associated 
with cold air inspiration are the loss of body heat (i.e., drop in core body tempera-
ture) due to heat transfer between the body and respired air, as well as water loss 
due to humid air expiration. Accurate humidification of respiratory gasses is crucial 
to ensure proper function of the airways. Improper humidity content of respired air 
can lead to extensive dehydration and loss of body weight [46]. Additionally, func-
tional impairments may be rapidly observed including extensive impairment of the 

Fig. 1.1 Factors influencing lung deposition. Reproduced from Patton and Byron [53] with 
permissions
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mucociliary escalator. The following list describes the potential damages caused by 
dry gas inspiration [65]:

(a) Destruction of cilia and damage to mucous glands
 (b) Disorganization and flattening of pseudostratified columnar epithelium and 

cuboidal epithelium
 (c) Disorganization of basement membrane
 (d) Cytoplasmic and nuclear degeneration
 (e) Desquamation of cells
 (f) Mucosal ulceration
 (g) Reactive hyperemia following damage

Furthermore, overhumidified air poses dangers as well [71]. In fact, overhumid air 
may lead to water intoxication with the final effects being analogous to those listed 
for dehumidified air, in the opposing direction. Ultimately, improperly function-
ing conducting airways may lead to impaired respiration through increased surface 
tension and bronchoconstriction. This in turn will lead to inefficient drug deliv-
ery to the lung or, potentially, impaired pulmonary absorption ability. While dam-
age to the ciliated epithelium may limit clearance of particles impacted in the upper 
airway, the body’s natural defense system will also be harmed, resulting in a higher 
propensity for infection.

1.1.2  Respiratory Airways

Distal to the terminal bronchioles of the conducting zone lies the respiratory 
zone which consists of the respiratory bronchioles, alveolar ducts, and alveolar 
sacs. The alveolar ducts are typically 1 mm in length formed via connected 
groups of alveoli, polyhedral chambers with an average diameter of 250 mm 
characterized by a 0.1–0.4-mm epithelium and 70 nm liquid lining layer. Itoh 
et al. [38] provide excellent microscopy and 3D modeling images of the alveolar 
locality [38]. The primary function of this region is gas exchange, which may 
take place throughout the listed bifurcations. This region is ideally suited for gas 
exchange due to its inherent physical characteristics. The surface area of the 
distal airway is approximately 102 m2, while the conducting airway is a mere 
2–3 m2, allowing for much greater contact with the inspired gas or therapeutic 
aerosol [52]. Second, the thickness of the cell layer, which makes up the respira-
tory region, is progressively reduced from approximately 60 mm in the upper 
airway to the aforementioned submicron thickness in the alveoli [53]. Similarly, 
the fluid layer at the cell surface decreases from 8 mm to approximately 70 nm in 
direct correlation with the decrease in cell thickness. Figure 1.2 depicts this 
change in breadth. The cell types allowing for this reduction in thickness are 
discussed in detail in later sections. Lastly, the partial pressure of oxygen within 
the alveoli is far less than that within the CO

2
-rich blood present in pulmonary 

circulation. The pressure gradient coupled with a markedly thin diffusion pathway 
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allows oxygen to diffuse from the alveoli into the blood, while CO
2
 diffuses in the 

opposite direction. For a detailed explanation on the mechanisms of gas transport 
and development of the alveolar gas exchange, the reader is referred to Massoro 
(1996) and Hickey and Thompson (2003) [31, 47].

1.2  Targeted Anatomical Sites for Aerosol Delivery

As can be derived from the above description of the airway structure, the premier 
target for drug delivery will be the alveolar region of the deep lung, which presents 
the largest surface area and thinnest diffusion pathway for dissolved material. 
Studies have demonstrated that the trachea presents >90% resistance to transport, 
limiting its potential in drug delivery [78]. While the nonrespiratory bronchioles are 
involved in many disease states, they too exhibit poor drug absorption; though due 
to the thinner cell layer, absorption may be marginally increased. This is most likely 
due to a reduction in intercellular and intracellular transport path lengths. Many 
disease states, such as asthma and chronic bronchitis, elicit their effects in the bron-
chioles or trachea; however, because of their poor drug reception ability, they are 
typically not a primary target. Drugs delivered via inhalation seldom achieve a dose 
of greater than 20% to the alveoli when administering via a pressurized metered 
dose inhaler (pMDI) [27]. While other devices, such as spacers, and patient param-
eters (synchronization of breath/actuation) can increase the dose well above 20%, a 
potentially large amount of drug may deposit within the conducting airways and 

Fig. 1.2 Cell type and regional thickness across the regions of the airway. Reproduced from 
Patton and Byron [53] with permission
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will subsequently be transported up the airway via the mucociliary escalator, 
 ultimately resulting in the swallowing of a large portion of the dose by the patient. 
For a detailed description of the mucociliary system, the reader is referred to [54] in 
International Review of Physiology; Respiratory Physiology III. Following chapters 
within this publication discuss in great detail the clearance of particles from the lungs, 
as well as methods of targeting to various sites within the airway. Many targeting 
techniques often utilize receptor–ligand conjugation. Targeting of specific areas rich 
in the desired receptor can lead to greater therapeutic efficiency. A discussion of 
such receptors can be found in later sections.

1.2.1  Aerosol Particle Deposition Mechanisms

In order for a physiological effect to occur, inhaled particles must first deposit within 
the respiratory system. A large number of factors contribute to particle deposition 
within the airway including particle size, shape and density, airflow velocity and 
volume, interpatient physiological variations, and pause time between inspiration 
and expiration. While all of these factors and more contribute to total deposition, 
there are three generally accepted mechanisms by which particle deposition within 
the airway occurs: impaction, sedimentation, and diffusion. Two more mechanisms, 
interception and electrostatic precipitation, may also result in particle deposition; 
however, they are not discussed in detail here [43]. Impaction of particles upon 
airway surfaces is influenced by particle size, density, and velocity. As a result of 
inertial forces, it is most likely to occur in the upper conducting airways charac-
terized by high particle velocities and drastic changes in airflow direction. This 
mechanism is most influential upon particles of sizes greater than 2 mm [64]. 
Sedimentation via gravitational force of particles within the airway is dependent 
upon particle mass. Particles will be subject to sedimentation if the product of 
their settling velocity and residence time is greater than the distance required for 
contact of the surface airway. Sedimentation typically influences particles between 
0.5 and 2 mm. Particles less than 0.5 mm are subject to deposition via diffusion based 
on Brownian motion. A reduction in particle size and increase in residence time 
increase the probability of a particle to deposit through diffusion, and thus, breath 
holding may increase deposition via this mechanism [62].

1.3  Physiological Factors Influencing Deposition

1.3.1  Mode of Inhalation

While a large number of formulation factors will influence the mechanism and 
extent of particle deposition, patient dependent dynamics must also be considered. 
Regardless of the method of aerosol generation, the method of inhalation by 
the patient will strongly influence the degree and location of particle deposition. 
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The airflow pattern instigated by the patient will determine the extent of throat depo-
sition, ultimately swallowed and considered a nontherapeutic dose, which will in 
turn determine the dose available to reach the lung [8]. Deposition within the throat 
and mouth can lead to a high degree of interpatient variability, and thus, adequate 
breath patterns can increase efficacy. In fact, it has been demonstrated that slow 
inhalation by the patient reduces throat deposition, increases lung deposition, and 
ultimately reduces patient variability [70]. While this slow inhalation may be applied 
during passive inhalation methods (i.e., nebulizers), it is not reasonable for devices 
such as pMDIs, which produce a high velocity aerosol with which the patient must 
time their breathing. Indeed, proper breath timing and inspiration pressure can 
increase the lung deposition of pMDI aerosols from 7 to 20% [51]. Similarly, slow 
air velocities may not be appropriate for dry-powder inhalers where sufficient air-
flow must be applied to generate the aerosol [83]. Therefore, an appropriate method 
of inhalation must be applied that is device specific to minimize conducting zone 
deposition and increase the therapeutic dose to the deep lung. The inspiration–breath 
hold–expiration cycle creates enormous variations in airflow patterns. These varia-
tions may be compounded by contractions or restrictions created by the aforemen-
tioned smooth muscle. These patterns will navigate inspired particles in conjunction 
with the physical properties of the particle. A detailed description of the influence 
and characteristics of airflow across the complex bifurcating human lung is given by 
[37], and the reader is referred there for further information.

1.3.2  Oropharyngeal Deposition

Aside from the method of inhalation, the individual’s morphology will determine 
the success of drug delivery to the lung. Variations in diameter and length of indi-
vidual generations create inherent volumetric and structural differences between 
patients [22, 34]. Figure 1.1 depicts this progressive change across the generations, 
while Table 1.1 demonstrates intersubject variation in oropharyngeal geometries. 

Table 1.1 Oropharyngeal morphology in multiple subjects

Oropharyngeal 
designationa

Oropharyngeal 
volume/cm3

Oropharyngeal 
openingb

Oropharyngeal 
centerline  
length/cm Gender

Oral cavity inlet 
cross-section 
shape

1C 37.6 C 17.1 F Rectangular
2C 53.4 C 18.7 F Circular
3A 55.9 A 19.9 M Rectangular
4A 61.8 A 17.8 F Circular
5A 68.4 A 19.9 M Circular
6B 75.1 B 21.6 M Circular
7B 80.8 B 22.3 M Rectangular

Reproduced from Ehtezazi et al. [22] with permission
a The designation sequence is rank of oropharyngeal volume/oropharyngeal configuration category
b A wide open space; B a moderate narrowing; C a marked constriction; F female; M male
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Furthermore, these anatomical differences may be altered based on the disease 
state of the patient, a matter discussed in the following section. This physical dif-
ference in structure coupled with variations in respiration rate creates tidal vol-
umes ranging from 460 to 900 ml in adults, capable of producing a twofold 
difference in particle deposition [33]. While larger particles are deposited by inertia at 
the 90° bend transition between the mouth and throat, small (i.e., submicron) par-
ticles may utilize the transition period between inspiration and expiration and 
sediment within the oropharyngeal space. It should be noted that residence times 
within any given  portion of the respiratory tract may be subsecond, and the final 
dynamics influencing particle deposition within the selected region is a result of 
local aerodynamics, determined by local morphology and airflow changes through-
out breathing [67].

1.3.3  Morphological and Deposition Changes Due to Disease

1.3.3.1  Obstructive Diseases

Obstruction of the airway due to disease may drastically reduce the ability to 
deliver drug to the lungs. Chronic pulmonary obstructive diseases (COPD) such 
as chronic bronchitis (CB), obstructive sleep apnea (OSA), and emphysema 
restrict airflow in an irreversible manner. CB is characterized by thickening and 
inflammation of the bronchial walls and increased mucus production, creating a 
restricted pathway for airflow and aerosols and an increased diffusion path for 
therapeutic entities. Emphysema, on the contrary, is the permanent enlargement 
of the gas exchange zone of the lungs, resulting in destruction of the alveolar 
walls [16, 24]. OSA is characterized by a reoccurring temporary stoppage of 
breathing during REM sleep and is prevalent in patients with a narrow oropharyn-
geal airway and low sleeping lung volume [79]. COPDs characteristically cause 
productive coughing in the patient, which may increase the clearance of delivered 
particles or further hinder inhalation ability. For a detailed description of the 
structural changes associated with COPD, the reader is referred to [17]. Asthma 
is a complex pulmonary disorder similar to CB in that bronchial inflammation and 
hyperactivity are observed [42]. Since particle deposition is highly dependent 
upon airflow patterns, any obstructive disease will alter the deliverability of drugs. 
For example, an obstructed throat causes recirculation in both directions, greatly 
altering flow characteristics [44]. It has also been demonstrated that patients 
suffering an asthmatic attack show a narrowing of the pharyngeal airway, which 
results in increased oropharyngeal deposition of an aerosolized dose and conse-
quently, due to clearance and impaction, a reduction in total dose delivered to the 
lungs [69] While obstructions may lead to greater bronchial and central airway 
deposition due to impaction caused by altered flow patterns, it is possible to 
achieve a high degree of deep lung penetration in COPD patients. Maeyer et al. 
[45] demonstrated that low airflow rates could provide above 50% dose delivery 
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to the deep lung for particles between 2 and 4 mm (1–5 mm is considered the ideal 
particle size range). Furthermore, breath holding following reception of a dose 
may significantly increase deposition against COPD [45, 63]. Thus, while obstruc-
tions may greatly hinder the ability of the patient to breathe, it may still be pos-
sible to treat the condition via deep lung penetration. Owing to the chronic and 
reoccurring nature of these disease states, the ability to prolong release in a local 
manner would be of extreme benefit to the patient population by potentially reduc-
ing not only the number of doses required but also the occurrences of impaired 
breathing.

1.3.3.2  Infectious Disease

Owing to direct tissue contact with the external environment via inspired air, the 
lung is susceptible to bacterial infections. While many pulmonary defense systems 
exist, infection is still possible, especially within immunocompromised patients. 
Owing to a mutated membrane embedded chloride channel (CFTR), patients suf-
fering from cystic fibrosis exhibit a dehydrated airway liquid surface, resulting in 
an increase in mucus viscosity and poor mucociliary clearance. As a result of this 
altered physiological environment, this patient population has an increased inci-
dence of pulmonary infection. Such infections include, but are not limited to, 
aspergillosis, zygomycosis, cryptococcosis, histoplasmosis, pneumocystis pneu-
monia, Pseudomonas aeruginosa infection, and tuberculosis (TB) [60, 66, 74]. In 
any case, pulmonary function may be impaired with common symptoms including 
acute dyspnea, pleuritic chest pain, chronic inflammation, and tachypnea. Tidal 
volume may be compromised, leading to insufficient inhalation ability. Pseudo
monas aeruginosa rhamnolipid has been reported to cause cell membrane damage 
and inhibit epithelial ion transport, resulting in deteriorated mucociliary clearance 
mechanisms [2, 56]. TB can cause serious tissue damage, ultimately liquefying 
infected regions as a result of the host immune response creating an ideal growth 
medium. This liquid caseous material does not promote the growth or survival of 
alveolar macrophages, further reducing the innate immune ability [50]. It has been 
reported that targeted delivery directly to the site of infections results in high 
localized concentrations while maintaining relatively low systemic concentrations 
of therapeutic agents [75, 82]. This is desirable when delivering antibiotic or anti-
fungal agents due to a high prevalence of adverse side effects associated with high 
systemic plasma concentrations. Furthermore, systemic delivery via the lung is 
still possible for infections that have disseminated to multiple locations within the 
host [68]. However, due to the aforementioned pulmonary impairments, sufficient 
delivery of inhaled therapeutics may be difficult. Reduced tidal volumes, altered 
mucosal physiology, altered epithelial function, and surface blockage due to 
colonization may all inhibit proper deposition. In cases of insufficient mucus 
clearance, the additional liquid yields a thicker diffusion pathway, presenting 
increased difficulty for diffusion as well as increased adhesive properties in 
undesired locations.
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1.4  Airway Cells

1.4.1  Relevant Cells of the Conducting Airways

The columnar epithelium of the conducting airways is a gradually thinning barrier 
comprising a variety of cells. Below the luminal epithelium, and in no contact with 
inspired gasses, lie the basal cells. Basal cells are pyramidal progenitor cells that dif-
ferentiate into the cell types found within the tracheobronchial epithelium [3]. Also, 
below the surface lie the neuroendocrine cells, such as K-cells, which contain and 
secrete peptide hormones. While their secretions may reach the surface, the cell walls 
themselves rarely do. Ciliated columnar cells make up a large portion of the con-
ducting airway epithelium. These cells are a major component of the mucociliary esca-
lator responsible for the clearing of foreign material from the airways, including 
deposited therapeutics. Interdispersed between the ciliated cells, and comprising 
approximately 25% of the tracheobronchial epithelium, are nonciliated goblet cells. 
Goblet cells are nonglandular cells involved in mucus secretion creating the viscoelas-
tic layer lining the bronchial region. The most prevalent cell type in the epithelium is 
Clara cells. These nonciliated cells have a number of key roles including production of 
surfactant components, production of protease inhibitors, and metabolic detoxification 
[20, 21]. The cells of the epithelium are connected via tight junctions, preventing inter-
cellular penetration of inhaled matter into the body. These junctions, however, may be 
broken or damaged by aerosolized pharmaceutical constituents such as chitosan. 
While such a component may serve to enhance the delivery platform, it may also be 
exposing the body to potential antigens while also inhibiting the body’s natural 
clearance mechanisms [39, 73]. Other cells within the tracheobronchial epithelium 
include smooth muscle cells and mast cells, whose primary functions are contrac-
tion/relaxation of the airway and antigen recognition and response, respectively, and 
secretory gland cells (mucus and serous), which are discussed in a later section. Mast 
cell response must be considered during formulation due to the fact that upon recogni-
tion of an antigen or allergen, mast cells release inflammatory mediators creating a 
variety of biological responses including, but not limited to, airway constriction, swell-
ing of tissue, blood vessel dilation, and permeation [40]. Particle size is of concern as 
well in avoidance of uptake by patrolling macrophages.

1.4.2  Relevant Cells of the Respiratory Airways

Entry into the respiratory zone is marked by a gradual transition as the bronchial 
wall is partially replaced by alveoli, with eventual complete replacement. The dras-
tically thinner epithelium within this region is responsible for gas exchange and will 
be the primary target of most pharmaceutical scientists in drug delivery. As such, 
the two primary cell types of interest within this region are those responsible for gas 
and material exchange: alveolar type 1 (AT1) and alveolar type 2 cells (AT2). 
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Capillary endothelial cells and alveolar macrophages are also present and may be 
found close to the alveolar epithelium. AT1 cells cover over 95% of the alveolar 
surface area with AT2 cells accounting for the remainder, yet AT2 cells are far more 
numerous than AT1 cells, present at a ratio of approximately 2:1 [15, 20, 21, 58]. 
AT1 cells are approximately 50–100 mm in diameter while remaining extremely 
thin, 2 mm at the nucleus and 0.2 mm in cytoplasmic regions. These cells have shown 
the highest water permeability of any cell type. Furthermore, transport of macro-
molecules may be possible due to the presence of vesicles and caveolae invagina-
tions, further reducing the membrane thickness. By contrast, AT2 cells are 10 mm in 
diameter, exhibiting a cuboidal shape. The primary role of AT2 cells is the production, 
secretion, and recycling of lung surfactant material. A secondary function of AT2 
cells is the generation of AT1 cells. Upon division, AT2 cells may either proliferate 
into additional AT2 cells or may differentiate into AT1 cells to aid in repair and 
surface maintenance [14, 30, 47]. The alveolar cells are connected by both tight and 
gap junctions, creating a protective boundary between the environment and body 
while maintaining potential as a therapeutic target.

1.5  Airway Receptors

Therapeutic entities may elicit their cellular effect both pre and post internalization 
via cell receptor binding. As a combinatory example, many tumors overexpress 
receptors for hyaluronic acid, which upon coupling with a ligand results in rapid 
internalization of the bound molecule, which may further conjugate with an internal 
target. Thus, an understanding of cellular receptors within the pulmonary system 
creates potential for more effective inhalation therapy. Presented herein are only 
some of the most pertinent airway receptors in drug delivery. One of the most 
studied pulmonary receptor classes is b adrenergic receptors (bAR). b

2
 adrenergic 

receptors may be found throughout the airway on the epithelium and smooth 
muscle; however, the greatest concentration may be found in the alveoli (on both 
AT1 and AT2 cells). More specifically, b

2
 adrenergic receptors have been observed 

on the vascular endothelium, ciliated epithelium, mast cells, circulating inflam-
matory cells, Clara cells, and others. b

1
 receptors lie primarily on alveolar walls 

[4, 9, 28]. Complexation with a b adrenergic agonist can lead to a number of 
physiological responses (Table 1.2), including bronchodilation via smooth muscle 
relaxation, which has lead to their targeting in the treatment of asthma and COPD. 
bAR activation also upregulates Na+ transport and accelerates clearance of fluid 
from the alveolar airspace, allowing for treatment of edema. Hanania and Moore 
[28] describe the influence on particular cell lineages and the reader is referred 
there if such information is desired. Desensitization of bAR can occur over pro-
longed or continuous exposure to agonists, for example via an uncoupling from 
the corresponding G protein responsible for stimulation [29, 49]. Activation of 
muscarinic receptors has proven to be more effective than bAR agonists in the 
treatment of COPD, but not asthma. Acetylcholine-lad bronchoconstriction is 
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mediated by the M
3
 receptor. Anticholinergics block M

1
 and M

3
 receptors, resulting 

in bronchodilation; however, selectivity away from the M
2
 receptor (which 

mediates acetylcholine release) has proven to be challenging [6]. Endothelin 
receptors A and B (ET

A
 and ET

B
) may be targeted with endothelin-1, a vasocon-

strictor, for the treatment of pulmonary arterial hypertension [57]. Glucocorticoid 
receptors (GR) reside in the cytoplasm of pulmonary cells in an inactive com-
plexed form. Upon binding to a corticosteroid ligand, its cytoplasmic complex 
disaggregates and is transported to the nucleus where dimerization occurs followed 
by interaction with response elements. Alternatively, bound monomers may inter-
act with protein transcription factors potentially reducing proinflammatory 
cytokine production (Fig. 1.3) [32]. Many interstitial pulmonary diseases can result 
in an increase in lung GR, typically due to the increase in parenchyma cellular 
density associated with the disease state, leading to necessary alterations in treat-
ment [61]. Figure 1.4 [23] presents binding affinities of various corticosteroids 

Table 1.2 Documented physiological effects of b
2
-adrenergic receptor stimulation in human lung

Airway smooth muscle relaxation
Prejunctional inhibition of acetylcholine release from parasympathetic neurons in airway 

smooth muscle
Stimulation of mucous and serous cell secretion
Stimulation of chloride ion secretion across the apical membrane of airway epithelial cells
Increase in ciliary beat frequency
Stimulation of surfactant secretion from alveolar type II cells
Inhibition of mediator release from lung mast cells and neutrophils

Reproduced from Bai [4] with permissions

Fig. 1.3 Transactivation and transrepression pathways. GC glucocorticoid; GR glucocorticoid 
receptor; hsp heat shock protein; TF transcription factor. Reproduced from Hochhaus [32] with 
permissions
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used in inhalation therapy. Prostacyclin receptor (PR) agonists provide an anti-
inflammatory response in asthma and COPD patients. Agonistic binding of bron-
chial epithelial PRs enhances the anti-inflammatory cellular response generated 
by glucocorticoids. Thus, combination therapies employing PR agonists may 
prove to be superior to steroid treatment alone [81]. A vast array of pulmonary 
receptors mediates clearance patterns, immunological responses, and particle 
uptake. Targeting such receptors or employing them synergistically can be highly 
beneficial in inhalation therapies.

1.6  Blood Flow

1.6.1  Bronchial and Pulmonary Circulation Systems

Airway circulation serves a number of roles in addition to providing nutrients to the 
region. These functions include heat–water exchange, regulation of airway caliber in 
the peripheral lung, clearance of biological substances, and recruitment of inflammatory 
mediators. Blood flow may be influenced by a number of factors including hyperven-
tilation, airway pressure, inspired air temperature, and alterations in airway fluid 
 content [13]. Blood is supplied to the pulmonary system via the right ventricle of the 

Fig. 1.4 Reproduced from Esmailpour et al. [23] with permission
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heart to the pulmonary arteries. In humans, the bronchial arterial system stems from 
the thoracic aorta with one bronchial artery supplying the right lung and two supply-
ing the left lung. Intrapulmonary bronchial arteries provide at least two arteries for 
each bronchus. Branches enter the bronchial muscular layer to provide a submucosal 
vascular system. At the terminal bronchiole, arterioles branch to form a pulmonary 
capillary network to perfuse the alveoli. The diameter of the pulmonary capillaries is 
between 4.3 and 8.6 mm. Here, the capillary walls are in close proximity to the alveo-
lar membrane and in many cases are fused directly to it to facilitate rapid diffusion. 
In such cases, the cumulative diffusion pathway from luminal air to the blood is less 
than 400 nm. For this reason, alveolar deposition has become a primary target for 
systemic drug delivery via inhalation [82]. Two pulmonary veins stem from each 
lung to transport oxygenated blood to the left heart via the left atrium and subse-
quently the left ventricle for systemic circulation. Table 1.3 defines the blood flow 
with corresponding cardiac output of the different airway regions in ml/min/whole 
tissue. For a more in-depth look at pulmonary circulation, the reader is referred to 
Chediak and Wanner [10, 11, 24, 55, 76].

1.6.2  Blood Flow Influence on Drug Delivery

The disease state of the patient may greatly influence perfusion of the airway. 
Asthma and COPD have shown to increase airway blood flow as a result of an 
increase in the number of blood vessels in the mucosa as well as the dilation of 
resistance arteries. Furthermore, increased blood vessel wall thickness, increased 

Table 1.3 Blood flow and physiological parameters of various species

Rats Dogs Humans

Body weight (kg) 0.25 10.0 70.0
Respiratory rate (per min) 97 21 16
Tidal volume (ml) 1.55 114 400

Dimensions of upper and lower airways, and of alveolar region
Upper and lower airways
Alveolar region see Table 1.2

Luminal volume (ml) 3.55 140 2,670
Surface area (cm2) 45.7 × 104 754 × 104 3,310 × 104

Blood flow (ml/min/whole tissue)
Upper airway 1.05 11.0 44.2
Lower airway (1% of cardic output) 0.61 12.1 58.4
Alveolar region (95% of cardiac output) 60.8 1,150 5,550

Diffusion distance (cm)
Upper airway (cm) 0.02 0.04 0.07
Lower airway (cm) 5% of lumminal diameter
Alveolar region (mm) 0.4 0.48 0.62

Reproduced from Tsujino et al. [76] with permission
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microvascular permeability, and edema formation may all be observed. Lung 
hyperinflation potentially compresses vessels, resulting in increased arterial flow 
resistance, ultimately resulting in vascular remodeling. An increase in blood 
flow and permeability is beneficial for drugs meant for systemic treatment in that 
they will be transported throughout the body more rapidly. Indeed, transport processes 
are enhanced in the presence of flow. However, for drugs intended to act locally, this 
presents the problem of increased clearance and potential metabolism, making the 
treatment difficult. Furthermore, unintentional/undesired systemic exposure may 
occur for intended local treatments, especially in cases with elevated blood 
flow, creating potential adverse events. This is most prevalent for small-molecule 
drugs capable of quickly navigating the diffusion pathway into the blood stream. 
The extent of perfusion may inhibit long-acting drugs from eliciting a long-term 
effect if they are cleared rapidly, or conversely, may prolong the effect of intended 
short-action drugs [10, 17, 35, 36, 48].

1.7  Airway Secretions

As mentioned, while discussing respiratory cellular composition, two primary 
cell types are responsible for the majority of secretions found in the airways: 
serous cells and mucous cells. In the cartilaginous tracheobronchial region, serous 
and mucous cells form glands beneath the epithelial surface, connecting to the 
lumen via ducts [25]. Glands comprised primarily of serous cells have been shown 
to secrete both antimicrobial and immunological agents, including lysozyme, 
IgA, and antimicrobial peptide LL-37, making them crucial in certain disease states. 
Glands formed of mucous cells as described by their nomenclature are the primary 
producers of mucus and mucoproteins [5]. Produced mucins may be either secreted 
by these glands into the mucus layer or may be membrane- associated, in which case 
antigen recognition and cellular signaling may be of primary purpose. Secreted 
mucus, along with the perciliary fluid produced by the epithelial goblet cells, cre-
ates an adhesive, viscoelastic fluid layer covering the airway surface. The viscosity 
of the mucus layer decreases with increasing strain in a time-dependent manner, 
allowing for proper control of clearance rates. Mucus is composed of 95% water 
and approximately 5% solids, which contribute to its gel-like nature. These val-
ues vary regionally within the lung. The solids of the mucus include the mucin 
glycoproteins, lipids, DNA, actin, and minerals. The mucin glycoproteins, which 
vary greatly in length, are approximately 75% glycosylated and provide binding 
sites for large carbohydrate formations [7, 77, 80]. The variation in protein length 
creates changes in the swelling capability of the mucus network, and thus, directed 
cleaving of the S:S bond of apomucin polymers may drastically accelerate mucus 
distribution and clearance [19]. Primary functions of the mucus layer include 
binding (via adhesion) and clearance of particles (mucociliary clearance), hydra-
tion of the cell surface, humidification of respired air, and lubrication of the 
 airways [18, 41]. A list of the primary glandular secretions may be found in 
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Table 1.4, and for a more detailed discussion on individual components of the 
mucus, the reader is referred to [7]. The extent of mucus production is dependent 
upon individual physiology of the patient, including disease state, and is primar-
ily activated via cholinergic stimulation mediated by the aforementioned M

1-3
 

receptors, though innervations via other means may also be influential. An 
in-depth discussion of glandular and goblet cell motor control is provided by 
[59]. Cholinergic innervations of the glands may also influence the epithelium by 
instigating active ion transport with associated passive water flux, as well as secre-
tion of large molecules such as albumin. For example, CB is characterized by 
hypersecretion of mucous with concurrent enlargement of the secretory glands 
due to hyperplasia. This may increase not only the duration but also the frequency 
of pulmonary infection and can result in airway plugging [16]. Cystic fibrosis 
exhibits improper secretory gland function as well owing to the fact that the glands 
are unresponsive to the synergistic effect of vasoactive intestinal peptide (VIP) 
acting with acetylcholine. This improper mucus production, in conjunction with 
the epithelial damage discussed previously, creates an environment with increased 
susceptibility to infection [12].

1.7.1  Importance in Drug Delivery

Particles delivered to the lung will, unless expired, inevitably contact the lung 
lining fluid. As such, its production, properties, and interaction with the inhaled 
material will all impact therapeutic delivery. If soluble within the mucosal 
matrix, dissolution kinetics will determine the extent of solubilization and 
absorption of the drug. However, poorly soluble materials with low dissolution 
velocities, i.e., hydrophobic formulations, as well as material with a high affinity 

Table 1.4 Major secretory products of airway gland cells

Serous cells Mucous cells

Mucin (MUC 2, MUC 7) Mucin (MUC 2, MUC 5B)
Proteoglycans Antimicrobial peptide

LL-37/hCAP-18
Lysozyme
Lactoferrin
Secretory IgA
Antimicrobial peptide

LL-37/hCAP-18
Antileukoprotease
b-defensin 1
b-defensin 1
Proline-rich proteins
Albumin

Reproduced from Finkbeiner [25] with permission
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for mucus protein binding will be subjected to clearance, preventing absorption 
[53, 82]. The clearance mechanisms vary based on pulmonary location and are 
beyond the scope of this chapter but are discussed in Chaps. 2 and 6. Drugs that 
do enter solution can cross the epithelial membrane via passive diffusion with 
the rate controlled by physical properties of the therapeutic entity (i.e., hydropho-
bicity, molecular weight). Material that is not dissolved, nor cleared from the 
system, may be physically translocated to the epithelial surface allowing for par-
ticle–cell interactions and potential internalization. In either case, the mucus pres-
ents a physical barrier. Variations in surface tension created by various disease 
states as well as particle morphology will determine the extent of submersion into 
the liquid lining layer [26]. Thus, surface and formulation modifications that 
increase dissolution (i.e., cyclodextrin complexation) or translocation (i.e., particle 
size control, surface wetting agent) may be extremely beneficial in enhancing 
therapeutic efficiencies of inhaled particles [72].
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Abstract Delivering therapeutic agents to the lungs requires a deep understanding 
of the kinetics and dynamics of drugs in this biologically and physiologically 
 complex system. In this chapter these concepts are discussed and include drug 
 dissolution rates in the airways, physical clearance mechanisms of the mucociliary 
escalator and cough, alveolar macrophage clearance, pulmonary metabolism, and 
pulmonary absorption. Finally, these aspects are considered together with drug and 
formulation aspects as determinants of duration of effects of inhaled products. The 
mechanisms of elimination of drug activity in the lungs by the various clearance 
processes described here are important factors to consider both in the development 
of new drugs and in understanding the relative merits of existing therapies.

Keywords Airway selectivity • Lung absorption • Lung metabolism • Lung 
 retention • Mucociliary clearance • Prodrugs • Pulmonary drug dissolution  
• Pulmonary drug transporters • Soft drugs

2.1  Introduction

There are essentially three major benefits that may be attained by delivering medi-
cation to the lungs via the inhaled route: rapid onset of action, high local concentra-
tion by delivery directly to the airways (and hence high therapeutic ratio and 
increased selectivity), and needle-free systemic delivery of drugs with poor oral 
bioavailability. If any of these benefits can be achieved and are of therapeutic impor-
tance, inhalation will be a reasonable delivery route. These benefits are dependent 
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on the mode and rate of elimination of the delivered drug from the lungs by the 
various clearance mechanisms, which are the subject of this chapter.

An inhaled drug substance may be eliminated from the lung by mucociliary or 
cough clearance to the gastrointestinal tract, by passive or active absorption into the 
capillary blood network, or by metabolism in the mucus or lung tissue (Fig. 2.1). 
These mechanisms may act in parallel and are responsible for the disposition and 
 dissipation of the initially high local drug concentration in the lungs over time. Hence, 
these mechanisms have an important role, e.g., in determining the drug’s duration of 
action in the lungs and the airway selectivity of the inhaled drug. Since elimination by 
absorption and metabolism, and pharmacodynamic activity require the drug to be in 
solution, dissolution kinetics may be an important factor in this context.

2.2  Dissolution

Once the drug aerosol has been deposited onto the lung surface, the immediate fate 
of the drug depends on its physical state. A free, solubilized drug will rapidly dif-
fuse into the epithelial lining fluid and become available for absorption, while a 
drug deposited as particulate material has to be dissolved prior to absorption and 
may be subject to clearance by other mechanisms such as mucociliary or cough 
clearance (see below).

The physicochemical properties of inhaled drugs vary considerably, from very 
hydrophilic to very hydrophobic (log P from −2 for the b

2
-agonist salbutamol 

Fig. 2.1 Possible routes of elimination of drug from the lungs. Pulmonary drug metabolism, 
clearance, and absorption depend on an interplay between factors occurring prior to target inter-
action (deposition, dissolution, and mucociliary transport), and events competing with target 
interaction (biotransformation, receptor interaction, and nonspecific retention), and following 
 target interaction (systemic absorption) (modified from [34], with permission)
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[albuterol] sulfate and 5 for the corticosteroid fluticasone propionate, where P is the 
octanol:water partition coefficient) with low aqueous solubility from submicrogram 
per milliliter (0.1 mg/mL fluticasone propionate) to that of hundreds of milligram 
per milliliter (250 mg/mL for salbutamol sulfate). For compounds with high aqueous 
solubility, dissolution is not considered to impact the lung clearance rate, and no or 
only small differences in pharmacokinetics are expected for different types of for-
mulations unless the regional deposition is substantially different and/or absorption 
is altered by excipients. The very poorly soluble compounds show fairly rapid onset 
of absorption followed by sustained absorption over time, which is thought to be 
dissolution limited. For micronized lipophilic drugs, time of peak concentration has 
been suggested to correlate with intrinsic solubility [151].

Assuming diffusion-controlled dissolution, the rate of dissolution is proportional 
to the drug’s solubility, the concentration of the drug in the surrounding liquid film 
and the area of the solid–liquid interface. The solubility of a drug depends on the 
compound, the formulation and physical form of the drug, as well as on the compo-
sition of the dissolving media in the lung the epithelial lining fluid. The composition 
of this fluid is mainly water (96%), salts, phospholipids, proteins, and mucins with 
a pH about 6.6 in healthy individuals [7, 44], while the surface-lining layer in the 
alveoli is composed of a thin layer of alveolar surfactant (phospholipids and pro-
teins). The lipids and proteins in the lining fluid will increase the wetting, the solu-
bility, and hence the dissolution rate of poorly soluble drugs [115, 166]. Generally, 
the solubility, and hence dissolution rate, is higher for a less thermodynamically 
stable material (crystalline polymorph or amorphous form) than that of a molecular 
high-order crystalline state. The concentration in the liquid film surrounding an 
amorphous particle may thus become supersaturated, which can promote crystalli-
zation into a more stable material unless the rate of disappearance of the solute from 
the surrounding liquid is sufficiently rapid. The particle surface properties can, 
therefore, change with time, potentially affecting both the solubility and the surface 
area. An example was presented by Freiwald et al. [47], where amorphous beclom-
ethasone dipropionate (BDP) particles delivered by hydrofluoroalkane (HFA)-
propelled aerosols re-crystallized in contact with bronchial fluid in vitro as shown 
by scanning electron microscopy images.

The total liquid volume available for dissolution in the human lung is approxi-
mately 10–30 mL. Considering that a clinically relevant dose of fluticasone propi-
onate, as an example of a poorly soluble drug, would require a volume in excess of 
1 L for complete dissolution in a stationary system, the liquid volume in the lung is 
small. The thickness of the lining fluid varies from about 5–10 mm in the conducting 
airways and gradually decreases distally to about 0.01–0.08 mm in the alveoli 
(although in pooled areas it may be several microns thick) [38, 107]. A drug particle 
deposited in the conducting airways can thus be immersed in the lining fluid while 
the lining fluid film may be much thinner than the diameter of a deposited drug 
particle in the alveoli. Consequently, the area of the solid liquid interface between 
the particles and the fluid is proportional to particle surface area in the conducting 
airways but limited by the thickness of the fluid in the alveoli. This suggests that 
particles deposited in the upper airways could dissolve more rapidly than particles 
deposited in the alveoli. However, other factors such as greater solubility, larger 
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total interfacial surface area, and/or more rapid absorption in the periphery could 
arguably lead to the opposite.

Assessing dissolution in the lungs is very complex as each of the governing 
parameters will be different in the different regions of the lungs, leading to several 
different dissolution processes occurring in parallel. By contrast, dissolution in the 
gastrointestinal tract can be described as a continuous process over a sequence of 
tanks with different properties [170].

Dissolution in the lungs has not been as systematically explored as dissolution 
in the gastrointestinal tract; rather the knowledge is derived from a number of 
diverse studies investigating in vitro dissolution models in the environmental and 
drug research area. Hence, there are presently no established in vivo predictive 
in vitro dissolution models for pulmonary formulations, in contrast to the standard-
ized  dissolution test methods available for oral solid dosage forms [51]. The lack of 
standardized methods may also be linked to the fact that there are no controlled 
release products for inhalation on the market, although the field has been intensely 
researched for decades. Still, in attempts to identify dissolution methods to character-
ize inhaled drugs, several dissolution models have been investigated, for a review see 
Salama et al. [127]. Most models use large liquid volumes in which the powder is 
immersed [30, 138], but models mimicking the air–liquid surface have also been 
published [24]. In these models, samples of well-defined aerodynamic particle size 
distributions can be prepared by deposition of the aerosol in a cascade impactor, but the 
mass of drug per surface area presently needs to be far higher than in the in vivo situa-
tion for analytical reasons. As a consequence, an important aspect of in vivo 
relevance is lost. Even though the dissolution models are fairly simple compared to 
the physiological complexity of the lungs, there is evidence suggesting correlations 
between in vitro dissolution and in vivo exposure and efficacy, especially in the field 
of modified-release formulations. An example is the correlation between therapeutic 
effect duration in an in vivo bronchoconstriction animal model and in vitro dissolution 
profiles presented for salbutamol sulfate controlled-release formulations [123].

In conclusion, there is no reason to doubt that the dissolution rate of formulations 
or compounds may affect the rate and mode of clearance from the lungs, and therefore 
influence the pharmacodynamic properties of a drug. As a result of the difficulty in 
accounting for all the confounding factors, direct evidence is scarce, which limits our 
ability to predict how variations in formulation that affect solubility and/or dissolution 
will affect the pharmacokinetic and pharmacodynamic properties of a product.

2.3  Mucociliary and Cough Clearance

Mucociliary clearance is of fundamental importance for the removal of secretions 
and foreign particles that have been deposited in the airways. The overall principle of 
the system is simple: the ciliated cells in the epithelium transport the mucus together 
with any deposited particles in a proximal direction and eventually the mucus is 
expectorated or swallowed. Inhaled aerosolized drug deposited in the lung will either 
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Fig. 2.2 Mucociliary clearance competing with particle dissolution and absorption. Particles 
deposited on the mucus layer will gradually dissolve and diffuse toward the cell layer where the 
drug substance eventually may get absorbed. Particles of slowly dissolving compounds will be 
partly cleared by ciliary action thus reducing the amount absorbed (reprinted with permission 
from [34])

penetrate the mucus, dissolve, and become absorbed or follow the mucus and eventu-
ally become swallowed (Fig. 2.2). After deposition in the airways, the vast majority 
of insoluble particles larger than about 6 mm in geometric diameter is eliminated 
from the airways by mucociliary clearance [140]. Smaller particles are able to pen-
etrate the mucus and enter the bronchial epithelium. The smaller the particles, the 
faster they reach the epithelium and thus escape mucociliary clearance. Small parti-
cles will be preferably deposited in the alveolar part of the lungs and will be dis-
solved or retained for substantially longer periods of time in the lung than larger 
insoluble particles that are more proximally deposited.

The mucus is produced by secretory (goblet) cells within the epithelium and by 
submucosal glands. Traditionally, the fluid is considered to consist of two phases 
[90]: the watery periciliary sol phase in which the cilia can beat without too high 
resistance, and the gel phase overlying the sol phase that contains mucins and other 
glycoproteins. The rapid strokes of the cilia bring them in contact with the gel, 
thereby propelling it in the proximal direction (Fig. 2.2) [145, 146]. In the lungs of 
healthy individuals, the production of mucus reaches about 10–20 mL/day [152]; in 
patients with chronic bronchitis 10 times these volumes may be produced.
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Mucociliary clearance of insoluble particles has been studied extensively in vivo. 
The mucociliary transport of such particles can be examined by direct observation 
through a bronchoscope, by radiography or by external monitoring of radiolabeled 
particles. It is fair to assume that total lung deposition does not differ to a clinically 
meaningful degree between healthy volunteers and patients for any of the common 
inhalation products on the market. However, the regional distribution of the total 
lung dose is likely to differ substantially between a healthy individual and a patient 
suffering from asthma or chronic obstructive pulmonary disease (COPD). In asthma, 
and also in COPD, the cross-sectional area of the airways will be smaller and thus 
an inhaled aerosol is more prone to impact in the more proximal parts of the lung 
[147]. The more central deposition of inhaled drug in constrained lungs means that 
any mechanism that clears the central lungs of drug into a site from which it is not 
systemically available (e.g., mucociliary clearance) could explain a reduced  systemic 
exposure in patients – on the condition that the rate of absorption is sufficiently slow 
compared with the rate of clearance.

Mucus velocity increases from the peripheral toward the central airways [46], as 
is expected from the anatomical arrangement. In healthy individuals, the mucus 
moves upward at a rate of about 1 mm/min in the small peripheral airways but can 
be as quick as 20 mm/min in the trachea [164]. The rate of mucociliary clearance 
decreases with age in healthy individuals and can also be affected by airway dis-
ease. Patients with acute asthma have markedly reduced clearance [94]. Mucociliary 
clearance is also reduced in patients with chronic obstructive lung disease [19, 
163] and is reduced by smoking [49, 83]. b-Agonists are known to improve patho-
logically reduced mucociliary function in patients with asthma [111] or chronic 
bronchitis [124]. The long-acting b-agonist formoterol is a powerful ciliary stim-
ulant [86] that has been shown to increase mucociliary clearance by 46% after 
6 days of treatment in patients with chronic bronchitis [93]. Inhaled corticosteroids 
do not appear to affect directly mucociliary clearance [32, 125], and the improved 
mucociliary clearance observed with inhaled corticosteroids in asthma patients is 
thus most likely a result of their anti-inflammatory properties [1, 94].

When mucociliary clearance is decreased, cough becomes increasingly  important 
for the removal of secretions from the airways. A considerably larger proportion, 
around 60%, of centrally deposited particles were shown to be eliminated by cough-
ing in patients with chronic obstructive lung disease compared with healthy 
 individuals, where the value was around 8% [117]. Total clearance was similar in 
the two groups.

2.4  Clearance by Alveolar Macrophages

Slowly dissolving drug deposited in the alveolar region will tend to be phagocy-
tosed by alveolar macrophages, which slowly dispose of particles either by trans-
porting them along the alveolar surface to the mucociliary escalator, or by 
translocation to tracheobronchial lymph or by internal enzymatic degradation 
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[81, 88, 103]. Phagocytosis appears optimal for particles of 1.5–3 mm in size [102]. 
This size discriminating property of the macrophages has been a basis for con-
trolled-release formulations of inhaled drugs [35]. Large porous particles will reach 
also the alveoli because of their relatively small aerodynamic size but clearance by 
alveolar macrophages is reduced as a result of their large geometric diameter.

2.5  Pulmonary Drug Metabolism

The body’s primary detoxification enzymes, the cytochrome P450 (CYP) families, 
show the highest expression levels in hepatocytes and enterocytes but are also 
expressed in the lungs and other organs, providing a line of defense against ingested 
or inhaled xenobiotics. There are 57 active human CYP genes divided into families 
and subfamilies mainly based on sequence (Cytochrome P450 Homepage, http://
drnelson.utmem.edu/cytochromeP450.html). The human drug metabolizing 
enzymes belong to the families CYP1, CYP2, and CYP3. These enzymes catalyze 
an oxidation reaction in which a functional group is introduced to the molecule, 
serving as a site of conjugation, increasing hydrophilicity, and thereby facilitating 
elimination [106]. After this initial phase I conversion, the compound is excreted or 
conjugated to an endogenous group by a phase II enzyme. This serves to further 
increase hydrophilicity, e.g., through acetylation, methylation, sulfation, or conju-
gation with glucuronic acid, glutathione, or amino acids [106]. Even though detoxi-
fication and facilitation of excretion is the primary scope of CYP biotransformations, 
sometimes an activation of a compound can occur. Reactive or toxic metabolites, 
which could potentially harm the tissue, may be formed.

In the lungs, several CYP isoforms are expressed as well as other biotransforma-
tion enzymes such as sulfotransferases (SULT), UDP glucuronosyl transferases 
(UGT), glutathione S-transferases (GST), esterases, peptidases, cyclo-oxygenases, 
flavine mono-oxygenases (FMO) [69, 109, 169]. The wide range of biotransformation 
enzymes enables metabolism of a broad spectrum of chemically different substrates. 
Local metabolism of several inhaled compounds, pharmaceutical drugs as well as 
tobacco-smoke components, pollutants, and toxicants have been demonstrated in lung 
tissue [73, 101]. Table 2.1 gives an overview of the expression of metabolic enzymes 
detected in the lungs.

Metabolism in lungs differs substantially from the intestinal–hepatic metabo-
lism. The expression levels of enzymes are generally lower and the expression pat-
terns of drug-metabolizing enzymes differ. In the lungs, CYP1B1, CYP2B6, 
CYP2E1, CYP2J2, CYP3A5, and CYP1A1 (the latter being highly induced in 
smokers) appear to be the most common CYP enzymes (Table 2.1), whereas the 
major CYP enzymes in human liver are CYP1A2, CYP2C9, CYP2C19, CYP2D6, 
and CYP3A4 [31, 69, 119, 134, 171]. The most abundant liver CYP enzyme, 
CYP3A4, is expressed to a lower degree in pulmonary tissue and evidence points 
toward it only being expressed in 20% of the individuals tested, whereas the isoform 
CYP3A5 is considered more important in lung tissue [3].
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There is less information available regarding the phase II enzymes compared 
with the CYPs. However, the expression and metabolic activity of SULT enzymes 
appear to be about the same in the lungs and in the liver, whereas epoxide hydrolase 
and esterases show an intermediate metabolic activity. The UGT enzyme activities 
appear to be low in human lungs. Somers et al. [137] estimated the metabolic activ-
ity of different enzymes in the lungs compared with those in the liver and showed 
that CYP enzymes displayed between 1 and 10% of the activity in the liver, epoxide 
hydrolase and esterases around 20% and SULT enzymes a similar activity in lungs, 
and for some isoforms, substantially higher than that in the liver [137]. Peptidase 
activity is high in the lung, as found elsewhere in the body [109].

Pulmonary tissue consists of several cell types with different expression pat-
terns of metabolizing enzymes. In combination with low expression levels of cer-
tain enzymes, this results in technical and methodological challenges when 
studying lung metabolism, which may be one reason for the disparate results on 
enzyme expression levels that are reported in the literature (Table 2.1). Low 
expression levels of mRNA can be detected using polymerase chain reaction 
(PCR) techniques, giving an indication that a functional enzyme could be active in 
some cell types in the tissue, even though metabolic activity has not been demon-
strated. In addition to these challenges, there are substantial differences between 
human and the most common laboratory animals in the expression pattern of 
biotransformation enzymes, which further complicates investigations and data 
interpretation.

The drug-metabolizing capacity of the lungs is in general substantially lower 
than that of the liver, and there is little evidence of a major contribution to systemic 
clearance. Many small molecules have near complete bioavailability via lung 
absorption as a consequence of low metabolic activity and relatively rapid absorp-
tion [12, 107, 128, 154, 155]. Still, several drugs, such as budesonide, ciclesonide, 
salmeterol, fluticasone propionate, and theophylline are substrates to enzymes pres-
ent in the lungs [21, 57, 99, 112, 156]. Since formation of local metabolites cannot 
be excluded, and are sometimes anticipated, studies are conducted during drug 
development to screen for lung metabolism and assess the risks for metabolic inter-
actions and toxicity, e.g., by incubating candidate drugs with lung subcellular frac-
tions. However, local metabolism in the lungs can be taken advantage of, as several 
of the drugs listed above demonstrate. One example is the use of prodrugs where the 
administered form of the drug is activated in situ by metabolic enzymes. Ciclesonide, 
e.g., is metabolized into its active form by esterases in the lungs and further revers-
ibly conjugated to fatty acids [99]. The prodrug beclomethasone dipropionate (BDP) 
is metabolized to the more potent 17-beclamethasone monopropionate (BMP) by 
esterases in the lungs [167]. For budesonide, the conjugation to fatty acids in the 
lungs results in the formation of a compound that has a substantially lower elimina-
tion rate. This reversible biotransformation contributes to the prolonged lung reten-
tion and duration of effect observed with this compound [156, 158]. The concept of 
“soft drugs” is another approach where differences in metabolic stability between 
the lungs (stable, to retain efficacy) and in circulating blood (labile, to minimize 
side effects) are the target properties.
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Most drug-metabolizing enzymes (and several transporters, discussed below) are 
inducible as a response to increased exposure to their substrates. An organism adapts 
to the new situation with an increased metabolic capacity in order to handle the 
“threat” [58, 64, 110]. By contrast, suppression of enzyme levels can also occur as 
a response to xenobiotics or disease [96, 172]. Information around the regulation of 
metabolizing enzymes in pulmonary tissue is scarce. An important example of 
enzyme induction that changes the metabolizing capacity of the lungs is the effects 
of tobacco smoke. Tobacco smoke contains several 1,000 different chemicals and 
several of these affect metabolizing enzymes in the lung. The induction of drug-
metabolizing enzymes may result in increased metabolism of drugs, which could 
result in impaired therapeutic effect. Clinically relevant induction of CYP1A1 activ-
ity has been observed in patients who smoke during treatment with theophylline 
compared with nonsmokers [80].

Several compounds have the ability to inhibit drug-metabolizing enzymes and 
thereby cause clinically adverse interactions [54]. Drug interactions resulting from 
inhibition are, however, not likely to have a major significance in the lungs because 
of the limited contribution of lung metabolism to systemic clearance, although the 
local metabolism pattern could be affected by such interactions.

2.6  Pulmonary Drug Absorption

The optimal absorption characteristics of a pulmonary drug depend on the site of 
drug action. For locally acting drugs, the drug absorption process may determine the 
removal and consequently the termination of action of the drug in the lungs, as well 
as the onset of any systemically mediated adverse effects. For systemically acting 
drugs, absorption from the lungs determines the therapeutic effect profile (onset, 
intensity, and duration of action) of the drug. Therefore, when designing drugs for 
pulmonary delivery, it is important to consider both lung–tissue retention and per-
meability, irrespective of site of action.

The air-to-blood transfer always begins with an interaction between the drug and 
the surfactant: following deposition onto the mucosa of the tracheobronchial air-
ways or alveolar region, the drug solute or particle encounters at least a monolayer 
of surface-active agents in which the fatty acid tails of lipids project into the air. For 
a drug compound of macromolecular size (e.g., a peptide or a protein), this lung 
surfactant may induce aggregation and, thus, potentially compromise dissolution or 
enhance macrophage engulfment and digestion [107]. By contrast, lung surfactant 
can enhance solubility of small, lipophilic drug molecules, as demonstrated with 
glucocorticosteroids and a number of cationic compounds [85, 166], which may 
potentially increase the rate and extent of absorption. Immediately below the molec-
ular layer(s) of lung surfactant lies the 0.01–10 mm thick lining fluid through which 
drug must diffuse to get to the epithelium. The routes of drug absorption across the 
epithelium include passive and active transport mechanisms involving paracellular 
and transcellular transport, pore formation, vesicular transport, and drainage into 
the lymphatics – depending on the drug and site of absorption. The drug solute will 
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pass through a cellular barrier that varies from a monolayer of thick (about 60 mm) 
columnar cells in the bronchi to a monolayer of thin (0.2 mm) broad cells in the 
alveoli. The epithelial cells are attached to a basement membrane, a thin matrix of 
fibers, and below that, there is the interstitium of the lungs containing a variety of 
cells, collagen, elastic fibers, interstitial fluid, and lymphatic vessels. Since plasma 
proteins and most solutes are thought to diffuse relatively unhindered through both 
the epithelial basement membrane and the interstitium [38], it is reasonable to 
believe that neither of these tissues is a significant restrictor of transport of drug 
solutes. Drug absorbed from the air spaces into the blood must traverse a final bar-
rier after the surfactant layer, the lining fluid, the epithelium, its basement mem-
brane, and the interstitium: the cell monolayer that makes up the walls of the 
microvessels, the endothelium. Also, the endothelial cells are attached to a base-
ment membrane, but where the endothelium comes into contact with the epithelium, 
which is frequent throughout the alveoli, their basement membranes fuse to form 
one common basement membrane. The alveolar–capillary endothelium is extremely 
thin (0.03–0.2 mm) and has a relatively large number of endocytic vesicles. Although 
generally the alveolar epithelial cells and not the underlying endothelial cells are 
considered the major barrier to transport, the contribution of the endothelium as a 
barrier for drug absorption is uncertain and needs to be further investigated.

2.6.1  Passive Diffusion

The tendency of a solute to pass from a point of higher concentration to a point of 
lower concentration is called passive diffusion. An inhaled drug solute diffuses 
through the epithelial cells or via paracellular pores or junctions into the submucosa 
along a concentration gradient. The slope of the gradient is dependent upon the 
physicochemical properties of the drug, the thickness of the air–blood barrier 
and the rate of blood perfusion in the submucosa, i.e., the diffusion rate is both 
compound specific and region selective. Absorption of lipophilic compounds is 
 generally considered to occur through transcellular diffusion [36]. Hydrophilic 
compounds appear to be absorbed via paracellular diffusion through intercellular 
junction pores [132]. Based on data from extensive in vivo preclinical research per-
formed by Schanker and colleagues (e.g., [12, 128]), within the molecular weight 
(MW) range of 100–1,000 Da pulmonary drug absorption rate is size independent 
but dependent on aqueous solubility at physiological pH such that lipophilic drugs 
get absorbed rapidly (with absorption half-lives in the range of minutes) and hydro-
philic drugs more slowly (with absorption half-lives in the range of hours) [109]. 
The exact mechanisms and pathways underlying pulmonary absorption of macro-
molecules remain largely unknown. It is uncertain whether peptides, such as insu-
lin, and proteins are absorbed primarily paracellularly through tight junctions or 
transcellularly via receptor- or cavelae-mediated transport [15, 70, 75, 76, 108]. 
Likewise, the mechanisms and the relative importance on drug absorption in health 
and disease of the interrelations between paracellular and transcellular pathways in 
lung epithelia and endothelia [162] remain to be fully elucidated.
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2.6.2  Drug Transporters

During the last decade, it has become evident that drug transporters play an impor-
tant role in drug disposition [61, 135]. This has recently been highlighted in a review 
of clinically relevant drug transporters and recommendations of their assessment in 
drug development [71]. Transporters of the solute carrier (SLC) family facilitate 
transport across the cell membrane and most commonly enhance uptake of com-
pounds into cells. Depending on subtype of SLC, the translocation of compound 
across the membrane is driven by different mechanisms, e.g., counter- transport of 
another ion or the membrane potential. Examples of drug-transporting SLCs are 
organic anion transporters (OAT and OATP) and organic cation transporters (OCT). 
By contrast, drug transporters of the ATP-binding cassette family (ABC transport-
ers) efflux compounds out of cells via an ATP-dependent mechanism. Examples of 
ABC transporters are multidrug-resistance proteins (MDR), multidrug-resistance-
associated proteins (MRP), and breast cancer resistance protein (BCRP). In different 
barriers of the body, e.g., intestine and blood–brain barrier, ABC transporters hinder 
foreign molecules from entering the systemic circulation or the brain, respectively. 
The highest impact of SLC transporters is observed for compounds with low passive 
permeability as the transporter-mediated uptake may be the rate limiting step in the 
transepithelial transport of such compounds [135]. Uptake and efflux transporters 
work in concert with passive diffusion to influence the absorption of drugs through 
an epithelial cell layer [142]. In addition, drug transporters may be important in the 
regulation of the intracellular concentration of a drug and consequently in influenc-
ing efficacy as well as toxicity [105] (Fig. 2.3). Although  relatively little is known 
about the functional impact of drug transporters in the lungs, it would be expected 
that they would play a central role in protecting the lungs from any entering 
xenobiotic.

Like other barriers in the body, cells in the lung express a variety of drug 
 transporters of the SLC/SLCO and ABC families although with a different organ-
specific profile (Table 2.2, for review see [9]). Organic cation transporter expression 

Fig. 2.3 Schematic of drug transporters in lung cells. SLC transporters in lung cell membranes 
may mediate drug uptake into the intracellular space with the highest impact on low passive per-
meability drugs. ABC transporters in the lungs may mediate drug efflux out of cells. Together 
uptake and efflux transporters may influence the intracellular concentration of drugs
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has been demonstrated in human lungs. OCT1 [87], OCTN1, and OCTN2 [66] 
expression have been demonstrated both at the mRNA and protein level. All three 
transporters are localized in the apical membrane of lung epithelial cells. Solute 
carriers may play a key role in transporting compounds with low passive permeabil-
ity through the epithelial cell barrier. A number of inhaled drugs, e.g., b

2
-adrenergic 

agonists and anticholinergic bronchodilators, are polar and contain a positive charge 
at physiological pH, and OCT may therefore play a role in their absorption and 
distribution. Data from Ehrhardt and coworkers indicated that the polar basic 
b

2
-adrenergic agonist salbutamol was actively transported in lung epithelial cell 

lines [37]. Based on transport studies in human airway primary epithelial cells, 
Horvath and coworkers proposed that OCTN1 or OCTN2 is involved in the translo-
cation of inhaled organic cation bronchodilators across the pulmonary epithelial cell 
layer, therefore being an important part in their delivery to the site of action [66]. 
Similarly, Nakamura et al. [100] demonstrated that ipratropium, a muscarinic antag-
onist, was taken up into human bronchial epithelial cells by OCTNs.

Although a clear functional role of organic anion transporters has been demon-
strated in organs such as the liver [135], there are very limited data available in the 
literature on expression of this subgroup of transporters in lung tissue. Bleasby et al. 
[6] detected mRNA of several OATPs in human lung, but no protein or cellular 
localization data have been published.

Table 2.2 Overview of major drug transporters expressed in the lungs

Transporter Gene Localization with comments References

OCT1
OCT2

SLC22A1
SLC22A2

Apical on ciliated epithelial cells in bronchi
"

[88]

OCT3 SLC22A3 Smooth muscle cells [66]

OCTN1

OCTN2

SLC22A4

SLC22A5

Apical on epithelial cells in trachea, OCTN2 also 
in alveolar epithelia. High expression

"

[67]

OATP2B1

OATP3A1

OATP4A1
OATP4C1

SLCO2B1

SLCO3A1

SLCO4A1
SLCO4C1

Only mRNA data published. No cellular 
localization reports to date.

"

"
"

[6, 23]

PEPT2 SLC15A2 Apical, bronchial epithelium, and alveolar type II 
pneumocytes

[53, 54]

MDR1/Pgp ABCB1 Apical, bronchial epithelium, alveolar type I, 
endothelium

[21, 85, 130, 160]

MRP1 ABCC1 Basolateral/lateral, bronchial epithelium, goblet 
cells, peripheral epithelium. High expression

[11, 130, 160]

Other MRP ABCC Several MRPs expressed in lung [160]

BCRP ABCG2 Basolateral, bronchial epithelium, endothelium [130]

Includes transporters for which mRNA, protein, and immunohistochemistry have been demonstrated
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The peptide transporter PEPT2 is another example of an SLC expressed in lung 
tissue. PEPT2 is transporting di- and tripeptides, as well as some peptidomimetic 
drugs, and is expressed on the apical membrane of epithelial cells in bronchi and 
alveoli [53]. PEPT2 substrates of relevance to lung disease are antibiotics such as 
beta-lactams and cefadroxil, and PEPT2 has been suggested as a way of targeting 
drugs to their site of action in the airways.

In terms of ABC transporters, MDR1 (Pgp), BCRP, and several MRP are 
expressed in the lungs (Table 2.2, for review see [9, 159]). Among the ABC trans-
porters, MRP1 is the most highly expressed in lung tissue. MRP1 is localized to the 
basolateral side of pulmonary epithelial cells and has been detected both in the 
bronchial as well as the alveolar epithelium. MRP1 transports a broad range of 
anionic drugs as well as metabolites following glutathione, glucuronide, and sulfate 
conjugation. Interestingly, it has been reported that MRP1 expression is decreased 
in COPD [160]. Cigarette smoke extract (CSE) has been demonstrated to increase 
the expression of MRP1 in pulmonary epithelial cells and at the same time inhibit 
MRP1 leading to an increased toxicity of CSE, indicating a protective role of MRP1 
[161]. MDR1 and BCRP expression have been demonstrated on both pulmonary 
epithelial as well as vascular endothelial cells in the lungs (Table 2.2). Because of 
the heterogeneity of lung tissue, there is still a need to further investigate the drug 
transporter expression in different cell types in the lungs. In terms of functional 
activity, most studies so far are based on cell models and very limited data are avail-
able on the functional impact in vivo. Thus, the relevance of drug transporters for 
pulmonary pharmacokinetics is currently unclear [9].

2.6.3  Vesicle-Mediated Transport

Membrane vesicles within the alveolar epithelial type I and type II cells have been 
suggested to be involved in macromolecule transport across the alveolar epithelium, 
and caveolae have been shown to be present in the alveolar type I cells [26, 55]. 
The main route of alveolar epithelial protein transport is through transcytosis 
 involving caveolae and clathrin-coated pits, although the relative contributions of 
these internalization steps to overall protein handling remain to be determined 
[56, 75]. For particles (e.g., consisting of liposomes for drug delivery) the relative 
contribution of caveolae- and clathrin-mediated endocytosis has been shown to be 
size-dependent with an upper size limit of approximately 200 nm for the clathrin-
mediated pathway [120].

2.6.4  Nonspecific Particle Trapping

There is evidence that nanoparticles, defined as particles less than 100 nm in at least 
one dimension, are taken up by alveolar epithelial type I cells via well-known 
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pathways of endocytosis and also via other, less well-understood, mechanisms 
[74, 97]. The quantitative relationships between mechanisms remain to be estab-
lished. For the translocation of particles from the lungs into the systemic circulation 
lymph drainage is likely to contribute [78, 144]. Opportunities of aerosolized nano-
particles of drug for pulmonary administration are being reviewed [16], although 
currently available technology does not appear to allow for large-scale production 
of such pharmaceutical formulations.

2.6.5  Importance of Lung Physiology and Pathophysiology

It is well known that different conditions alter pulmonary drug absorption. Stretching 
of the lungs by, e.g., exercise-induced deep ventilation, high-altitude pulmonary 
edema, or mechanical ventilation at high tidal volumes causing more permeable 
transcellular pores and possible expansion of the surface of the alveolar epithelial 
type I cells and caveolae of the capillary endothelium has been reported to increase 
the absorption of hydrophilic solutes [92, 114, 132, 153, 165, 169]. Likewise, active 
or passive cigarette smoking, exposure to surface-active agents used as absorption 
enhancers in experimental drug aerosols, or alcohol abuse, all appear to interfere 
with the functional integrity of the air–blood barrier resulting in increased uptake of 
hydrophilic solutes [8, 18, 59, 60, 130]. By contrast, physiological changes in the 
lung parenchyma that occur during aging, e.g., smaller total alveolar surface area, 
impaired ventilation–perfusion matching, larger small airway closing volumes, and 
smaller effective lung volumes, would more likely result in decreased absorption of 
inhaled drugs.

The presence of pathological lung conditions is expected to have an effect on 
pulmonary drug absorption. Chronic bronchitis and cystic fibrosis are pulmonary 
diseases characterized by the presence of a viscoelastic mucus layer in the upper 
airways and bronchi. As the mucus layer may retard or even block air-to-blood 
transfer of drug solutes and solids, this barrier must be overcome for pulmonary 
drug delivery to be effective. By contrast, the presence of inflammation in the lungs 
would be expected to facilitate paracellular transport of hydrophilic solutes. In mod-
els of allergic airway inflammation, various inflammatory mediators have been 
shown to dysregulate intercellular junction pores, thereby contributing to epithelial 
barrier dysfunction and injury [104]. Likewise, permeability edema – a major com-
plication of acute lung injury, severe pneumonia, and the acute respiratory distress 
syndrome (ARDS) – is associated with an epithelial and endothelial hyperperme-
ability and a disruption of the epithelial and endothelial barriers, which may increase 
the paracellular transport of hydrophilic drugs. Emphysema, on the other hand, is 
characterized by structural modifications involving loss of inter-alveolar septa and 
thus would be likely to decrease pulmonary uptake of drug because of the reduction 
in total alveolar surface area.

Caveolae-mediated transcytosis can be upregulated in response to pathological 
stimuli [50, 116, 150]. Indeed, as caveolae and caveolins seem to play important 
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roles for the airway epithelium, airway smooth muscle, airway fibroblasts, airway 
inflammatory cells, and the pulmonary vasculature, it has become clear that aberrant 
regulation of their expression and function may trigger pulmonary defects, including 
pulmonary fibrosis, pulmonary hypertension, and lung cancer. However, further 
examination of caveolae and caveolins in obstructive airways diseases, including 
asthma and COPD, is warranted.

Airway hyperperfusion associated with asthma is suppressed temporarily by 
inhaled corticosteroids via their acute vasoconstrictor action. The decrease in air-
way blood flow is likely to retard the uptake of inhaled bronchodilators and thereby 
enhance their action.

2.6.6  Assessing Pulmonary Drug Absorption

Further elucidation of the mechanisms involved in drug uptake after aerosol deliv-
ery is needed. In vitro models can be used to clarify the interactions between drug 
formulations and the epithelial barriers within the trachea, the bronchial airways, 
and the alveoli. A variety of airway and alveolar epithelial cell culture systems have 
been established as in vitro absorption models [14, 45, 139, 141]. Recently, drug 
transporter expression in different pulmonary epithelial cell models was reported 
[39]. Models of tracheobronchial epithelium include not only primary cell cultures 
and cell lines of healthy human and animal phenotypes but also airway cells with 
characteristics of lung disease such as cystic fibrosis (e.g., CFBE41o- and CuFi cell 
lines). Primary cell cultures more closely resemble the native epithelia, but are less 
reproducible, convenient, and economical compared with the cell lines, which 
makes them less suitable for permeability screening purposes. In contrast to gastro-
intestinal in vitro testing, where Caco-2 cells have emerged as the gold standard, 
there is no such consensus to date on the preferred cell line(s) for modeling the 
tracheobronchial epithelium in vitro. Since alveolar epithelium cell lines available 
to date do not form functional tight junctions, most in vitro studies of alveolar 
 epithelial function have been performed using primary cultures of alveolar type II 
cells, which under appropriate conditions differentiate into type-I-like cells and 
form tight epithelial barriers that are morphologically similar to the in vivo alveolar 
epithelium. The  isolation of alveolar epithelial type II cells, predominantly from rat 
and rabbit lung tissue, and their culture over time leading to a primary culture of 
type I-like cells is now an established technique. The use of human alveolar epithe-
lial type II cells obtained from patients undergoing lung resection or derived from 
embryonic stem cells is, however, limited by lack of material, and a complex, time-
consuming and cost-intensive isolation procedure. Methods for delivering aerosols 
directly to the surface of air-interface epithelial cell layers have been developed 
[17, 25, 43]. Recent research is addressing more complex cell culture systems in 
order to generate models that are closer to the in vivo situation. These include 
co-cultures of different cell types to investigate the cellular interplay after particle 
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deposition [48]. Although suitable cell culture models of the cellular part of the 
human air–blood barrier are established and well characterized, the physical barriers 
on top of the cellular  barriers – the surfactant and lining fluid – are less well under-
stood and their influence on the safety and efficacy of aerosol medicines may be 
underestimated [14].

More advanced models than cell cultures are presently required to maintain the 
structural and cellular integrity of the lung tissue, the interaction between different 
cell types, and the biochemical activity. Recently, a human breathing lung-on-a-chip 
microdevice has been developed to study various physiological and pathological 
lung functions at the alveolar-capillary interface that could provide a new capability 
of cell culture models [67]. The isolated perfused lung model (IPL) is the most com-
monly used ex vivo method [126]. Tronde and coworkers investigated a wide range 
of drugs administered as aerosolized aqueous solutions in the IPL rat model and 
found pulmonary absorption to correlate with physicochemical descriptors, in vitro 
assessed permeability, and pulmonary absorption determined in vivo in rats [154, 155]. 
The IPL rat model has also been successfully used in the study of dry powder aero-
sols of drug [42]. The IPL model is a valuable complement to in vivo whole animal 
studies, despite limitations such as short viable periods, the level of technical exper-
tise required to set up the IPL, low-throughput and absence of tracheobronchial 
circulation because this model allows drug absorption to be studied in absence of 
the confounding factors obviously present in vivo. A variant of the IPL is the human 
lung reperfusion model [47].

When using in vivo animal models, the anatomical complexities and interspecies 
differences in the lungs have to be considered [27, 114, 126]. For instance, mice and 
rats lack respiratory bronchioles and appear to have a relatively fast early alveolar 
clearance of insoluble particles, whereas guinea pigs, dogs, monkeys, and humans 
have much slower alveolar clearance.

Although various approaches can be used to study factors influencing the pharma-
cokinetics of an orally inhaled drug aerosol in humans, no method will measure 
directly the transepithelial transfer of drug. Compartmental modeling of blood level 
data obtained for inhaled drug has been used to estimate the rate of absorption into the 
systemic circulation [79]. Another approach is to quantify the initial pulmonary drug 
distribution and subsequent disappearance from the lungs using radioisotopically 
labeled drug and an imaging technique [5, 21, 136]. The pulmonary drug disappear-
ance rate assessed from a time-series of images would then make a composite mea-
sure of both transepithelial transfer and nonabsorptive clearance mechanisms.

2.7  Duration of Effect and Airway Selectivity

The aim of local respiratory treatment is to attain maximal exposure at specific lung 
targets (receptors, transporters, or enzymes), while concentrations elsewhere are 
kept at a minimum. If this is achieved, maximum therapeutic effect can be attained 
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by low inhaled doses, whereby risk of systemic side effects is minimized. Airway 
selectivity was introduced as a concept by Hochhaus in 1997 to describe these 
features in a pharmacokinetic context. Hochhaus showed that lung-related properties 
such as pulmonary deposition, pulmonary residence time, and pulmonary drug 
release (dissolution) are at least as important with regard to therapeutic index as 
intrinsic potency and traditionally recognized pharmacokinetic parameters 
including systemic clearance and oral bioavailability.

This chapter, so far, has discussed the various mechanisms that contribute to the 
elimination of inhaled drug activity in the lung: dissolution, mucociliary clearance, 
metabolism, passive and active transport, and trapping. In this concluding section, 
the perspective is changed to that of effect duration, and the crucial importance 
that dissolution rate, tissue affinity, and biotransformation may have on airway 
selectivity.

2.7.1  Dissolution Rate

Slow dissolution can be used as a strategy to increase the retention of drug in the lungs 
and thereby prolong the duration of effect. However, if the rate of dissolution is too 
slow, the drug is more susceptible to mucociliary clearance and/or phagocytic elimi-
nation, which in turn will reduce retention [95]. Hence, the solid state property of the 
drug is an important feature in optimizing airway selectivity. The inhaled corticoster-
oid (ICS) fluticasone propionate (FP), which is highly lipophilic and slowly dissolv-
ing in sputum, is retained in the lungs up to 20 h after inhalation [41]. The mean 
absorption time (MAT) after inhalation is prolonged compared with the more soluble 
ICS budesonide (MAT after inhalation is 5–7 h vs. approximately 1 h for budesonide) 
[148]. Increased mucociliary clearance of undissolved FP resulting from a more cen-
tral deposition in asthmatic patients than in healthy volunteers has been proposed to 
explain reduced bioavailability in these patients [13]. Interestingly, in a recent study 
in COPD patients, significantly more FP was eliminated via mucociliary and cough 
clearance than budesonide [28]. Thus, it appears that slow dissolution of FP causes its 
long lung retention, which at the same time is limited in the central lung due to muco-
ciliary and cough clearance. This may serve as one plausible explanation of why FP 
shows shorter effect duration than that required for once-daily dosing [118].

2.7.2  Formulation Approaches

In part, shortcomings in terms of solid-state properties can theoretically be over-
come by using appropriate formulation strategies such as reducing particle size in 
nano-suspensions, entrapment of active drug in liposomes, or formulating large 
porous particles [35, 133, 168]. One such application is budesonide embedded in 
stealth liposomes, which significantly prolonged effect duration in experimental 
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asthma [77]. This and other formulation approaches to improve inhaled drug 
 properties are discussed in Chaps. 6 and 13. Assuming that Chaps 6 and 13 still refer 
to overcoming lung clearance mechanisms for controlled release drug delivery, and 
particle engineering technologies for pulmonary drug delivery, respectively.

2.7.3  Tissue Affinity

Tissue affinity is a loosely defined term used to describe binding to different sub-
structures in the tissue (such as structures in the cell membrane, target receptors, 
cell organelles) by multiple mechanisms, thereby slowing down lung clearance and 
possibly increasing local effect duration. It has been demonstrated that cationic 
lipophilic molecules (generally basic amines with pKa > 8) can accumulate in lung 
tissue. The mechanism behind this has been suggested to be a combination of lyso-
somal trapping and accumulation in membranes [91].

The inhaled b
2
-agonists salmeterol, formoterol, and indacaterol have prolonged 

effect duration [82, 89, 157]. Formoterol, which has intermediary lipophilicity, is 
believed to be retained in the membrane and from this position be able to interact 
with the b

2
-receptor in a rapid and prolonged manner. The more lipophilic salme-

terol is retained by the same mechanism but is less available for fast onset of action 
[2]. The inhaled muscarinic receptor antagonist tiotropium has demonstrated pro-
longed effect duration; the mechanism for this has been proposed to be prolonged 
binding to the M3-receptor [4].

2.7.4  Biotransformation

The intracellular esterification of budesonide and ciclesonide active metabolite 
(and to some extent BDP) increases the retention time of these drugs in the airways 
and thereby prolongs their durations of action [10, 33, 100]. Free parent compound 
becomes available when these esterified forms are slowly hydrolyzed back to their 
active form and this mechanism contributes to the prolonged effect duration seen 
with these compounds.

Both inhaled steroids and bronchodilators are treatments with very favorable 
airway selectivity, which has improved the quality of life of millions of asthmatic 
and COPD patients. As exemplified above, drug developers have been successful in 
maintaining drug in the lung by slow dissolution, tissue retention, and/or reversible 
biotransformation [2, 33]. Most of the inhaled drugs on the market are high clear-
ance compounds, characterized by a low systemic availability of the swallowed 
“waste” fraction and an extensive liver clearance. Many are highly bound to plasma 
proteins, thus reducing systemic circulation of free, active drug. Hence, it is a 
 challenge for drug developers to improve on these already favorable therapeutic 
properties. Yet, some pharmacokinetic “tools” remain to be fully explored, such as 
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the development of prodrugs and soft drugs. Others have to be better understood, 
such as the impact of protein binding on airway selectivity.

2.7.5  Prodrugs and Soft Drugs

Attempts have been made to improve airway selectivity by esterification to either an 
inactive prodrug that is locally activated before or at the target in the lung, or a phar-
macologically active “soft drug,” which is readily inactivated by hydrolysis in the 
lungs or blood. Both these structural alterations may theoretically improve airway 
selectivity. By inhaling an inactive prodrug, the risk of local side effects in the 
oropharyngeal tract can be reduced. Also, depending on the physicochemical prop-
erties of the active metabolite vs. the parent compound, the uptake and lung reten-
tion characteristics can be improved [143].

Currently approved steroid prodrugs for airway delivery include BDP and cicle-
sonide (CIC). Although oropharyngeal side effects have been demonstrated to 
diminish for CIC [40, 121], it is still unclear to what extent hydrolysis of the inactive 
prodrugs CIC and BDP to their respective active metabolites, CIC-AM and BMP, 
improves airway selectivity. Since one third of lung deposited CIC is systemically 
absorbed as intact prodrug, and since both absorption and airway hydrolysis are 
fast, the partial activation in the systemic circulation rather than in the lung will 
reduce rather than improve airway selectivity. Hence, the favorable airway selectiv-
ity that has been demonstrated clinically for CIC is not likely to be primarily as a 
result of its prodrug features [72].

Several soft-drug steroids (butixocort propionate, fluocortin butyl-ester, itrocino-
nide and g-butyrolactone steroids) have been in clinical development as inhalation 
products, with the purpose of maintaining a high local intrinsic activity, but where 
the parent compound then is supposed to be readily inactivated in the target organ 
or blood to avoid systemic spillover and side effects. However, none of the soft-drug 
inhaled steroids has yet been found to retain sufficient clinical potency and improved 
airway selectivity to be taken into late stage clinical development.

2.7.6  Protein Binding

A basic presumption in pharmacokinetic science is that only unbound molecules are 
available for pharmacological effect. For inhaled drugs, high protein binding has 
been regarded as beneficial, since it will theoretically reduce unwanted systemic 
side effects and hence improve the therapeutic ratio of the drug [122]. Lung effects 
have, however, generally been assumed not to be affected by protein binding [29]. 
Evidence for the opposite was recently provided by Hochhaus [63]: in this study 
total and free drug levels as well as receptor occupancies were assessed after infu-
sion of CIC-AM (the active metabolite of ciclesonide) and budesonide in rats. The 
two ICSs have similar potencies and basic PK properties but CIC-AM is about 
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 tenfold more bound to plasma proteins than budesonide [33]. While the total levels 
of the two drugs were similar both in the lung and in all other organs assessed in the 
study, CIC-AM showed significantly lower free levels as well as receptor occu-
pancies (a measure related to effect) than budesonide also in the lungs. The 
authors concluded that high protein binding will reduce free drug concentrations 
and consequently the pharmacologic effect, but that airway selectivity is not neces-
sarily improved by high protein binding.

2.8  Concluding Remarks

Drug activity in the lung is eliminated and modified by several mechanisms, most 
importantly mucociliary clearance, metabolism in the lung tissue itself, and absorp-
tion into the systemic circulation. As has been discussed, these mechanisms play an 
important role in the overall pharmacokinetic and pharmacodynamic characteristics 
of any inhaled drug, influencing onset of action, duration of effect, and therapeutic 
index. These mechanisms act in parallel so that the rate and extent of lung clearance 
by any particular mechanism is dependent on the rate and extent of clearance by the 
other processes. It is, therefore, very difficult to study a particular mechanism in 
humans since what is observed is the sum total, with confounding factors influenc-
ing the results to an often unknown degree. What happens between the “particle has 
landed” until the drug is detected in the systemic circulation is a major “black box” 
in the science of inhaled medication. Various levels of abstraction have been used to 
shine a light into the box, e.g., animal in vivo studies, ex vivo systems, cell cultures, 
and pure in vitro set-ups; but rational drug and formulation design will be hampered 
by our lack of detailed understanding for some time yet.

Since metabolism and absorption act only on solutes, dissolution kinetics of 
solid particles is important for lung clearance but probably only for relatively poorly 
soluble formulations. Lung retention may be increased by decreasing solubility, but 
this strategy for increasing duration of effect may be limited by the clearance mech-
anisms that act on undissolved drug; mucociliary and cough clearance in the central 
lungs and phagocytosis by alveolar macrophages in the lung periphery.

Although metabolic activity in the lungs is generally much lower than in the gut 
or liver, making the contribution from lung metabolism to the overall elimination of 
activity small, biotransformation in the lung has been shown to be important for the 
duration of effect of some corticosteroids that can undergo reversible esterification. 
Prodrugs are dependent on enzymatic activation in the lung, and airway selectivity 
may be improved by optimizing the balance between the kinetics of activation and 
the kinetics of absorption of both the prodrug and the active form. Soft drugs may 
also theoretically improve airway selectivity, but to date it appears that inactivation 
in the lungs of these labile molecules is too extensive for efficacy to be sufficiently 
retained.

Desired properties of pulmonary drug absorption depend on whether the target is 
local or systemic. For a local target, prolonged lung retention is usually desired to 
increase the duration of effect. Therefore, absorption into the systemic circulation 
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should not be too fast. Both for polar and especially for lipophilic compounds, 
unhindered absorption seems generally to be faster than desired. For prolonged 
duration, other properties, such as low solubility, reversible biotransformation, or 
high tissue affinity, need to be present to achieve a suitably slow elimination from 
the lungs. By contrast, for systemic targets of peptides and proteins, the challenge 
seems to be to achieve absorption at a rate that is competitive relative to the rate of 
other clearance mechanisms in order to secure sufficient bioavailability. The very 
rapid absorption of many small, lipophilic molecules offers great potential for fast 
onset of action for systemic targets.

In conclusion, the mechanisms of elimination of drug activity in the lungs by the 
various clearance processes described here are important factors to consider both in 
the development of new drugs and in understanding the relative merits of existing 
therapies. What constitute optimal characteristics in each particular case, and how 
these may be predicted from abstracted properties, remains far from clear cut with 
our present understanding.

2.9  Contributions

Although a collaborative work, major contributions were as follows: dissolution, 
Katarina; mucociliary clearance, Lars; metabolism, Tove; absorption, Eva and Lena; 
effect duration and airway selectivity, Staffan and Stefan. Bo was the coordinator 
and local editor.
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Abstract The history of pulmonary drug delivery is nearly as old as recorded history 
itself. The journey from these ancient times to today’s therapeutics and delivery 
systems is fascinating and provides an understanding of what has driven innovation. 
It is also critical to understand the evolving science and technology of pulmonary 
drug delivery and its trajectory from the current state of the art.

Keywords  Atomizer  •  Dry  powder  inhaler  •  History  •  Inhalation  •  Inhaler  
• Nebulizer • pMDI

3.1  The Earliest History of Pulmonary Drug Delivery

The earliest recordings of inhalation therapy are from ancient Egypt, in approxi-
mately 1554 bc. Asthma had been first described in China much earlier than this, 
in 2600 bc, but these accounts do not describe inhalation. The author, Huang-Ti, 
does however  identify  the use of Ma Huang and  this was  later shown  to contain 
ephedrine [11].
The Ebers papyrus from ancient Egypt (1554 bc) describes how the breathless 

may be treated by the inhalation of the vapor of black henbane. There was not a 
specific inhaler device, instead the leaves would be thrown onto hot bricks, causing 
the alkaloids to vaporize and the patient was to inhale the free vapor. We do not 
know how much henbane was used or with what frequency [7].

Inhalation treatments emerged independently in different cultures. From old 
Assyria (c650 bc), we learn from cuneiform texts that inhaled cromones were 
used in asthma [26]. In ancient Greece Hippocrates (460–377 bc), who gave us the 

M. Sanders () 
Clement Clarke International Ltd, 15 Friars Walk, Dunstable,  
Bedfordshire LU6 3JA, United Kingdom 
e-mail: ms@bethere.co.uk

Chapter 3
Pulmonary Drug Delivery: An Historical 
Overview

Mark Sanders 



52 M. Sanders

word “asthma,” tells us that he employed an apparatus which “consisted of a pot, 
the lid of which had an opening for the reception of a reed, through which the vapor 
escaped and was inhaled through the open mouth: the latter being protected from 
scalding by moist sponges.” In the pot he boiled herbs and resins in vinegar and oil 
[4, 15, 28]. In India the Ayurvedic practice of making inhalation of stramonium and 
hemp by pipe was developing but may even have had  its origins earlier  than  the 
ancient Egyptian use of inhalers [16]. In China the burning of opium was develop-
ing. In Rome, in the second century, Galen recommended that his breathless patients 
should go to the foothills of Mount Vesuvius to take the sulfurous air from the vol-
cano. In South and Central America, natives developed the practice of smoking and 
fashioned ornate  pipes  from bone  in  order  to  smoke  tobacco  and  similar  plants. 
These were perhaps the earliest of the surviving inhaler technologies, dating from 
about 2,000 years ago (Fig. 3.1).

Rhazes (c850 ad–c923 ad) a physician in Baghdad advocated the inhalation of 
the vapor of arsenic, working in Baghdad, he wrote, “patients die from consumption 
because the lungs cannot be treated like external parts.” We know from his writing 
that like the ancient Egyptians he also used leaves thrown onto hot bricks as a treat-
ment [4, 15].
The first book to be written about asthma was by Maimonides (1135–1204 ad), 

the Spanish-born physician to the Arab King Saladin. Saladin’s son was asthmatic 
and Maimonides was required to treat him. His book, A treatise on Asthma (1190 ad), 
recommended  numerous  measures  and  treatments,  including  abstention  from 
sexual activity and imbibing chicken soup. Among his treatments, Maimonides also 
described  the  inhalation of vapors from throwing herbs onto a fire (Maimonides, 
edited by Muntuner [25]).

Fig. 3.1 Native smoking pipes
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The advent of publishing revolutionized medical practice and with it inhalation. 
But it was not asthma that led us to the first published inhaler device, instead it was 
tuberculosis, variously called consumption or phthisis.

3.2  Pulmonary Drug Delivery in the Seventeenth  
and Eighteenth Centuries

In 1654 Christopher Bennet (1617–1655), an English physician, suffering from 
tuberculosis wrote Theatri Tabidorum and gave us  four wood cut drawings of  an 
inhalation device, with measurements enabling the reader to have their own inhaler 
made [2]. The treatment was balsam. There is no evidence that Bennet’s inhaler was 
ever manufactured. Bennet succumbed to tuberculosis the following year (Fig. 3.2).

Fig. 3.2 Woodcut of Bennet 
inhaler
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Another English physician, Philip Stern, published a small booklet in 1767 which 
caused him to be alienated by his fellow doctors. His pamphlet, Medical Advice 
to the Consumptive and Asthmatic People of England, was clearly aimed at the 
patient  and not,  as was customary,  to his peers. He described and  illustrated an 
inhalation device for use with his own proprietary formulation of balsam. His writings 
rationalize that “the only possible way of applying medicines directly to the lung is 
through the windpipe.” He did not, however, use the word “inhaler,” instead he 
referred to his device as a vessel or urn [44] (Fig. 3.3).
The first use of the word “inhaler” is attributed to John Mudge, brother of the 

famous horologist Thomas Mudge. John Mudge was a physician and astronomer 
living  in Plymouth. As an astronomer he won  the Copley Medal  in 1777 for his 
work on the reflecting telescope, but as a physician he gave us an inhaler which was 
to be successfully manufactured and sold over a period of 160 years!
Mudge’s [29] book, A Radical and Expeditious Cure for a Recent Catarrhous 

Cough,  describes  and  illustrates  the Mudge  Inhaler  in  precise  detail.  It was first 
manufactured by William Barnes, a pewterer, of Fleet Street, London and because 
it was made from robust pewter there are still examples which survive. The inhaler 
was an adaptation to a standard tankard, holes were made in the handle and where 
it joined the tankard to permit air to enter and be drawn through hot water impreg-
nated with the medication. The patient was instructed to inhale and exhale through 
the device, a small valve in the lid permitted the exhalate to escape. Mudge’s cure 
was elixir paregoricum, a mixture of opium, benzoic acid and camphor. He discour-
aged the use of his inhaler with other medications as their possible inefficacy might 

Fig. 3.3 Woodcut of Stern 
inhaler
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diminish the perception of his device, but clearly he recognized the broad utility of 
a portable  inhaler device. The Mudge  inhaler proved popular and was carried  in 
pharmacies all the way through the Victorian era and was still listed in a pharmacy 
catalogue in 1938 – over that period of 160 years, and despite Mudge’s insistence, 
his inhaler was used with many different medications [29] (Fig. 3.4).

3.3  Pulmonary Drug Delivery in the Nineteenth Century

In 1802 General Gent, armed with the research of Dr. James Anderson in Madras, 
returned to England with knowledge and samples of the ancient Indian practice of 
inhaling the leaves of Datura Stramonium. Gent gave samples to Dr. Sims who 
successfully trialed it and then described his findings in Monthly Magazine (1812 
and later in the Edinburgh Medical and Surgical Magazine) [39]. Gent later died of 
over-using stramonium. Obtaining precise doses from different Datura Stramonium 
species was by no means easy. Gradually,  this practice became popular during 
the 1800s and eventually led to a wide range of proprietary powders containing 
stramonium,  belladonna,  lobelia  and  sometimes  opium.  This  practice  usually 
entailed putting a spoonful of powder onto a plate and igniting it. The patient sat 
leaning over the plate and inhaling the fumes. Later examples suggest the use of a 
funnel to direct the vapor towards the patient’s airways.
Up to  this point  the medications being delivered were volatile substances,  the 

technology did not exist to force nonvolatile substance to be delivered to the airway. 
Additionally, many of the descriptions of treatments were not precise or sufficiently 
detailed to permit others to adopt the treatment.

Fig. 3.4 Mudge inhaler 
manufactured by Wm Barnes
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In 1817 Humphrey described a steam-driven inhaler, but there is doubt that it was 
ever  produced.  If  it  was  then  it  was  the  first  of  the  pressurized  inhalers  [20] 
(Fig. 3.5).
In 1834 Sir Charles Scudamore described the inhalation of the vapor of iodine 

and hemlock  for  the  treatment of consumption and advises  that  the  treatment be 
given 3 times a day, for 15–20 min using a vapor inhaler with water at 120 F [37].
In  1844  Maddock  provided  a  useful  review  of  the  state  of  knowledge  on 

 inhalations and provided an illustration of a glass vapor inhaler in use at the time [24]. 
At about the same time, inhalation received a huge leap in credibility as the use of 
inhaled anesthesia became known. With its huge benefits to surgery, inhaled anes-
thesia sparked a great interest in inhaled delivery across the world.
Work in London had begun on dry powder inhalation in the late 1840s. Dr. T.K 

Chambers was working on the application of silver nitrate and copper sulfate to the 
lungs. His solution was ingenious and represents possibly the first use of particle 
engineering in inhaled delivery [9]. Working without any of the sophisticated 
equipment we take for granted these days, he used lycopodium spores as a form of 
carrier, soaking the spores in saturated solutions of copper sulfate and silver nitrate, 
drying  and  reducing  the  loaded  spores,  presumably  by  pestle  and mortar,  to  an 
impalpable powder. He found that 2.5 grains of pollen could be made to contain 1 
grain of silver nitrate.

Fig. 3.5 Humphrey’s inhaler
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Chambers’ work was extended by William Cornell in Boston, who reported 
in  the Boston Medical & Surgical Journal  in 1850 that he had found the powder 
serviceable  in  bronchitis,  laryngitis  and  other  conditions  [12].  Chambers’  and 
Cornell’s technique involved a glass funnel introduced to the patient’s mouth while 
an attendant dusted the powder into the funnel during inhalation.
The first useful suggestion for the atomization of nonvolatile substances in solu-

tion was from M. Auphan at the Spa of Euzet-les-Bains in 1849. With the knowl-
edge that water existed as a spray when it was violently crashed against hard 
surfaces, e.g., at waterfalls or the sea-shore, he developed the idea that at the min-
eral spa a  jet of water could be directed at a hard surface  to create a spray. His 
method was ado-pted by many spa houses but was unsuitable for private medical 
practice [1].
Auphan’s ideas were developed by another French physician, M. Sales-Girons, 

who developed a portable inhalation apparatus that applied the same principles to 
achieve  atomization.  His  work,  presented  at  the  Paris  Academy  of Medicine  in 
1858, was favorably received. His device comprised: a reservoir for the medication 
solution, an air pump, a small jet nozzle and an impaction plate. The pump forced 
the solution through the nozzle where it was atomized against the plate. The 
Academy  considered whether  the  fine  spray was  suitable  to  reach  the  bronchial 
tubes and after deliberation they confirmed that it would, and Trousseau stated that 
“Sales-Girons has rendered a great service to the world at large by his invention of 
the treatment by pulverisation.” The device went through several iterations but was 
manufactured and marketed [35, 41] (Fig. 3.6).
Still in France, the following year M. Matthieu introduced the Néphogène (angli-

cized to nebulizer). Instead of directing a jet at a hard surface to cause atomization, 
Mathieu  introduced  the  idea  of  using  a  blast  of  compressed  air  into which was 
dripped the medication and then projected outwards through a fine nozzle. This cre-
ated a fine but cold spray [27].
Meanwhile in London, in 1860, Henry Hyde Salter wrote a detailed review of 

asthma, On Asthma its Pathology and Treatment. He systematically reviewed the 
treatment options of the period, including inhaled therapies, and distinguished depres-
sants (ipecacuanha, tobacco, tartar-emetic), stimulants (coffee, alcohol), sedatives 
(tobacco, chloroform, opium, stramonium, lobelia, Indian hemp). The inhalation of 
the fumes of burning nitre papers was also discussed by Salter [36].
In Germany  in  1862, Dr.  Bergson  introduced  his  idea  for making Matthieu’s 

approach workable. The idea had originally been suggested to him by Dr. Nathanson 
based on the principle embodied in Gifford’s steam injector. But it was Bergson’s 
efforts that brought this principle to bear in the atomization of medicines for inhala-
tion. Known as the Bergson tubes, his approach was embodied in a device he called 
the “Hydrokonium.” It consisted of two tubes that interfaced at right angles, with 
one tube taking a feed from a reservoir of liquid medication while the other has a jet 
of air passed through it. The air jet was generated by a double squeeze-ball arrange-
ment made of an early form of rubber [1] (Fig. 3.7). The publication Deutsche Klinik 
through the 1860s carried frequent ideas for new inhalation technologies from Drs. 
Lewin, Man, Nathanson and others.
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Fig. 3.7 Bergson tubes

Fig. 3.6 Sales-Girons’ 
portable atomiser
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Fig. 3.8 Siegle’s inhaler

Bergson’s  approach was  further  improved  by Dr.  Emil  Siegle  of  Stuttgart 
who applied for a patent in April 1864 for a Steam Spray Producer. Instead of 
relying on a squeeze ball,  the  jet was created using steam from a  small boiler 
[38]. Dr. H Waldenberg, also in Germany, had also been working with steam and 
published  his  ideas  in  1862  based  on  a  different  approach.  The  original  Siegle 
inhaler was far from perfect and an improved boiler arrangement was proposed by 
Dr. Adams of Glasgow in 1868. Siegle-based inhalers were popular in many countries 
for many years (Figs. 3.8 and 3.9).
The use of the Bergson tubes with a double rubber squeeze-ball arrangement was 

improved and popularized in Britain by Dr. Andrew Clark, being manufactured by 
Krohne and Sesemann in 1865. This manufacturer worked with several doctors at 
the time to produce devices, including Dr. Richardson, whose device was applied to 
anesthesia  [22].
Inhalation was a topic of much interest at this time, but perhaps none were so 

enthusiastic as Dr. Broadbent in his 1862 book “A Medical Treatise on the Causes 
and Curability of Consumption, Laryngitis, Chronic Catarrh and Diseases of the Air 
Passages – Combining  the Treatment by  Inhalation by Medicated Vapours.” His 
lists of inhalants included “iodine, conium, oxygen, hydrogen, nitrogen, nitrous gas, 
a great variety of gums and balsamic resins, vapor of boiling tar, hydrocyanic acid, 
camphor,  ammonia,  balsam  tolu,  naphtha,  chlorine,  hyoscyamus,  lactuca,  bella-
dona, digitalis, colchicum, a great variety of balsamic herbs, galbanum, vapor of 
vinegar,  nitre,  stramonium,  lobelia,  inflata,  ipecacuanha,  alcohol,  hydriodate  of 
potassa, storax, marshmallows, rose water, a great variety of emollient and narcotic 
herbs, etc.” [6].
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In 1864 another step forward with dry powder inhalation took place. Alfred 
Newton applied for a patent in London after correspondence with Dr. James in New 
York. The dry powder device resembled a mantle clock with an orifice at one side, 
inside was a mesh and a crank shaft with feather beaters. Powder was placed into 
the  bottom of  the  box  and  the  patient would  put  their mouth  to  the  orifice  and 
inhale while  the  handle was  cranked  causing  the  feathers  to  beat  the  powder 
creating a dust, which would pass through the mesh towards the mouth. It was not 
especially portable, but Newton recognized that the powder needed to be  pulverized 
into a fine dust and that it should be kept dry, two essentials of modern dry powder 
inhalers. The device was designed for the delivery of potassium  chlorate which 
today is recognized as a lung irritant [31] (Fig. 3.10).
Dry powder inhalation was very much in vogue at this time, though frequently 

for laryngitis rather than deeper lung deposition. Its exponents included Trousseau 
in Paris using a glass tube, Burow in Germany using an adapted steel pen, the same 
method employed by Pserhofer  in Vienna and Ebart  in Berlin, a glass retort was 
adopted by Lewin in Berlin, a gum squeeze-ball was used by Rauchfuss [41]. 
In Baltimore, Prof. Thomas used a technique developed by his brother to make fine 

Fig. 3.9 Adam’s inhaler
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cinchona  powder  by  rubbing  the  material  against  a  rotating  grind  wheel  as  the 
patient sitting nearby inhaled [45].

The Lancet in 1865 carried news of a new device, known as the improved Dr. 
Nelson inhaler. It was an earthenware vapor inhaler with an air inlet and a mouthpiece. 
Originally, the medication was to be impregnated on a sponge in the mouthpiece but 
later  it was used without  the  sponge,  the medication being put  into  the hot water. 
These ceramic inhalers were produced in numerous different and attractive forms. 
Different pharmacy wholesalers commissioned their own models and sold them to 
pharmacies. Today, they are regarded as highly collectable. The Nelson inhaler is still 
available through pharmacy suppliers, over 140 years later [23] (Fig. 3.11).

An important landmark in 1867 was the inclusion of inhalants in the British 
Pharmacopeia for the first time. Five inhalants were listed: vapor acidi hydrocyanici, 
vapor chlori, vapor coniae, vapor creasoti and vapor iodi. This reflected the rising 
importance and popularity of inhaled medicine [5]. Overshadowing this landmark 
was the inclusion of inhalations in 1864 in the American “Medical Formulary” [14].

Fig. 3.10 Illustration from Newton’s patent for dry powder inhaler
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Also in 1867, in France, Trousseau wrote about stramonium, by which time 
as well as being smoked  in pipes  it was also being made  into asthma cigarettes. 
Trousseau provides us with his formula which includes belladonna and opium in 
addition to stramonium [47]. The practice of smoking arsenic cigarettes for asthma 
had also been reported in the 1860s [21] (Figs. 3.12 and 3.13).

In Philadelphia in the same year, Da Costa wrote, On Inhalations, reviewing the 
treatment and the available technology. In commenting on doses of medicines for 
inhalation he observed, “… the dose varies with the apparatus; or rather, though 
the dose be the same, to obtain that dose in the mouth we may have to use more of 
the medicated fluid or a stronger solution with one atomiser than with the other” 
[13]. This issue of matching dose is one that continues to confound those developing 
generic inhaled products.

Also in Philadelphia, in the same year, Solis Cohen produced his Treatise on 
inhalation of Gases, Vapor, Nebulized Fluids and Powders, giving a thorough review 
of the state of the art at that time, including his own apparatus which incorporated a 
gravity-fed adaptation to the Bergson tubes [41].
In 1869 the German doctor Louis Waldenburg, writing about tuberculosis, claims 

to have completely cured asthma though the continued use of inhalations. He 

Fig. 3.11 Nelson inhaler
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employed the use of sodium chloride inhalations to soften the viscid mucus and oil 
of turpentine to stimulate the mucus glands [3].

In 1872 Joseph Lister, famous for his work on antiseptic surgery, adopted an 
adaptation to the Siegle steam spray as his preferred method of delivery. A review 
by George Beatson  in 1880 describes  the spray producers used  in antisepsis and 
provides a good history of spray producers [1].
Berkart, writing in 1878, “On asthma: its pathology and treatment” identified the 

use of turpentine and assafoetida as a mucolytic, and commented how they were 
best administered as inhalations. He also describes a “spray-producing apparatus” 
and expresses some disappointment, which he rationalizes as the spray not always 
helping the deeper structures of the lung [3].
By  1884 Dr.  G  Evans,  having  also  recognized  the  problem  of  large  droplets 

sometimes  being  produced  from Bergson  tubes,  set  about  inventing  a  device  to 

Fig. 3.12 Asthma powders

Fig. 3.13 Asthma cigarettes
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overcome  this.  His work  published  in  the New York Medical  Journal  in  1886 
showed  a  more  sophisticated  arrangement  that  prevented  larger  droplets  being 
emitted [15].
This had been a time when many new inhalation devices were being developed, 

the availability of new materials, such as hard rubber, created many possibilities. 
Asthma  powders  (stramonium  and  belladonna)  in  attractive  tin  packaging  were 
widely available. Society showcased its inventions in grand exhibitions with prizes 
awarded for inventiveness. Advertising of these inhalers and inhalants had started to 
appear, and unrestricted claims were made as to the curing properties of various 
medications. The advertisements frequently incorporated testimonials from various 
dignitaries, but  it came to a crunch point when one company offered a reward if 
their inhaled treatment did not work. The company was The Carbolic Smoke Ball 
Company (Fig. 3.14).
In  1889 Frederick Roe  patented  a  dry  powder  inhaler  known  as  the Carbolic 

Smoke Ball. It was a squeeze ball made of India rubber filled with fine carbolic acid 
powder. The Carbolic Smoke Ball Company promoted the inhaler with advertise-
ments claiming it to be a preventative for influenza and offering a reward to anyone 
who despite using the product correctly caught influenza. They had no intention of 
paying any such reward, it was simply a statement of confidence. Mrs. Calill used 
the Carbolic Smoke Ball and sure enough caught influenza and claimed her reward. 
The company denied her claim and she took the company to court. The company’s 
defence that the claim was just sales “puff” was thrown out and Mrs. Calill won in 
a  landmark case  that established  the basis of contract  law.  Ironically, Mrs. Calill 
went on to live a long life and eventually died in the 1940s with influenza as a 
contributory cause [40] (Fig. 3.15).
The days of  reckless advertising were numbered but  in  the early years of  the 

1900s one of the most curiously named inhalers was patented in the USA, manufac-
tured and advertised. Its inventor Dr. Worst gave his name to the inhaler. The Dr. Worst 
Inhaler was a refillable metal canister for the inhalation of menthol, incorporating 
an innovative idea, a tethered mouthpiece. A couple of years later the Dr. Worst 
Inhaler was being marketed with a new name – perhaps recognizing the difficulty 
in selling a product with an unfortunate name (Fig. 3.16).

The world was also changing for the physician, as increasingly the scientist and 
technologist were moving towards the forefront of inhaled delivery and the larger 
pharmaceutical  companies were beginning  to emerge. Scientific  techniques were 
making big strides too.
In the late 1890s Prof. John Abel, at John Hopkins University, isolated a hormone 

from the suprarenal glands of sheep. The substance he called “epinephrine” was inac-
tive, but  later found to open airways, raise blood pressure and heart rate. He pub-
lished his results in 1898 [19]. Working independently in Baltimore, Jokichi Takamine 
isolated the same hormone in an active form which he called “adrenalin” [19].
In short order Parke Davis & Co marketed adrenalin for a variety of ailments. At 

that stage it was given by injection.
Suprarenal material includes not only adrenalin but also cortisone, and in 1898 

Sir William Osler administered a crude preparation of adrenal cells to someone with 
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Addison’s disease [32]. Many years later, the use of refined cortisone in Addison’s 
and many other disease become commonplace.
In 1899 and 1900 Solis Cohen also published papers on suprarenal substance in 

hay-fever and asthma, but it took a further 50 years before the benefits of purified 
steroids could be shown in asthma [42, 43].

Fig. 3.14 Advertisements for inhalers
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Fig. 3.16 Dr. Worst’s inhaler advertisement

Fig. 3.15 Carbolic Smoke Ball advertisement
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3.4  Pulmonary Drug Delivery in the Twentieth Century

1903/1904  Kaplan  and  Bullowa  working  in  New  York  identified  the  value  of 
 hypodermic  administration  of  adrenalin  in  asthma  –  it  went  on  to  become  the 
 foundation of what we can consider modern pharmaceutical inhalation therapy [8]. 
Pick, in 1911, reported successful nebulization of adrenalin in two patients and it 
rapidly became standard therapy, administered by hand-held nebulizer [34].
Atropine was  also being  explored  in  asthma  at  this  time,  von Terray  claimed 

atropine hypodermically given to be a specific treatment for asthma, Weiss found 
good results from spraying it through the mouth.
Controls on advertising and promotion imposed by the FDA in 1906 sounded a 

death knell for the entrepreneurial quack cures and the scientist took over.
Sir Hiram Maxim, an American, living in London, was an inveterate inventor. 

Most famous for the Maxim machine gun, he also invented a steam-driven flying 
machine!  In August  1909,  plagued by  the  effects  of  the London  atmosphere,  he 
developed and patented his own inhaler. It resembled a glass retort and delivered a 
combination of menthol and wintergreen essence (dirigo), and was known as  the 
Pipe of Peace. It was an early example of combination therapy (Fig. 3.17).

In 1914 Osler claimed success with injected pilocarpine (anticholinergic) in 
asthma [33]. Atropine had already been synthesized in 1901 and was a treatment 
option. In the 1920s the first mention of the inhalation of atropine from an atomizer 

Fig. 3.17 Maxim’s pipe of peace
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Fig. 3.18 Pneumostat electric compressor nebulizer

was made by Hurst. In 1924 Schmidt and Chen investigating Ma Huang at Peking 
Union Medical College identified ephedrine – a substance similar to adrenaline but 
effective by mouth and  longer-acting  [10]. In 1926 Thomas, at the University of 
Pennsylvania, having received samples of ephedrine from Chen and Schmidt, 
described the successful use of ephedrine in cases of asthma [46].
Not only was inhalation being seen as a treatment option for respiratory  conditions, 

but also as a whole new delivery option for other systemic medications. In 1924 first 
use of inhaled insulin was reported by Heubner, Jongh and Laqueur. Shortly after, in 
1925, Gansslen demonstrated that inhaled insulin lowered blood glucose in five dia-
betic subjects [17]. Later, in 1936, insulin was just one of many possible inhalants on 
offer at the London Inhalatorium, for delivery by a Spiess Drager, pressurized gas-
driven, nebulizer (originated in 1902, by Prof. Spiess of Frankfurt). The use of adren-
alin nebulized in an oxygen stream was described by Camps in 1929.
The early 1930s saw the advent of the electric compressor nebulizer. Manufactured 

by Weil in Frankfurt, the 110–220 volt machine was supplied in UK by Riddell to 
nebulize bronchovydrin (papaverine and eumydrine) (Fig. 3.18).
In 1940 isoprenaline was first described by Heribert Konzett at the University of 

Vienna,  but was  only  introduced  commercially  in  1951  [30]. An innovative dry 
powder inhaler was developed by Mack Fields in Chicago. Working for Abbott he 
developed  the  Aerohalor.  It  used  small  “sifter  cartridges”  of  a  lactose-based 
 formulation. When the patient inhaled through the device, a ball bearing would bash 
the sifter cartridge and shake a little of the fine powder out, through a fine mesh, into 
the airstream. In 1948 Abbott launched the Aerohalor with a preparation of Penicillin 
for inhalation and a further presentation with the bronchodilator norethisterone was 
also made available (Fig. 3.19).
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In the late 1950s development of the ultrasonic nebulizer began. Despite initially 
being  large  units,  they  have  been  successfully  miniaturized  such  that  modern 
 ultrasonic  nebulizers  are  readily  portable.  In  1950  Reeder  and  Mackay  treated  
pneumonia with inhaled corticosteroid, leading to much investigation of inhaled anti-
 inflammatories. Gelfrand, in 1951, reported five patients with nebulized  cortisone [18]. 
In 1955 Foulds used hydrocortisone in powder form. This work was to ultimately 
lead years later towards the important discovery of beclomethasone.
Undoubtedly,  the most  significant event of  the 1950s was  the development  in 

1955 of  the  pressurized metered  dose  inhaler  (pMDI). Charles Thiel working  at 
Riker (3 M) was one of the key workers in the team that developed cold-fill pMDIs 
using special valves developed by Philip Maschberg. The products were shown to 
be effective in studies conducted by Dr. Carr at the Veterans Administration Hospital 
(Long Beach, California) in June 1955, and New Drug Applications filed in January 
1956  were  approved  in  March  the  same  year.  Medihaler-iso  (isoprenaline)  and 
Medihaler-epi  (adrenalin) were  launched  in  late March  1956.  Pressurized MDIs 
have become a very important inhalation technology with annual sales currently in 
excess of 400 million units. The drugs, of course, have been updated and the propel-
lant technology improved through the use of less environmentally damaging hydro-
fluoroalkanes. The use of pMDIs has, however, been limited by several drawbacks; 
the  coordination of breathe and activation has proved difficult,  the  inhalers have 
lacked dose-counters and delivery of  large doses  is  limited, but  those  limitations 
have fuelled other innovations, such as the use of spacers and breath-actuated tech-
nologies (Fig. 3.20).
Bengers Laboratories (subsequently acquired by Fison’s Pharmaceuticals) were 

engaged in testing the anti-allergic properties of synthetic cromone derivatives of 
khellin (an Egyptian plant) during the early 1960s. Dr. Roger Altounyan, the real-
life Roger of Swallows and Amazons fame, himself an asthmatic, personally tested 

Fig. 3.19 Aerohalor
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Fig. 3.20 MediHaler advertisement
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the  compounds. A  former  spitfire  pilot  and very  familiar with  aerodynamics,  he 
invented the Spinhaler (patented 1963), a capsule inhaler that used a small propeller 
to create turbulence. It was necessary to find alternatives to the standard pMDI tech-
nology because the dose to be delivered exceeded the capability of pMDI metering 
valves. Intal (sodium cromoglycate) was launched in 1967 with the Spinhaler. Some 
years later a pMDI version was created, in fact using a lower dose. The following 
year, 1968, the remarkable bronchodilator actions of Salbutamol were described by 
Lunts,  working  at  Allen  and Hanbury’s.  Having  been  first  synthesized  in  1966,  
it  was  marketed  in  1969  as  Ventolin,  and  rapidly  became  the  most  prescribed 
 bronchodilator globally. Salbutamol was the first of the selective bronchodilators, 
relatively free from secondary effects on other systems. Salbutamol was formulated 
in  a  pMDI,  as  a  DPI  in  Rotahaler  and  then  Diskhaler,  as  well  as  in  nebulizer,  
tablet and syrup presentations. The Rotahaler, a dry powder capsule inhaler, simply 
required  twisting for a  loaded capsule  to be pulled apart and  the powder  inhaled 
through a mesh. The Diskhaler, represented an important step forward, because did 
not  require  reloading  for  every  dose,  it was  the  first multiunit  dose  dry  powder 
inhaler. This inhaler used a cartridge with foiled sealed premeasured doses that were 
perforated at the time of use to permit the drug to be inhaled.
In 1972 Allen & Hanbury’s marketed the first inhaled steroid, beclomethasone, 

in  the  same  inhalers  as  salbutamol.  Numerous  steroids  have  subsequently  been 
developed, and some have led to new inhaler developments. The Allen & Hanbury’s 
technology was refined and substantially improved in the Diskus (Accuhaler), which 
has proved outstandingly popular and was presented with both bronchodilator, anti-
inflammatory drugs and combinations of the two.
In 1980 Astra Zeneca launched a novel steroid, budesonide, in a new multidose 

dry powder inhaler that did not depend on each dose being isolated, but rather the 
drug substance kept in a reservoir from which individual doses were taken at admin-
istration. This device, the Turbuhaler, the work of Kjetil Wetterlin, also proved very 
popular and similarly has been presented with bronchodilators, a steroid and com-
binations thereof. Subsequently, new asthma dry powder developments have followed 
these  three  themes  described  above:  the  capsule  inhalers,  the multiple  unit-dose 
inhalers and the reservoir devices.
In 1986 ipratropium bromide was introduced, revitalizing treatment with anti-

cholinergics that had first begun with stramonium inhalation. In dry powder, pMDI 
and nebulized forms it created further therapeutic options.

Throughout the 1990s, the tantalizing scope for inhalation as a means of delivering 
proteins and peptides was being explored. Formulation technologies that permitted 
stabilization of the material and aerosolization of what were often quite large payloads 
were being developed. As a delivery route that avoided gastric enzymes and first pass 
metabolism, it was an appealing option for sensitive and often highly expensive bio-
logical drugs. Additionally with the prospect of rapid access to the brain, it was seen 
as a highly prospective route for pain relief. The introduction of a modern inhaled 
insulin product was seen as somewhat of a test case for inhaled delivery outside of 
respiratory medicine. Unfortunately,  the  commercial  results  of  the  Pfizer  Exubera 
product were disappointing and this setback has had a limiting impact on those seeking 
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to develop inhaled forms of systemic drugs, but there remains a number of pipeline 
endeavors that may yet restore the enthusiasm for inhaled systemic delivery.

As we have progressed through the history of inhalation we see several themes 
emerging:

 (a) The inventor moves from the independent (often afflicted) physician to the 
scientist/technologist working as part of a large team.

 (b)  Many  early  inhalers  are  based  on  adaptations  rather  than  on  design,  largely 
because the independent physician lacked design skills and know-how. Today, 
good design is at the core of inhaler development.

 (c)  Materials have extended possibilities – the advent of India rubber and plastics 
have opened new opportunities that have, in turn, necessitated the formation of 
specialist functions within inhaler development.
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Abstract The three major aerosolization systems comprised of nebulizers, 
 propellant based systems, and dry powder inhalers, each has unique physical 
 principles. A good understanding of these physical principles is required for the 
successful development. Therefore, in this chapter, several important empirical and 
scientific principles that include the particle generation, the formulation implica-
tion, and drug aerosolization mechanisms of each aerosolization systems are high-
lighted. Examples of particle engineering to achieve aerodynamically favorable dry 
powder aerosols are briefly discussed. Next generation inhaler products will be 
expedited if these physical mechanisms are understood.

Keywords  Aerosol droplets • Aerosol particles • Dry powder inhalers • Nebulizers  
• Propellant driven metered dose inhalers • Spray drying and mixing

4.1  Introduction

4.1.1  Background to Inhaler Technology Overview

Drug delivery by the pulmonary route offers many advantages with respect to oral 
or parenteral routes [1]. Briefly, these include local targeting, eliminate of first pass 
metabolism, and rapid absorption. An aerosol is defined as a collection of solid or 
liquid particles suspended in a gas. Therapeutic aerosols are directly delivered into 
the respiratory tract for local or systemic action. Although there is a very long his-
tory of anecdotal use of inhaled drug therapy, the commercialization of inhalation 
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products with manufacturing standards and stringent test procedure occurred in the 
last 50–60 years [2].

During the development of pharmaceutical inhalation technologies, three distinct 
categories of delivery system were evolved gradually including nebulizers, propel-
lant driven metered dose inhalers (pMDIs), and dry powder inhalers (DPIs) [3].

Among them, nebulizer has the longest history of use for delivery of therapeutic 
agents [4]. Nebulizers can be defined in terms of an aqueous solution or suspension 
formulation, an aerosol generating device, and an energy source (Fig. 4.1a). Unlike 
pMDIs  and  DPIs,  the  major  components  (solution/suspension  formulation  and 
device) of nebulizers are developed and marketed independently. The solution for-
mulation conforms to requirements for parenteral products with appropriate pH, 
tonicity, and other physical properties. Liquid systems provide ease of filling and 
flexible dosing. Polydispersed droplet particles are generated from a drug solution 
by either compressed air or ultrasonic-assisted atomization mechanisms [5]. A baf-
fle plate is typically installed to remove large droplet and enhance the production of 
smaller droplets. The aerosol mist is typically generated and inhaled for 10–20 min 
based on the rate of nebulization and the dose regimen. The extended period of time 
allows for a higher dose than pMDIs and DPIs. As nebulizers depend less on patient 
compliance than pMDIs and DPIs, they are often being used for hospital emergency 
care and/or pediatric patients.

Modern pMDIs (Fig. 4.1b) were first developed in the mid-1950s for the anti-
asthma therapy [2]. pMDI formulation consists of a drug solution or suspension of 
a high vapor pressure propellant (typically chloro- or hydrofluorocarbon), which is 
liquefied in a canister. A small amount of hydrophobic surfactant including oleic 
acid, lecithin, or sorbitan trioleate has been added to stabilize the formulation. The 
device is composed of a metering valve in the canister, and an actuator mouthpiece. 
Upon actuation, a metered dose is emitted through an actuator orifice where a plume 
of heterogeneous droplets is released. The vapor pressure of the propellant equili-
brating with atmospheric pressure provides the energy for shear thinning and evapo-
ration, two mechanisms of droplet formation [6]. pMDIs are small, portable, and 
contain multiple doses for repeated medication (typically >100 actuation). As the 
phase-out of ozone-depleting propellant (implementing of the Montreal Protocol), 
they are being reformulated with propellant such as HFA-134 and HFA-227 [7]. The 
same reason also spurs the development of DPIs.
Modern DPIs first appeared  in  the 1960s and 1970s [2]. The first commercial 

DPI was the Spinhaler® for the delivery of disodium cromoglycate to treat asthma 
[8]. As the advances of powder technology and device design occurred, more 
sophisticated passive and active DPIs appeared in the market. DPIs offer an alterna-
tive to pMDIs for aerosol therapy. It has been predicted that they may supersede 
pMDIs as the most popular and numerous devices [9]. All DPIs contain three basic 
features including a dry powder formulation, a drug aerosolization mechanism, and 
a metering system (Fig. 4.1c) [10]. The formulation contains either micronized drug 
alone or a physical mixture with a carrier powder, usually a-lactose monohydrate. 
The carrier functions primarily to increase powder flow, facilitate drug aerosoliza-
tion, and act as a bulking agent to increase volume for uniform capsule filling. The 
drug will be more stable in powder form. Unlike pMDIs,  the drug aerosolization 
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from DPIs does not rely on a liquefied propellant, so it is environmentally friendly 
and  requires minimal  coordination.  For  all  currently marketed DPIs,  the  energy 
required to disperse the powder mixture is provided by the patient’s inspiration. 
Drug aerosolization mechanisms include aerodynamic forces (drag and lift); inertial 
forces (impact, vibration, and rotation); and shear and friction forces [11].

Fig. 4.1 Schematic diagrams showing key features of: (a) nebulizer, (b) pMDI, and (c) DPI
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As the innovation continues, a range of efficient and portable nebulizers [12], 
reformulated environmental friendly pMDIs [13], and next generation DPIs [9, 14] 
are being developed and will be marketed in the next decade. Nevertheless, optimi-
zation of the inhalation drug delivery systems is a time consuming task because the 
overall performance of the dosage forms is dependent on a combination of the for-
mulation development, the design of the dosing device, and the proper aerosol gen-
eration mechanism. In reality, the procedure for product design relies heavily on 
empirical strategies based on existing marketed products. However, years of accu-
mulated aerosol product development has produced valuable theoretical bases that 
serve to accelerate the development of advanced aerosol drug delivery systems.

4.1.2  Origins of Particles: Milling and Spray Drying

Bulk drugs must be prepared in respirable size ranges for aerosol powder and sus-
pension  formulations.  Particle  engineering with  geometric  particle  sizes  ranging 
from 100 nm (ultrafine particles) to 100 mm (e.g., large porous particles) are consid-
ered for pulmonary drug delivery [15]. Particles in the aerodynamic size range of 
1–5 mm are considered respirable [16]. A variety of research methods have been 
developed for controlled aerosol generation and their theoretical principles have 
been readily established [5]. However, in industry, two most common methods of 
aerosol drug particle preparation are milling (destructive) [17] and spray drying 
(constructive) [18], which are suitable for both small- and large-scale processing.

Milling is a relatively simple and economical mechanical process for particle size 
reduction, which is aimed at enhancing drug dissolution rate, diffusion, and absorp-
tion from sites of delivery. In this sense, the milling for aerosol powder share similar 
intent with other solid dosage forms such as capsules or tablets. For pulmonary 
delivery, a more important purpose of milling is to achieve a suitable aerodynamic 
particle size for site-specific aerosol delivery [17, 19]. The drug particles obtained 
from conventional crystallization/precipitation techniques are often too large to 
inhale. Attrition (air jet) milling, for example, is one of the fundamental processes 
that reduces drug particles to less than 5 mm [20]. The mechanism of attrition mill-
ing involves energy transfer from air jet and particle–particle/equipment collisions 
that result in particle breakage. Aerodynamic classification removes large particles 
and narrows particle size distribution. Generally speaking, milling confers limited 
control of particle size distribution by selection of appropriate mills and milling 
conditions [17]. In many cases, the particle size distribution after milling will be 
log-normal, but distribution of varying breadth or multimodal distribution will also 
be possible [19]. Significant energies are expended in the milling process, most of 
which are dissipated as heat [17]. Milling is accompanied by surface area and 
molecular disorder increases, and potentially surface charge buildup, which may 
cause particle agglomeration. Some specialized milling process can be applied to 
overcome these problems. For example, milling at elevated humidity or wet milling 
may facilitate heat dissipation and in situ recrystallization [21]. As processing tech-
nologies advance, milling may achieve more controlled and predictable results.
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Spray drying is another important method of generating fine particles 
[18, 22–24]. The spray drying techniques for producing micron-sized powders for 
pulmonary drug delivery has been well recognized and enormous effort has been 
made since 1990s [21]. A pressurized drug solution or suspension is first atomized 
to a spray form and then in contact with a hot drying airstream, resulting in rapid 
evaporation and drying of the droplet to form solid particles. Coarse particles 
remain in the main chamber, while most of the fine particles are collected by 
cyclone separator. Compared to milling, spray drying offers more control over the 
physicochemical properties of powders because of the diversity of manipulatible 
operation variables in the atomization (e.g., nozzle type and position) [4, 25], 
 drying dynamics (e.g., airflow rate, droplet evaporation rate) [18, 23], and liquid 
properties (e.g., viscosity, surface tension) [18, 23]. These operation variables can 
be generated through interrelated parameters such as the inlet air temperature, the 
drying air flow rate, the liquid feeding rate, and the pressure of atomizing air [23]. 
For example, the diversity of particle morphology can be controlled by varying the 
drying dynamics [18]. Inhalation aerosols with good aerodynamic properties 
(e.g., flowability, dispersibility) can often be generated without excipients, while 
 co-spray drying with a wide range of excipients adds more flexibility for particle engi-
neering of this technique [22]. Spray drying also finds its use in heat labile materials 
such as protein or peptides, because of the cooling effect during rapid evaporation 
and short residence time [26]. The range of applications of spray drying is broad. 
Novel spray dried formulations such as from nanosuspensions and microemul-
sions are being developed for industrial processing [24]. A related technology, 
spray freeze drying, offers a drying alternative for compounds with low glass transition 
temperature [27–29].

Other methods of manufacture of inhalation aerosol particles include, but are 
not limited to controlled crystallization/precipitation [30, 31], specialized milling 
[19], supercritical fluid technologies [32, 33], etc. Each particle generation process 
has its advantages for producing desirable pulmonary drugs and drawbacks in con-
trolling powder properties. In the next step, the pulmonary drugs are formulated 
into different dosage forms for further processing. The fundamental aspects of 
sprays and powders before and after aerosolization will be discussed below 
(Sect. 4.2). Some particles with small aerodynamic sizes such as low density or 
elongated particles will be discussed in Sects. 4.3.4 and 4.3.5 of this chapter, 
respectively.

4.2  Sprays (pMDI, Nebulizer)

For the solution/suspension formulations used for nebulizers and pMDIs, the first 
requirement is the correct dose of each ingredient for the desired function and their 
mutual physicochemical stability and compatibility. The second requirement is the 
efficient and reproducible aerosol droplet formation. The formulation parameters 
controlling droplet production include the viscosity, surface tension, and vapor pres-
sure of the liquid.
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4.2.1  Solution/Suspension Formulation

4.2.1.1  Nebulizer

The nebulizer formulations are similar to those for sterile products used in  parenteral 
or ophthalmic administration. They are most commonly aqueous drug solutions. 
Suspensions in aqueous media have also been prepared such as corticosteroid sus-
pension [34], macromolecules (protein and other biotherapeutics [35]), liposomes 
[36–38], and noisomes [39]. Different aerosolization performances were observed 
using aqueous solution vs. suspension formulation [34]. The formulation design is 
usually based on empirical methods that consider both the pharmacological/ 
toxicological effect and the physicochemical properties (viscosity, surface tension, 
drug concentration) for efficient aerosolization. Ethanol is often used as a cosolvent 
to enhance drug solubility. Other additives such as glycerin, propylene glycol, surfac-
tants, and preservatives (e.g., EDTA) have been incorporated to enhance solubility 
and stability. Isotonicity and pH (3–8.5) suitable for pulmonary delivery are usually 
employed to prevent respiratory irritation and bronchospasm [40]. However, caution 
should be exerted when incorporating these additives in the nebulizer formulation 
because limited compounds are approved for lung delivery. Some, generally- regarded-
as-safe compounds for parenteral delivery are not suitable for lung delivery [39].
Compared to pMDIs or DPIs, nebulizers often give wider dose ranges [41]. Jet 

nebulizers are more popular in hospitals than ultrasonic nebulizers because they are 
less expensive and often potentially more efficient when nebulizing suspended 
spheres [41, 42]. Liposomal disruption, protein denaturation, or aggregation was 
previously reported when ultrasonic nebulizers were employed [42]. Some more 
versatile and efficient nebulizers that apply porous mesh or plates (see Sect. 4.2.2.1) 
can overcome the limitations associated with jet or ultrasonic nebulizers.

4.2.1.2  pMDI

In contrast to the nebulizers, the formulations for pMDIs are prepared as drug solu-
tions or suspensions in an inert and nonaqueous propellant [39]. The original pMDI 
employed chlorofluorocarbon (CFC) propellants 11, 114, and 12 [43]. The use of 
CFC propellants was limited in the late 1980s and eventually banned by 2009 in the 
United States for ozone-layer protection [44, 45]. They have been reformulated with 
hydrofluoroalkane (HFA) propellants 134a or 227 [46]. The physicochemical prop-
erties of propellant CFC and HFA are quite different from vapor pressure, density, 
hydrophobicity, solubility, and interfacial behavior (e.g., CFC 11 and HFA 134a 
have vapor pressure of 89 and 572 kPa at 20°C, respectively [47]). In this case, the 
optimal doses, excipient selection, and delivery parameter all need to be reassessed 
and new drug applications to be filed.

The toxicological profiles of many additives which are considered safe for oral 
or parenteral administration may render them inappropriate for lung delivery. 
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A limited number of excipients are approved for enhancing drug dissolution or 
stabilizing suspension [40, 48]. Three surfactants including oleic acid, sorbitan 
 trioleate (i.e., Span 85), and lecithin were previously approved to disperse respira-
ble particles in CFC suspension, whereas oleic acid is the only surfactant currently 
employed in the HFA systems [46]. Surfactants in suspension formulations can aid 
wetting, reduce electrostatic interfacial interactions, and provide steric barriers 
against flocculation [48]. They also function as valve lubricants. Other excipients 
such as oligolactic acids [49], menthol [50], have been investigated for their use in 
the HFA suspension. Ethanol is now being used in HFA systems as cosolvent to 
increase drug solubility and modulate propellant vapor pressure [40]. Water is gen-
erally viewed as an impurity in the nonaqueous pMDI systems. The moisture 
ingress can significantly change the interfacial interactions causing flocculation and 
crystal growth, which are detrimental to the drug aerosolization.

4.2.2  Droplet Formation

The physical forces governing the droplet production of nebulizers and pMDIs are 
surface tension and viscosity vs. aerodynamic forces. The formulation implication 
and the drug aerosolization processes of these two aerosol delivery systems will be 
discussed.

4.2.2.1  Nebulizer

Three types of nebulizers exist in the market based on their aerosol droplet forma-
tion mechanisms: the compressed air-assisted [4, 51], ultrasonic energy [42, 52], 
and vibrating-mesh nebulizers [53, 54].

The air-jet nebulizer works when a compressed airflow passes over a short sec-
tion of liquid surface supplied by a capillary tube. Venturi (Bernoulli) effect results 
in a pressure gradient that draws the solution/suspension from the reservoir to the 
tube exit [17]. Droplet formation (nebulization) occurs when a certain levels of 
aerodynamic forces (turbulence and shear force) reached to overcome the internal 
forces (surface tension and viscosity) acting on the droplets. The air-jet nebulization 
is influenced by the fluid feeding rate, the baffle design, the angle of entrainment of 
the solution/suspension into the gas, and the physicochemical properties of the solu-
tion/suspension [4]. Two types of nozzles are applied. The internal mixing type has 
the airflow mixing with the liquid prior to leaving the nozzle exit port, whereas the 
external mixing type mix after leaving the nozzle [4].

The key component of ultrasonic nebulizer is a piezoelectric crystal transducer. 
It generates oscillatory motion at a high frequency (1–3 MHz [42]) when alternating 
electric current is applied. The oscillatory energy is transmitted into the liquid and 
results in low velocity aerosol droplets [42]. Two mechanisms were proposed for the 
processes of liquid disintegration: the capillary wave and the cavitation mechanisms. 
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In the former mechanism, the vertical capillaries are formed when surface waves 
constructively interfere. When the amplitude of the applied energy reaches a thresh-
old, the capillaries break up into droplets [55, 56]. The threshold amplitude, A, is 
related with the kinematic viscosity v, the acoustic frequency f, and the capillary 
wavelength l [57]:
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where s is the surface tension. The count median diameter, CMD, of the formed 
droplets was found experimentally to be proportional to capillary wavelength [55]:

 0.34CMD l=  (4.3)

The cavitation mechanism proposed that cavitation bubbles were formed when 
oscillatory motion was transmitted into liquid and transcended to the air–liquid 
interface, causing their implosion and droplet formation [42]. It is likely that the 
droplet formation results from both proposed mechanisms.

The aerosol generating mechanism of vibrating-mesh nebulizer is similar to the 
vibrating orifice aerosol generator described by Berglund and Liu [58]. In addition, 
it requires a porous mesh with a large number of tapered orifices, several microm-
eters in diameter. Alternating pressure in the fluid near the mesh causes the liquid to 
be ejected through the nozzles. Two types of vibrating-mesh nebulizers exist in the 
market. The passively vibrating-mesh nebulizer (e.g., Omron MicroAir nebulizer) 
induces vibrations in a porous mesh, which “passively” break up liquid into droplets 
[59]. The actively vibrating-mesh nebulizer (e.g., Aeroneb Pro nebulizer) employs 
a vibrating element that results in upward and downward movement of the mesh by 
a few micrometers, extruding the fluid and generating the aerosols [53]. The vibrat-
ing-mesh nebulizers have been widely used in hospital because of their advantages 
including controlled droplet size (see below), narrower size distribution, low resid-
ual losses, and high output rate [54].

Droplet size is an important parameter that affects lung deposition. The primary 
droplet size is a function of several factors including the dimensions and geometry 
of nozzles, physiochemical properties of the liquid (surface tension, viscosity, and 
density), volumetric air/liquid feeding ratio, and the inclusion of suspended parti-
cles [54, 59].

For air-jet nebulizers, the primary droplet size, d, can be estimated using linear 
stability analysis of air flowing across water, given by [51]:
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where V is the relative velocity for the air–liquid interface, s is the surface tension 
of the liquid, and r

g
 is the density of the air [51]. The primary droplet size was esti-

mated to be 3–32 mm [51]. There are several other empirical equations for primary 
droplet size estimation, but the estimated size range differs greatly [4].

One of the advantages of vibrating-mesh nebulizers is their versatility to modify 
droplet size. The primary droplet diameter, d, can be calculated directly from the 
ratio of the liquid feed rate, Q, to the frequency of vibration, f, assuming the same 
droplet density, r

p
, as that of the bulk material [5]:
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where c is the mass concentration of the solute per unit volume of the solution.
The primary droplets are often unstable and tend to break up into smaller drop-

lets. Two processes cause these primary droplets to break up into smaller droplets in 
jet nebulizers: the aerodynamic forces resulting from relative velocity between the 
droplet and its surrounding air; and impaction on baffle [51].

The critical diameter, d, of a droplet to breakup can be estimated from two non-
dimensional parameter, Weber number (We) of the droplet, by equating the Newton’s 
resistance equation for aerodynamic drag and the surface tension; and Reynolds 
number (Re) of the droplet, as shown in [4, 60]:
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where r
g
 and r

L
 are the density of air and droplet, respectively; g

L
 is the surface ten-

sion of the liquid; h
L
 is the viscosity of the droplet; V is the relative velocity between 

the droplet and the airstream; C
D
 is the coefficient of drag. If the viscous force of the 

liquid droplet is not accounted for (which is valid for most nebulizer formulations), 
the estimated critical Weber number for the droplet to breakup is about 18 [4]. Finlay 
described several scenarios of droplet deformation such as “vibrational bagging,” 
“sheet stripping,” “crest stripping” when the droplets are subjected to abrupt aerody-
namic loading. These scenarios fall into different regimes of Weber number [51, 61].

Baffles are used in the nebulizers for several purposes: to recycle the solution; to 
facilitate secondary droplet formation by impact; to control the size distribution by 
aerodynamic selection; to slow the droplet velocity. The baffle collection efficiency 
can be expressed using the inertial impaction theory for curvilinear motion [62]:
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where d
50

 is the droplet diameter having 50% collection efficiency; Stk
50

 is the 
Stokes number having 50% collection efficiency, which is 0.24 for circular nozzle 
[62]; h the air viscosity, r

L
 the density of droplet, V the velocity of droplet, D

j
 the 

nozzle diameter, and C
c
 Cunningham slip correction. The critical diameter that a 

primary droplet can splash into smaller droplets when impacting on the baffle is 
determined by the droplet velocity, density, surface tension, and viscosity [51].

The mass output rate and the nebulizer efficiency are two more important param-
eters with nebulization. The total mass output rate (solution) is intrinsically deter-
mined by the nebulizer design including the nozzle system, baffle, and reservoir [4]. 
The nebulizer efficiency (i.e., the fraction of the solute drug in the nebulizer that is 
delivered to the patient) increases with increased airflow rate, increased solution 
concentration, or decreased liquid viscosity [4, 51]. The simplest way to determina-
tion of solution output is by weighing nebulizer during nebulization (gravimetric 
measurement). But the seemingly straightforward method is not simple because of 
evaporation. The gravimetric measurement is often compared with a “standing 
cloud” measurement which is an assay that determines the quantity of drug captured 
on the filter when nebulizing [63].

4.2.2.2  pMDI

pMDI works by quick evaporation and shear thinning of the propellant into liquid 
droplets that vaporize and leave the residual nonvolatile drug in the form of aerosol 
powder particles of respirable size range. The fluid dynamics associated with pMDI 
actuation is a complex, turbulent, multiphase nonequilibrium to equilibrium pro-
cess. Typical Reynolds numbers are several hundred thousand at pMDI stem and 
nozzle [51]. The localized pressure fluctuations can result in eddy  formation and 
cavitation [51]. As the propellant vaporizes, an appreciable heat transfer may lead 
to temperature drop in the metering chamber as well [51]. The actual droplet forma-
tion process is not entirely understood. A quantitative characterization of this aero-
solization process from a fundamental viewpoint remains elusive.

However, there are some simplified theories derived from the engineering terms 
and empirical estimates. The emission forces of the droplets from the pMDI are 
derived from the pressure gradient between the propellant and atmosphere. High 
velocity emission is generated when the propellant vaporizes upon dynamic equilib-
rium with atmospheric pressure, leaving cavities filled with propellant vapor. This 
vaporization is usually referred to as “cavitation” [51]. The volumetric flow rate (Q) 
and the linear velocity of the fluid (V) can be determined by [64]:
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where C
D
 is the coefficient of discharge, a

0
 is the orifice area, a

1
 is the inlet area, 

r is the density of the propellant, and DP is the pressure drop across the nozzle. 
An empirical estimation of the critical bubble radius, R

c
, for cavitation can be esti-

mated by [51]:
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where g
LV

 is interfacial tension of the propellant liquid/vapor, q is the contact angle, 
p

s
 is the saturation vapor pressure of propellant, and p is the atmospheric pressure. 

Among them, g
LV

 and p
s
 are functions of temperature. This equation indicates that 

cavitation is a function of surface tension and temperature. As the primary propel-
lant droplets are formed, an empirical relationship between mass median droplet 
diameter, D

i
, and atomizer conditions can be demonstrated by [16, 51, 65]:
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where C
s
, m, and n are three constants; Q

e
 the mass fraction of vapor phase in the 

expansion chamber, P
e
 and P

A
 are the pressure downstream of discharge orifice and 

atmospheric pressure, respectively. Estimates of Q
e
 and P

e
 can be made using adia-

batic, isentropic one-dimensional analysis of the flow [25, 65]. The mass median 
diameter can also be derived empirically as a function of droplet Reynolds number, 
Re, and orifice diameter, d

0
 [64]:
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Similar to the secondary droplet formation in nebulization, the pMDI secondary 
droplets form when rapid moving droplets traverse a stagnant gas phase. (Note the 
distinction that airflow travels faster than droplet in nebulization). The behavior of 
the secondary droplets can be predicted using empirical correlation described by 
Shraiber, assuming gradual aerodynamic loading [51, 61]. The diameter of droplets 
is dependent on the types of deformation which are associated with different regime 
of Weber number [61]. The velocity of the droplet as a function of time, V(t), can be 
estimated using the empirical correlation [51]:
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where V
0
 is the initial droplet velocity, C

d
 is the coefficient of drag, r

g
 and r

L
 are 

density of air and droplet, respectively, d is the primary droplet diameter before 
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breakup, and t
0
 is the time scale for growth of the Rayleigh-Taylor instability. 

Droplet breakup time and the distance traveled before breakup can then be esti-
mated correspondingly, depending on the types of deformation that can occur [51]. 
These parameters can influence the lung deposition efficiency. For example, if the 
droplet traveling distance is too long, the droplet will end up deposited in the 
oropharynx before breakup. High exit velocities and breakup distance smaller than 
the pMDI orifice-oropharynx are considered beneficial for improving lung deposi-
tion [64]. The lung deposition efficiency and reproducibility of pMDIs are typically 
evaluated  by  inertial  sampling methods,  similar  to DPIs  [66]. The term emitted 
dose, fine particle mass (or fraction), and mass median aerodynamic diameter are 
frequently used. Many pMDIs have spacers to increase pulmonary deposition and 
reducing oropharyngeal drug deposition [67]. This is because of the increased dis-
tance from the nozzle to the back of the oropharynx, reduced impaction in the 
mouth-throat by lowering the Stokes number, and prolonged time for secondary 
droplet formation and evaporation.

4.2.3  Evaporation

The liquid droplets generated by nebulizers and pMDIs evaporate to come into equi-
librium with the surrounding air. The evaporation rate of the droplets, by diffusion, 
is expressed by [62]:
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where D is the diffusion coefficient of water vapor in air, M is the molecular weight, 
d

p
 is droplet diameter, r

p
 is the density of the droplet, p∞ and p

d
 are the partial pres-

sures at the ambient and droplet surface, T∞ and T
d
 are the ambient and droplet sur-

face temperatures, and R is the gas constant. Evaporation occurs when the partial 
pressure of the ambient is less than that at the droplet surface. The droplet is cooled 
by the heat of evaporation. In nebulizer, because most of the droplets are recycled, 
the nebulizer solutions in the reservoir are cooled and concentrated as the evapora-
tion continues. In the pMDI, the rapid expansion of propellant vapor in the metering 
chamber and the continued post-nozzle evaporation cool the droplets. Finlay showed 
that in order to reasonably predict the behavior of the droplets generated by pMDI, 
a correction to account for Stefan flow is needed because of evaporation [51].

4.2.4  Aggregation of Suspension Aerosols

The nebulized or pMDI droplets containing the suspension differ from those of 
the solution because the suspension droplets contain relatively few particles. 
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The  number of particles per droplet will depend on the relative size of the droplets 
and particles, and the concentration of the suspension [68]. Due to the evaporation 
of dispersant (i.e., water or propellant), the drug particles form aggregates, which 
will alter the particle size distribution from that of the primary drug particles. By 
assuming the uniform distribution, monodisperse and spherical primary drug parti-
cles in droplets, the average number of particles in the aggregate and the variance of 
this number can be calculated from the Poisson probability distribution [69, 70]. In 
systems that the primary drug particle diameters are much smaller than the droplet 
and relatively high average number of particles per droplet, the aggregate size dis-
tributions are essentially log-normal with the same geometric standard deviations as 
the droplets [69, 70]. A significant increase in the drug mass median aerodynamic 
diameter as a result of aggregation has been predicted [70, 71]. However, when the 
ratio of the droplet diameters is small and the suspension concentration is high (i.e., 
when the droplets are too small to accommodate the number of primary particles), 
the aggregates will deviate from log-normal distribution [70].

4.3  Powders

Powder formulation is one of the key components in DPIs. Unlike the situation with 
liquid droplets, the solid particles have limited molecular mobility. They are rigid 
and resistant to stress. The surface molecules of the solid cannot immediately 
rearrange to equilibrium with the bulk. Consequently, the surfaces of the particles 
are highly conditioned by their past history such as the particle formation 
(Sect. 4.1.2), processing (milling and blending), and storage conditions (humidity). 
Particle  engineering  (e.g.,  the manipulation  of  particle morphology),  if  applied 
correctly, can produce powders with good aerodynamic properties for drug aero-
solization and deposition. A brief discussion of the fundamental particulate inter-
actions, powder mixing, the fluid dynamic, and a few examples of particle engineering 
including low density porous particles (Sect. 4.3.4) and elongated particles 
(Sect. 4.3.5) to enhance drug delivery will be enlightening.

4.3.1  Particulate Interactions

The fundamental adhesive and cohesive physical forces involved in macrobodies 
such as colloids, microparticles and surfaces, namely the interparticulate inter-
actions, are similar to those at the molecular level [72]. These attractive physical 
forces in DPI formulations are mainly classified as van der Waals, electrostatic, and 
capillary forces [10]. For rigid and surface homogeneous spheres, interparticulate 
van der Waals forces can be described as [10]:
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where A is the Hamaker constant (typically ~10−19 J), R
1
 and R

2
 are the particle 

radius, and h is the separation distance. Van der Waals forces are effective only 
within a separation distance less than 100 nm [73]. They decay rapidly as separation 
distance increases and the corresponding decrease of Hamaker constant, known as 
retardation effect [72]. Therefore, van der Waals forces are quite sensitive to particle 
shape and surface roughness change. The change of surface roughness can change 
van der Waals forces by several orders of magnitude.

Electrostatic forces can be attractive or repulsive. They occur by means of con-
tact charging, coulombic interaction, and induced charging. Contact charging occurs 
during contact between uncharged and unlike particles by electron transfer until 
equilibrium state of the Fermi level is achieved. The magnitude of the contact poten-
tial force (F

c
) may be expressed as [10]:
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where q is the particle charge on detachment from a substrate and A is the contact 
area between the particle and the substrate.

Coulombic forces occur when two charged particles are brought together. Either 
attraction or repulsion is possible depending on the electrical charge signs. The 
magnitude of Coulombic forces may be expressed as [74]:
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where q
1
 and q

2
 are the electrical charges on the two particles, respectively, e is the 

permittivity, and h is the separation distance.
The induced charging occurs when a charged particle, q, approaches an 

uncharged particle of radius R. The magnitude of induced charging forces may be 
calculated as [74]:
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where h is the separation distance and e
0
 is the permittivity.

Capillary forces rise between particles following capillary condensation of water 
vapor at high relative humidity (RH). The Laplace pressure develops due to the 
water meniscus formed in the contact zone that pulls particles together. The capil-
lary forces between two spherical particles may be described as [72]:

 4 * cos 4 * ,c L SLF R Rp g q p g= +  (4.22)
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where F
c
 is the capillary force, R* is the harmonic mean of the particle radii, g

L
 is 

the surface tension of water (72.8 mN/m at 20°C), g
SL

 is the solid–liquid interfacial 
energy, and q is the measured contact angle that water is supposed to form with the 
particle surface.

The magnitude of adhesive forces between two rigid and smooth spheres were 
compared [75]. At a distance of typical pharmaceutical powder (e.g., separation 
distance ~5 nm), van der Waals forces are about 1–2 orders of magnitude larger 
than electrostatic forces. Capillary forces are significantly higher than both van der 
Waals and electrostatic forces, but only prevail at high RH (e.g., RH > 65%) [75, 
76]. Electrostatic forces are “long” range forces compared to van der Waals forces, 
but decay quickly at high RH [77]. Although the quantification of particulate adhe-
sion between ideal spheres appears to be straightforward, the measured forces are 
not directly translatable to aerosol performance. This may be attributed to the com-
plexity of real particles, which are inherently heterogeneous. In reality, the particu-
late adhesion is complicated with a variety of factors including surface asperities, 
contact deformation, surface energy heterogeneity, and effect of elasticity and 
plasticity.

Alternatively, the description of particulate adhesion can be achieved by thermo-
dynamic approach relating to surface energetics. The advantage of introducing sur-
face energy is that elastic deformation of the particle is readily included [78, 79]. 
For noncomforming elastic particle surfaces, two models including the Johnson-
Kendall-Roberts (JKR) [78] and the Derjaguin-Muller-Toporov (DMT) [79] have 
often been used to determine the pull-off forces.

 
* when 1.5 for JKR; n = 2 for DMT= =ad adF n R W nπ  (4.23)

where F
ad

 is the adhesion force (N), R* is the harmonic mean of the particle radii (m), 
and W

ad
 is the work of adhesion (N/m). The DMT model is appropriate for hard mate-

rial with low surface energies and high elastic moduli (Young’s modulus >109 N/m2), 
and considers attractive force beyond the contact region. The JKR model is for softer 
material and neglects the attractive force outside the contact circle.

4.3.2  Mixing (with Lactose or Other Excipients)

Many DPI formulations function by using interactive physical mixtures of micronized 
drug particles (typically 1–5 mm) and carrier particles (typically 75–200 mm a-lactose 
monohydrate) [40]. Mixing is a basic pharmaceutical process. However, the funda-
mental physics of the mixing is not yet fully understood. The performance of mixing 
is still based on empirical principles. Unlike molecular diffusion in gas or liquid that 
would occur spontaneously and completely at given time, the mixing (or demixing) of 
powders do not occur without an energy input [17, 80]. Mixing is a considered a sta-
tistical process that involves relative displacement of particles of one component with 
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another component until a state of homogeneity is achieved [17]. The degree of 
homogeneity can be estimated by evaluating the sample variance ( 2

ss ) [17, 81]:
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where x
i
 (i = 1, 2,…, N) is the composition in the ith sample taken randomly (e.g., 

employing sample thieves [82]) and sx is the sample mean. More detailed discus-
sion of sampling methods and homogeneity analysis was reviewed previously 
[83–86]. A concept that distinguishes randomized mixing with ordered mixing is 
worth mentioning [87]. In randomized mixing, two powders of identical size, shape, 
and surface texture are mixed. No interactions (adhesion or cohesion) are involved. 
Therefore, the state of uniformity that obeys the probability law is expected. 
However,  DPI  formulation mixture  (e.g.,  a  drug-carrier  binary  system)  contains 
 particles having two different size distributions. The heterogeneity of surface 
 morphology and energy distribution determines the local sites of adhesion. In such 
mixture, the randomized distribution is disturbed [74]. This type of mixture is often 
called “ordered mixture” or more precisely “interactive physical mixture” [87, 88].

The mechanisms of mixing include convective (large-scale random motion), dif-
fusive (small-scale random motion), and shear (momentum exchange due to veloc-
ity distribution) mixing depending on the mixer in use and mixing time [17, 81]. 
Mixing is a time-dependent process, its rate for any mechanism can be expressed by 
a first-order kinetics as [17]:
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where M, the mixing index, is defined as:

 = ,rs
M

s
 (4.27)

where s
r
 represents the standard deviation of a series of samples drawn from a 

 random mixture, s is the standard deviation of samples drawn from the mixture 
under examination, and k is the rate constant (s−1) dependent on the material, mixer 
geometry, and operation. The power (P) requirement for mixing is determined by 
the following [81]:

 2 ,P Tpw=
 

(4.28)
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where T is the axial torque for rotating the mixer or impeller, w (rps) is the rotational 
speed, and E (J) is the energy input between time t

1
 and t

2
.
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Segregation, known as the competing mechanism and opposite of mixing, has 
been studied extensively [89, 90]. The mechanisms of segregation can be classified 
as: (1) percolation; (2) trajectory effect; (3) rolling effect; and (4) push-away effect 
[89]. Segregation may result in poor blend homogeneity, especially when the drug 
concentration is high and carrier surfaces are saturated [91]. A narrower size distri-
bution of carrier particles can greatly increase the mixing efficiency and avoid seg-
regation [91]. Increasing the interparticulate adhesion forces such as opposite 
charges between drug and carrier particles could also minimize segregation and 
stabilize the blends [92, 93].

4.3.3  Fluid Dynamics of Dry Powder Aerosols  
(Particle Motion in Airflow)

When a dry powder formulation turns into aerosols by inhalation, two different 
processes occur in the airways: drug aerosolization and deposition. The former pro-
cess occurs when a static powder bed is pneumatically actuated in the DPI device 
and the latter, when the aerosolized particles enter and attach to airway walls. These 
two processes will be discussed later separately.

4.3.3.1  Drug Aerosolization

The  aerosolization  of  carrier-based  DPI  formulation  occurs  in  four  concurrent 
phases from static powder bed, dilation, fluidization, to drug resuspension. The 
mechanisms of fluidization and deaggregation vary greatly, depending on the device 
construction and inspiratory flow maneuver. They may include capillary fluidiza-
tion, laminar/turbulent shear fluidization and deaggregation, momentum transfer by 
collision and rotation, and turbulent deaggregation [75]. The drag (F

D
) and lift 

forces (F
L
) to overcome particle–particle or particle–wall adhesion can be expressed 

as below [75]:
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where the terms on the right-hand side of the equation, in order from left to right, 
represent the drag force, the force due to static pressure gradients in the flow, the 
Magnus force, Saffman force, centrifugal force, and gravity force [75]. The predomi-
nating force acting on a particle is the drag force. The Saffman lift force is caused by 
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velocity gradient of the fluid, the Magnus force is caused by particle  contact and 
rebound from a wall, the centrifugal force can be expressed as F

c
 = 0.5 m

p
w2D

c
, where 

m
p
 is the mass of drug particle, and D

c
 is the diameter of the carrier particle.

One way to incorporate different forces of deaggregation is the application of 
energy function. The aerodynamic aerosolization is directly related to the fluid 
energy dissipation rate, e, adequate measurement of which is the magnitude of vis-
cous turbulent shear stress [94]. The shear stress, t

s
, can be calculated by applying 

the Kolmogorov theory in a nozzle flow [94]:
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where uá ñ  is the root-mean square velocity fluctuation of the nozzle velocity u, D 
is the nozzle diameter, h and n are the dynamic and kinematic viscosity of air, 
respectively. Several other aerodynamic parameters such as Reynolds number, pres-
sure drop, and power are often useful for characterizing the aerodynamic properties 
in the DPIs.

A more general equation that considers the whole shear field in airflow can be 
expressed as Newton’s resistance equation and a corresponding initial kinetic energy 
of moving objects [75]:
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where C
d
 is the drag coefficient, r

a
 and r

p
 are the density of air and aerosol particle, 

respectively, d is the particle diameter, and V is the airflow velocity. The impaction 
and momentum transfer play a significant role in deaggregation because they’re 
proportional to the d3 [95, 96]. Friction forces may also play a role at initiation of 
powder dispersion and to some extent during aerosol delivery [97].

4.3.3.2  Drug Deposition

Airflow in the respiratory system is complex. The understanding of the local aerody-
namics derives mainly from experimental studies using physical models of lung 
airway. In Weibel’s model, 23 generations of the airway from trachea to alveolar 
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sacs were designated [98]. An estimate of an average adult’s airflow indicates that 
flows in the upper airway are turbulent to transition region, while the 16 generation 
and below are laminar flow, as is indicated by Reynolds number (Re) [98]. The 
dynamics of particles in the lung airway fall in the Stokes’s regime for particle diam-
eters larger than 1.3 mm [10]. Particle movement in this size regime follows Stokes’s 
law. Equating the aerodynamic drag force with the Stokes’s law result in the termi-
nal settling velocity, V

TS
, in a laminar condition and neglecting slip correction [62]:
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where r
p
 is the particle density, d

e
 is the equivalent volume diameter (diameter of a 

sphere having the same volume as that of the irregular particle), h is the viscosity of 
air, and c is the dynamic shape factor. Reynolds number of particle is defined as:
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h
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where d
p
 is the particle diameter, V is the relative velocity between particle and 

airflow.
Particles dispersed in airflow follow curvilinear motion. The trajectory of a par-

ticle departs slightly due to a variety of physical forces such as inertia, gravity, and 
electrostatic force. Mechanisms of particle deposition in the respiratory tract include: 
(1)  Inertial  impaction;  (2)  Gravitational  settling;  (3)  Brownian  motion;  (4) 
Interception; (5) Electrostatic forces. Turbulent deposition may happen in the upper 
respiratory tract, but will not be discussed here.

Deposition by inertial impaction is the main mechanism for larger particles 
(>5 mm) with high velocity. This mechanism occurs at the curvature when the air-
flow is deflected. While smaller and slower particles can move along the streamline, 
the larger and faster particles are unable to follow the streamline due to inertia. A 
parameter that determines the deposition efficiency is the Stokes number [62, 99]:
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where t is the relaxation time, d
p
 and V are the particle diameter and velocity, respec-

tively and C
c
 is the Cunningham correction factor.

Gravitational settling (sedimentation) is governed by Stokes’s law. Particle diam-
eters between 0.5 and 3 mm are deposited in the bronchial and alveolar regions by 
this mechanism. Both inertial impaction and gravitational settling are dependent on 
the relaxation time (t) of the particle, which is defined as [62]:
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Increased gravitational settling occurs by either breathholding or slow tidal 
breathing [99].

Brownian motion (diffusion) dominates the deposition of particles smaller than 
0.1 mm. The rate of diffusion, according to the Stokes–Einstein equation, is propor-
tional to the temperature and inversely proportional to the particle size and air 
viscosity.

Interception is mainly referred to elongated particles which are discussed in 
Sect. 4.3.5. It should be noted that the deposition occurs when several mechanisms 
act simultaneously. A thorough discussion of all the deposition mechanisms has 
been included in several books [62, 99, 100].

4.3.4  Low Density Porous Particles

As seen above, the aerodynamic particle size determines the regional deposition in 
the lung. There are three ways to affect the aerodynamic diameter of a particle: 
change of particle size, density, or dynamic shape factor. This can be clearly seen 
from the definition of aerodynamic diameter, d

a
, given by [62]:
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where d
e
 and d

s
 are the equivalent volume diameter and stokes’s diameter, respec-

tively and r and r
0
 are particle density (void included), unit density (1 g/cm3), 

respectively. c is the dynamic shape factor that applied to Stokes’s law (see 
Sect. 4.3.5 below).

Low density particles achieve small aerodynamic diameter by reducing particle 
density (mass) while maintaining the equivalent volume diameter. The dynamic 
shape factor may also increase due to the increase in aerodynamic drag. It is hypoth-
esized that low density particles significantly reduce particle–particle interactions 
because the asperities prevent close contact of particles within van der Waals region 
[75]. Enhanced powder fluidization and drug aerosolization may lead to increases in 
drug delivery efficiency and reduction in the inspiratory flow rate dependency [101, 
102]. Some porous drug particles without carriers were also developed [103]. Porous 
particles have been evaluated for their ability to stabilize suspensions in pMDI [104, 
105]. Because their projected areas are greater than ordinary particles of the same 
mass, they experience greater aerodynamic drag force to reduce particle velocity. 
Therefore, deposition to the oropharyngeal region by inertial impaction is greatly 
reduced [18].
Porous particles can be produced by creating void inside the particles, forming 

porous matrix or/and hollow spheres [106]. The particle density and geometric size 
can be manipulated by varying the volume fraction of the pore-forming agent and 
processing conditions [15]. A variety of low density particle preparation conditions 
have been reviewed [15].
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4.3.5  Elongated Particles

Elongated particles such as fibers have high aspect ratio (length/diameter). These 
particles have interesting airborne and physiological characteristics. The dynamic 
shape factor given above is defined as:

 & 3
D

e

FThe actual resistance of  nonspherical particle

Resistanceof a spherehavinghaving thesamevolume velocity Vd
c

ph
= =  (4.40)

where F
D
 is the actual resistance force of fiber, h is viscosity, and V is particle velocity.

While flowing in the airway, elongated particles are predominantly aligned with 
streamlines with their long axis. Therefore, they have aerodynamic diameters (d

a
) 

that are mainly decided by their short axis (diameter). It is well known that elon-
gated particles such as asbestos and mineral fibers are able to deposit in deep lung 
(alveolar region) because of their small aerodynamic diameters and the mechanism 
of interception. Once deposited, they have less chance of being cleared by mac-
rophage due to large length [62]. Because of these characteristics, the use of elon-
gated particles for drug delivery has attracted much attention. There are quite a few 
reports that elongated drug [107–110] or carrier [111, 112] particles enhance aero-
solization performance exemplified as increase in fine particle fraction. However, 
the enhanced performance relies on the loose agglomeration of the fiber to facilitate 
fluidization and deaggregation during actuation. The performance could be poor 
when the fibrous particles are in contact along their length [106]. Powder flow is 
adversely influenced by increasing elongation ratio, which may also cause process-
ing problems such as reduced content uniformity. Moreover, reduced surface energy 
due to polymorphism may also contribute to enhance the performance [113].

A key point for predicting the aerodynamic behavior of elongated particles is the 
estimation of their aerodynamic diameter. The theoretical expressions of aerody-
namic diameters of fibers are based on the viscous drag of prolate spheroids or 
cylinder [69]. Relating the definition for terminal settling velocity (V

ST
), the aerody-

namic diameter (d
a
) can be expressed as [69]:

 0

6
,a

D

V
d

d

r
p r

=  (4.41)

where r and r
0
 are particle true density and unit density (1 g/cm3), respectively, V is 

particle volume, and d
D
 is diameter of a sphere with the same viscous drag as the fibrous 

particle. Assuming the aerodynamic behavior of a fiber (e.g., prolate spheroid) in the 
human respiratory tract follows randomly oriented flight, Eq. 4.41 is converted to [69]:
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where L and d are the fiber’s length and diameter, respectively.
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4.4  Conclusion

Modern respiratory drug delivery has evolved three aerosolization systems: nebu-
lizer, pMDI, and DPI. Each system has its unique field of technologies and physical 
principles. As a steady increase of new marketed aerosol products in recent decades, 
a good understanding of the aerosol formulation and device design is required for 
the successful development of these systems. In this chapter, several important 
empirical and scientific principles that include the particle generation, the formula-
tion implication, and drug aerosolization mechanisms of each aerosolization  systems 
have been highlighted. Examples of particle engineering to achieve aerodynami-
cally favorable dry powder aerosols are briefly discussed. We believe that the design 
and development of next generation inhaler products will be expedited if these 
mechanistic physical understandings are correctly implemented.
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Abstract The lung anatomy and physiology is well adapted to handle exogenous 
aerosols and rapidly process them for clearance. Only in a few circumstances in 
nature are these defenses breached, with dire consequences, as in the case of asbes-
tos. For controlled drug delivery to the lung, however, the goal is to slow or evade 
these clearance mechanisms using biocompatible systems that elicit no inflamma-
tory response but allow modulated drug release. In this chapter, we introduce briefly 
the principles of the lung clearance mechanisms including mucociliary, absorptive, 
phagocytic, and metabolic clearance. Then, we review the literature and present the 
current and emerging approaches to effectively control release in the pulmonary 
system. These approaches include manipulating drug deposition site, modifying 
drug absorption rates, eluding macrophage uptake, and controlling degradation of 
the therapeutic agent.

Keywords  Avoiding  •  Controlled  delivery  •  Clearance  •  Lung  •  Phagocytosis  • 
PEGylation • Pulmonary • Sustained release

5.1  Introduction

Development of administration methods that allow patients to safely treat themselves 
and maintain good compliance with a therapeutic regimen is important for cost-
effective healthcare development. This is also particularly in poor countries where 
doctors clean syringes, sterile needles, and sophisticated treatments are rare [81]. 
With conventional immediate release formulations, the concentration of the drug 
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has an initial high peak and then declines rapidly, often below the minimum thera-
peutic level [57, 81]. Consequently, for drugs whose actions correlate with their 
tissue and blood concentrations these fluctuations in the drug levels may cause 
unacceptable side effects at the peaks, followed by insufficient therapy in the troughs. 
By contrast, regulating the rates of drug release offers numerous advantages over 
conventional dosage forms [56]. Some of these advantages are described below:

 1. Controlled release of drugs results in a reduction in the frequency of the drug 
administration and should encourage patients to comply with the dosing 
instructions.

 2. The drug could be released in a targeted region, which could maximize drug 
efficacy.

 3. Systemic exposure of drug could be reduced upon its targeting to the desired 
environment. This results in decreasing the systemic side effects of the drugs 
(especially for toxic drugs).

 4. The controlled release formulations enable the drug to be protected from the 
physiological environment for longer durations. Consequently, the effective resi-
dence time of the drug should be extended.

Controlled drug release to the lung is an emerging research field that may offer new 
opportunities for product development, product line extensions, and enhanced clinical 
responses for both local and systemic treatments. However, due to the efficiency of 
lung clearance mechanisms, our ability to control release of drug within the lung is 
considered one of the major challenges in pulmonary drug delivery [65, 98]. The 
kinetics of drug within the airways, following deposition as an aerosol, is controlled 
by both the physicochemical properties of the drug and location of deposition within 
the lung and has been discussed in Chaps. 2 and 6. As a consequence of these clear-
ance mechanisms, researchers are very limited in their capacity to: (i) change lung 
residence times, (ii) overcome clearance mechanisms, and (iii) modify drug–lung 
microenvironment interactions. However, utilizing the current understanding of 
lung–particle interactions, there are some strategies evolved to overcome these limi-
tations. Using formulation approaches, for instance, pulmonary controlled release 
can be achieved using liposomes, polymeric microparticles, swellable microgels, 
density modified particles, complexation, and drug conjugates. These drug delivery 
systems will be discussed with respect to their ability to control the release of drug 
in the lung and their specific applications. Also, some potential issues in develop-
ment and manufacture of these systems will be reviewed.

5.2  Clearance Mechanisms Within the Lung

The rate of drug release in the lung is determined by various factors. These factors 
include the physicochemical characteristics of the drug (liquid or solid, solubility, 
charge, partition coefficient, and molecular weight), the carrier particle characteris-
tics (liposomes or polymers, size, shape, surface, and bioadhesive characteristics). 
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In concert with these drug and formulation factors, physiological and anatomical  
factors also significantly determine the retention time of a drug, its delivery rate, and the 
speed of clearance of drug from the lungs. Specifically, the mechanism of clearance 
of inhaled particulates depends on their site of deposition within the lungs. If 
particulates are deposited in the tracheobronchial tree, then they will be rapidly 
cleared by the mucociliary escalator [103]. Cough clearance may also play a signifi-
cant role. Particulates deposited in the lower alveolar regions of lungs are more likely 
to be engulfed by alveolar macrophages (phagocytosis) and/or transported across the 
epithelium layer to be absorbed in the blood stream. The airway metabolic environ-
ment, due to presence of enzymes, may also play significant roles in clearance [22]. 
The following is a brief description of each of these clearance mechanisms:

5.2.1  Mucociliary Clearance

The conducting airways are lined by epithelial cells. This cellular layer consists 
mainly of two different types of cells: ciliated cells and goblet (mucus-producing) 
cells, which collectively form the mucociliary escalator (Fig. 5.1). As introduced in 
earlier chapters, this mucus-cilia system serves to entrap insoluble inhaled particu-
lates that deposit in the airways. The mucus entrapment works in a synchronized 
manner with the beating cilia to efficiently sweep particulates out of the lung via the 
trachea where they are swallowed. This clearance mechanism, based on this moving 
layer of mucus, operates over time periods of up to 24 h for the particulates depos-
ited in the deepest ciliated airways [42]. The mucociliary escalator is a skillfully 

Fig. 5.1 A schematic illustration of mucociliary escalator
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balanced system depending on preservation of appropriate matches of ciliated and 
mucus-producing cells and the normal functioning of those cells to achieve effective 
clearance [42, 83].

5.2.2  Alveolar Macrophage Clearance (Phagocytosis)

Particles penetrating down to the respiratory airways are rapidly cleared by alveolar 
macrophages. Alveolar macrophages are scavenger cells present in large numbers 
(half a billion) in human lungs and derived from monocytes in the circulation [83]. 
The air-side surface of each alveolus is regularly cleaned by 12–14 alveolar mac-
rophages, which phagocytose any insoluble particles that deposit in the alveolar 
region [100]. Insoluble, nondigestible particulates that deposit in the alveolar region 
may reside in the lungs for months or even years and usually sequestered within the 
macrophages [63, 83].

5.2.3  Absorption Through Epithelial Cells (Ciliated  
and Alveolar)

Absorption of drugs from the lungs is extensively discussed in Chaps. 2 and 6 of 
this book. Briefly, the drug absorption can be rapid from the lungs given large 
surface area of the lungs in adult human (few meters square in the conducting 
airways and up to 100 m2 of alveolar surface) [82, 121], good epithelial permea-
bility, small aqueous volume at the absorptive surface [82] in addition to the 
highly dispersed nature of therapeutic aerosols (hundreds of millions of particu-
lates per dose). Depending on the physico-chemical properties of the molecule, 
many inhaled therapeutic drugs that deposited in the lungs are rapidly absorbed 
into the systemic circulation and also cleared in order of seconds to minutes [83]. 
Therefore, different approaches may be required for slowing the absorption of 
some of the inhaled drugs so that their local and even their systemic effects can 
continue over a prolonged time. Several reported studies have shown that the 
absorption process within the lungs is primarily dependent on both nature and 
molecular weight of the inhaled therapeutics [2, 18, 82, 83]. For instance, small 
hydrophobic molecules are thought to be rapidly absorbed (within few seconds) 
throughout the lungs by passive diffusion through the plasma membrane. Small 
hydrophilic molecules may be absorbed with aid of specific transporters or through 
the tight junctions. In case of peptide molecules (such as insulin), it is still unsure 
whether they are absorbed mainly by transcytosis through caveoli or paracellu-
larly through the tight junctions [82]. However, most researchers assume the dom-
inance of the paracellular route. Also, it was suggested that small peptides and 
insulin need to be deposited in the deep lungs to accomplish optimum absorption 



1055  Overcoming Lung Clearance Mechanisms for Controlled Release Drug Delivery

rather than in the upper airways [2, 18]. The number of tight junctions in the airways 
was assumed to be roughly five times that in the alveoli [82]. The electrical resis-
tance across the epithelium, which is a measure of the tightness of cell junctions, 
appears to descend from a maximum value in the trachea to a minimum in the 
distal airways before going up again to a high value in the alveoli. Thus, it was 
reported that the real site for absorption of small peptide therapeutics (such as 
insulin) may be the distal airways right before the alveoli [11]. Detailed discus-
sion of diffusion and other absorptive transport mechanisms will be discussed in 
the next chapter.

5.2.4  Clearance Through Metabolic Degradation

Inhaled drugs and particles may be enzymatically degraded intracellularly (within 
alveolar macrophages) and/or extracellularly with the aid of membrane-associated 
enzymes (epithelial and endothelial). Mechanisms of metabolic degradation within 
the pulmonary system were extensively reviewed in Chap. 2.

Figure 5.2 shows a summary of the broad aspects that contribute to drug deposi-
tion and clearance. From the figure, the pulmonary clearance mechanisms and rates 
depend on a multitude of factors. Particles deposition site is controlled by the size 
and other physicochemical characteristics of particles, in addition to patient-related 
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factors such as breathing patterns, anatomy, and disease states. Moreover, both the 
size and physicochemical properties of the drug/carrier also control method and/or 
rate of drug release.

5.3  Overcoming Lung Clearance Mechanisms for Controlled 
Drug Release in the Lung

The efficient clearance mechanisms of the airways represent a major restriction to 
the controlled drug release in the lung. These mechanisms are now more deeply 
understood due to the significant contributions of scientists in various fields including 
respiratory toxicology and biomaterials sciences. In the following sections, and based 
on our earlier brief description of the various clearance mechanisms (more widely 
explored in Chaps. 2 and 6), we discuss the different reported approaches that can 
evade these formidable and dynamic biological responses to exogenous aerosol par-
ticulates in the airways toward achieving controlled drug release in the lung.

5.3.1  Avoiding Mucociliary Clearance

Mucociliary clearance is one the most important host-defense mechanisms [43] in 
both upper and lower airways. It provides protection from a variety of pollutants, 
allergens, and pathogens that are usually deposited in the lung and are able to trigger 
airways inflammation and infections [10, 90]. In order to keep the airways clean and 
sterile, all pathogens and inhaled particles are trapped in a mucus layer and effi-
ciently propelled along the airway toward the trachea and mouth, where together 
they are finally swallowed. However, during lung infection or diseases, this clearance 
mechanism represents an obstacle for the delivery of inhaled drugs. The following 
sections describe the various strategies that have been utilized to avoid mucociliary 
clearance and improve drug deposition.

5.3.1.1  Avoidance of the Mucociliary Escalator via Aerodynamic Targeting

Some degree of control over the drug/particle residence time in the lung is con-
ferred by modulating the deposition site within the airways. Extending drug release 
beyond a day can be achieved by avoiding deposition on the mucociliary escalator. 
This is achieved by changing the aerodynamic properties of the particle, typically 
via particle size manipulation. The aerodynamic diameter, d

a
 [17], is defined as the 

diameter of a sphere with a density of 1 g/cm3 that has the same settling velocity as 
a nonspherical particle of arbitrary density [26, 60]. Both aerodynamic diameter 
and the inhalation flow dynamics determine the physical mechanism of particle 
deposition in the respiratory tract. These physical mechanisms include the diffu-
sion by Brownian motion, sedimentation by gravitational forces, the impaction by 
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 inertial forces, electrostatic deposition, and interception [26, 60, 90]. In general, 
submicron particles with a d

a
 < 0.5 mm are usually exhaled because of the inefficient 

time for their diffusion to surfaces within the lung lumen although breath hold 
maneuvers can significantly increase deposition of “extra-fine” aerosols [17, 111]. 
Impaction is the predominant deposition mechanism for particles with d

a
 above 

10 mm. Particles of this size are generally deposited in the proximal airways includ-
ing the mouth, throat, and larynx. On the other hand, particles with d

a
 of 1–5 mm can 

be deposited in the alveolar airspaces [73, 113] with a limited proportion entrapped 
in mouth and throat (Table 5.1). Particles of this size range may escape from the 
mucociliary clearance if deposition occurs as deep as the alveoli. In general, parti-
cles of this size are considered optimal design for pharmaceutical inhalation aerosol 
for most diseases and therapeutic approaches for pulmonary drug delivery. For 
instance, inhalation of 1.8 and 2.8 mm aerosol of terbutaline and salbutamol was 
found very efficient for bronchodilation in asthmatic patients [66, 124]. Recent 
work by Usami et al. [118] using monodisperse drug aerosols has also demonstrated 
that deep lung deposition is preferable for certain drug classes. Also, systemic 
delivery of leuprolide acetate aerosols with d

a
 values of 1–5 mm in dogs has been 

optimal after inhalation [1].

5.3.1.2  Interactions with Extracellular Barriers

To extend drug release and drug/particle residence time in the airways, avoidance of 
the mucociliary escalator can also be achieved by rapidly diffusing through the 
mucus blanket lining the conducting airways, and accessing the periciliary fluid 
layer. The mucociliary clearance, a primary defense mechanism of the mammalian 
airways of pathogens and inhaled particles [67], is facilitated by an airway surface 
liquid (ASL) [122] that covers the ciliated epithelial cells. The ASL is composed of 
two different layers: a well-defined water layer known as periciliary liquid layer 
(PCL) and a mucus layer located at top of the PCL layer [99, 122]. The periciliary 
layer lubricates and provides a desirable liquid environment for the displacement of 
cilia toward an efficient mucus clearance from the lungs to the mouth [64].
Avoidance of the mucus barrier and penetration into the underlying PCL has not 

received much attention in the scientific literature. Mucus itself is a complex biopo-
lymer that appears to be well adapted to entrapping a wide range of materials across 
different chemistries and particle sizes even to the small nanoscale. Specific surface 
chemistries that allow nanoparticulate systems to penetrate mucus much more rapidly 
than controls have been developed [58]. Technologies developed by Transave, Inc 

Table 5.1 Particle behavior in the airways based on their aerodynamic characteristics

Mechanism Particle size (mm) Particle density Flow rate

Diffusional < 0.5 Density independent Flow rate-independent
Gravitational > 0.5 Increase with the density Flow rate-independent
Inertial > 5 Increase with the density Increase with the flow rate
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(now Insmed, Inc) also describe liposome formulations that achieve higher mucus 
penetration [70].

Due to the specific surface characteristics of respiratory mucus such as adhesiv-
ity and wettability [43], it is able to bind to solid surfaces readily and almost non-
specifically. This mucoadhesion ability thus allows an interaction between the drug 
and mucus layer. The contact time between a formulation and mucus may have a 
direct impact on the residence time and bioavailability of a delivered drug. An 
increase in the mucoadhesiveness of mucosal delivered drug is likely increasing the 
absorption of drug as a result of the prolonged contact at the site of absorption. 
This is a common approach in oral drug delivery where mucoadhesives can pro-
mote drug residence time. Several methods have been applied to develop pharma-
ceutical formulations with a mucoadhesion through the creation of an intimate 
contact between the dosage form and mucus (Table 5.2) [39]. This has been achieved 
by using polymers with mucins and hydrophobic domains. Several characteristics of 
the polymeric dosage forms can affect this contact and interactions including 
molecular weight, concentration, cross-linking density, chemical structure, and par-
ticle size [25].

Several antibiotics (Table 5.3), such as gentamicin and ciprofloxacin, have been 
delivered with mucoadherent properties employing common polymers. Also, lectin 
was linked to therapeutic molecules for epithelial adhesion and internalization. 
Mucolytic agents such as N-acetylcysteine and S-carboxymethylcysteine have led 
to a reduction in the viscosity of the mucus due to breaking of the disulphide bonds 
of glycoproteins presents in the mucus [25].

Table 5.2 Mucoadhesion mechanisms

Mechanism Description

Adsorption Adhesion occurs as a result of van der Waals forces, hydrophobic interactions, 
electrostatic attractions, and hydrogen bonds

Diffusion Polymer chains in the formulation diffuse into the mucus network
Electronic Differences between the polymer and mucus electronic structure lead to the 

formation of a double layer at the interface where adhesion occur because 
of attractive forces across the double layer

Fracture Used for calculation of adhesive bond
Wetting Interfacial tension is used to predict adhesion on liquid preparations

Table 5.3 Mucoadhesivity in drug delivery to the lung

Drug Mucoadhesive agent Bioavailability (%)

Gentamicin Chitosan 31.4
Gentamicin Hyaluronan/chitosan 42.9
Leupolide HPC/MCC 34.9
Ciprofloxacin HPMC 40.2
Ciprofloxacin HEC 19.5
Ciprofloxacin HEC/Tween 80 25.4
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5.3.2  Avoiding Rapid Drug Absorption

In some cases, inhaled therapeutic molecules that deposited in the lung are very 
rapidly absorbed and cleared from the blood so quickly, in order of seconds or min-
utes, that their local concentrations in lung tissue can be very short. This may then 
require a frequent drug administration that leads to product and therapeutic failure 
due to patient compliance issues. The following section will discuss the various 
approaches that can be applied for prolonging the absorption of some inhaled thera-
peutic agents so that their systemic effect can continue over enough time.

5.3.2.1  Drug Structural Modification

Extending release of therapeutic entities can sometimes be achieved by modifica-
tion of the chemical structure, if these modifications do not impact on the activity of 
the molecule. Binding to tissues may be one way of promoting drug retention. Some 
preclinical investigations have shown that a very small amount of some rapidly 
absorbed inhaled therapeutics was slowed in their pulmonary absorption due to 
binding with tissues in the airways [30, 71]. Moreover, it has been reported by various 
researchers that the prolonged retention of trace amounts of many hydrophobic 
drugs occurs primarily in the airway tissues [45, 71]. For instance, it was found in 
case of some retained steroids that the molecules have been esterified in the tissue 
to long-chain fatty acids, thereby rendering them very hydrophobic and insoluble. 
This tends to explain the extended duration of topical pharmacological effects of 
these hydrophobic drugs in the lungs [45, 71]. In addition, it was reported that pres-
ence of positive charges onto some moderately lipophilic drugs under physiological 
conditions (as in case of pentamidine and verapamil) allows these drugs to bind 
preferentially to lung tissues [12]. This can be one of the possible reasons for the 
successful development of tobramycin as an inhaled antibiotic with half-life of several 
hours, owing to its physiological existence as a polycation [72]. Therefore, one of the 
strategies that can be applied to extend drug retention in the lungs is relied on drug 
structural modifications that increase hydrophobicity and lung tissue binding [51].

5.3.2.2  Drug Formulations (Microencapsulation)

A prolonged absorption of inhaled drugs can be achieved via formulating them with 
some types of excipients/carriers that impart slow dissolution in the lungs and yet 
offer an extended drug release. Also, selection of appropriate carrier can help in the 
delivery to a specific area of the lungs. Then, once delivered, a carrier can further 
influence the drug distribution and rate of clearance from the site of action. In addi-
tion to prolonging the residence time of the drug at its site of action via reducing 
clearance, these carrier-based formulations offer many other advantages. These 
include improving the drug stability in vivo and also the product shelf life time, 
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reducing irritation caused by the drug, and also decreasing toxicity due to high initial 
doses of the drug [89].

In general, the choice of a carrier depends on several factors, including the physi-
cochemical characteristics of the drug to be delivered, the used inhaler device for 
delivery, the disease status, the site of action, and the nature and safety of the carrier. 
The most common carrier-based formulations, which will be covered throughout 
this section, are liposomes and polymeric microparticles.

 Liposomes

A significant body of research has focused on the use of liposomes in drug delivery 
[14, 24, 33, 68, 69, 101, 102, 125, 126]. Chapter 14 specifically focuses on lipo-
somal delivery systems for pulmonary drug delivery. Liposomal-based aerosol for-
mulations have numerous advantages, including sustained drug release, reduced 
toxicity, avoidance of local irritation, enhanced stability in the large aqueous core, 
and the possibility to control release and targeting by manipulating the composition 
and also through changing the preparation method [19]. Drug loading efficiency, 
release rate, and the deposition site of liposomes in the lungs depend primarily on 
the lipid composition, liposomes size, drug to lipid ratio, net charge in addition to 
the delivery method [33, 102, 125].
Liposomes are mainly composed of neutral or anionic lipids (natural or synthetic). 

The most commonly used lipids are lecithins, phosphatidyl ethanolamines, sphin-
gomyelins, phosphatidyl glycerols, and phatidylserines [59].  Liposomal  aerosols 
may be used for inhalation either in liquid [35] or as dry powder form [91]. The dry 
powder liposomal aerosols have been prepared either by spray-drying [50, 92, 97] 
or via lyophilization followed by milling [46, 50, 91, 92, 97]. In the case of liquid 
forms of liposomal aerosols, drug can release during nebulization; however, this 
release can be minimized upon changing the operating conditions [75], the lipid 
composition [21, 76], and liposomes size [77].

One of the most sophisticated classes of liposomal aerosol formulations is the 
targeted (reactive) liposomes. This class contains certain targeting moieties (ligands) 
attached to liposomal surface, which allows liposomes to interact with certain recep-
tors and/or cell types within the lungs [89]. These targeting moieties include lectins 
and monoclonal antibodies. Within the class of targeted liposomes, there is a certain 
type that acts as stimuli-responsive liposomes. This type tends to alter its phase and 
structure upon changing of some of the environmental stimuli such as pH and ionic 
strength [59].
Encapsulation  of  inhaled  therapeutic  agents  in  liposomes  normally  increases 

residence time and/or decreases toxic side effects of these therapeutics delivered to 
the lungs [89]. For instance, upon encapsulation of cyclosporine in liposomes and 
delivering to the lungs, the drug was retained for 120 min in a dog model [61]. Also, 
pulmonary liposomal delivery allowed an aqueous-based formulation to be prepared 
and, when tested in mice by Arppe et al. [4], it increased significantly the lung reten-
tion times from 17 min for free drug to 4.8 h in the case of formulated drug. In a 
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comparative study on the pulmonary delivery of tobramycin encapsulated into PLA 
microspheres and liposomes following endotracheal and intravenous delivery, 
Poyner et al. [85] have found that the renal drug levels of the intravenously delivered 
microencapsulated tobramycin were significantly higher as compared to the lipo-
somal-based formulations at 6 and 24 h. However, liposomes showed pulmonary 
levels three times higher than those of the free drug both at 6 and 24 h. After 24 h, 
renal drug levels following the endotracheal delivery were lower for both encapsu-
lated formulations than for free drug. On the other hand, pulmonary drug levels 
were higher following administration of the encapsulated drug as compared to the 
levels following the delivery of free drug delivery at 24 h. These observations 
revealed that, with the aid of microencapsulated or liposomal-based formulations, 
tobramycin can be retained in the lung. Also, recombinant secretory leukocyte 
protease  inhibitor  (rSLPI) was found to reveal promising results  in  treatments of 
inflammatory lung conditions. However, it faces a rapid clearance from the lung 
after inhalation due to fast absorption and degradation. In a recent investigation, 
Gibbons et al. [34] encapsulated rSLPI in 1,2-Dioleoyl-sn-Glycero-3-[Phospho-
l-Serine]:Cholesterol  (DOPS:Chol)  liposomes  for  inhalation.  This  encapsulation 
allows retention of 92.6% of the rSLPI activity. Moreover, the developed liposomal-
based formulations of  rSLPI were biocompatible,  stable, and potentially  reduced 
the required dosing frequency for therapeutic effect after inhalation.

 Microparticles

Microparticles are an important class of carriers that may be used to encapsulate drugs 
in order to extend their retention in the lungs in addition to offering a sustained drug 
release. Microparticles are physically and chemically more stable than liposomes and 
allow for higher drug loading capacity [89]. Therefore, microparticles were consid-
ered good carrier candidates for pulmonary delivery of several drugs [28, 44, 115, 
123]. Microparticles-based aerosols are produced from polymeric materials (natural 
or synthetic). However, some lipid-based microparticles were also developed [7, 9]. 
The most commonly used natural polymers are chitosan, gelatin, dextran, and albu-
min while, poly(lactic-co-glycolic) acid (PLGA), polylactic acid (PLA), and polyeth-
ylene glycol (PEG) represent the most used synthetic polymers. Microparticles can be 
prepared using a wide range of techniques including spray drying [7–9, 84], emul-
sion-solvent evaporation [23, 31, 32, 49], and supercritical fluid technology [16].

Drug release from microparticles depends primarily on drug characteristics such 
as size, concentration, and solubility and polymer characteristics such as structure, 
molecular weight, morphology, porosity, and mechanical properties. In addition to 
enhancing aerosol particle characteristics, an appropriate polymeric carrier can reduce 
the rapid drug absorption and consequently allow prolonged retention time of drug 
in the lungs. For instance, PLGA microparticles (average size, 0.4 mm) have extended 
the duration of action of an inhaled dose of insulin significantly from 6 h (for a nebu-
lized aqueous solution of insulin) up to 48 h in guinea pigs [49]. Also, modification 
of polymeric microparticles via coating can be used to alter their characteristics 
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in vivo [89]. For instance, coating of some therapeutic peptide-loaded microparticles 
with mucoadhesive polymers such as hydroxypropyl cellulose and chitosan has 
extended the residence time of these drugs in the lung [109]. Table 5.4 shows some 
reported examples of microparticles for prolonged local pulmonary drug delivery.

 PEGylation

PEGylation is a process that involves covalent conjugation of PEG to certain types 
of drugs such as therapeutic proteins. PEGylation is routinely achieved by incuba-
tion of a reactive derivative of PEG with the target therapeutic macromolecule. It 
works as a good approach for avoiding the rapid drug absorption and consequently 
acts to prolong the residence time (half-life) of drugs in the lungs via reducing their 
degradation. At the same time, it helps in reducing the side effects through limiting 
the extent of systemic absorption [74]. PEGylation can also provide water solubility 
to hydrophobic drugs and proteins [6, 38].
Some studies that carried out onto some inhaled PEGylated drugs showed their 

safety [52]. It was also found by Niven et al. [78] that PEGylation process has pro-
longed the effect of rhG-CSF upon delivery to the airways of male rats. Moreover, 
Nektar  Pharmaceuticals  is  in  the  very  early  stages  of  developing  a  long-acting 
inhaled insulin using PEGylation [89]. The influence of PEGylation of some thera-
peutic agents on their absorption rate (duration of effect) upon delivery is shown in 
Table 5.5.

 Prodrugs

Prodrugs are pharmacological agents that are administered as inactive forms. Then, 
once administered, they undergo chemical conversion through metabolism into 
active forms. The reason behind the use of prodrugs is generally for improving their 
bioavailability. Also, using therapeutics agents in the form of prodrugs enhances the 
selectivity of these agents for its intended target which in consequence will increase 
the bioavailability, prolong the absorption time in addition to reducing the side 
effects associated with these therapeutic agents. For instance, Olsson and Svensson 
[80] have developed and evaluated two lipophilic terbutaline ester prodrugs. Once 
inhaled, these prodrugs achieved enhanced absorption and a reasonably hydrolytic 
stability during first-pass which led to a prolonged duration of the therapeutic 
effect.

Table 5.5 Influence of PEGylation of some therapeutic agents on their duration of effect

PEGylated drug Duration of effect References

Interferon-2a Increased half-life (from 3–8 to 65 h) [127]
Tumor necrosis factor Increased half-life (from 3–45 to 136 min) [116]
Interleukin-6 Increased half-life (from 2.1 to 206 min) [117]
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5.3.3  Avoiding Macrophage Clearance

5.3.3.1  Particle Size

Rapid clearance of drugs from the lungs by alveolar macrophages (phagocytosis) is 
considered as one of the main reasons of current inability to control the pharmacoki-
netics of inhaled drugs beyond few hours [36]. Size of inhaled particles is a key 
factor that controls the delivery of therapeutics through the pulmonary route and 
particularly affects the rate of engulfment by alveolar macrophages. Specifically, 
the inhaled carrier particles, targeted to the deep lung, should be small enough to 
pass through the mouth, throat, and conducting airways and deposit in the deep 
lung, but not so small that they fail to deposit and are exhaled again [36]. These 
particles should have diameters in the range 0.5–5 mm to be respirable. However, 
microparticles of this size have rapid clearance from lung by macrophages. Various 
approaches have been reported in literature to overcome this major challenge in 
pulmonary drug delivery via developing of appropriate carrier systems with ade-
quate aerodynamic characteristics that will allow particles to be respirable and at the 
same time are able to evade macrophage uptake and confer prolonged drug release 
once deposited in the lung.

One of the main emerged approaches is the development of large porous particles 
(LPPs). This  type of particles has geometric diameters more  than 5 mm, but their 
aerodynamic diameters are less than 5 mm due to their low density (around 0.1 g/l or 
less) [27]. These particles showed promising flowability and aerosolization character-
istics relative to conventional inhaled therapeutic aerosols. In addition, LPPs possess 
a good potential for avoidance macrophage uptake because of their large aerodynamic 
size [26]. It was reported also that, LPPs, once inhaled, can deposit homogeneously 
on the cell surface and revealed a relative nontoxicity to the airway cells [32].

A second approach for avoiding macrophage clearance, relying on controlling 
particle size, is through using inhaled particles with geometric diameters less than a 
few hundred nanometers [79]. It has been reported that these nanoparticles (NPs), 
once deposited, tend to remain in the lung lining fluid and evading both phagocyto-
sis and mucociliary clearance [48, 55, 87, 119]. Therefore, using NPs as carriers for 
drugs delivered to the lung tends to offer the potential for prolonged drug effect and 
release throughout the lumen of the lung, not only in the alveolar region, where 
phagocytosis occurs [48, 55, 87, 119]. However, NPs for pulmonary delivery (as 
detailed in Chap. 15) have delivery limitations. Specifically, their small size leads 
them to be predominantly exhaled from the lung after inhalation as primary parti-
cles [40, 41]. Moreover, nanoparticles generally require the large amounts of energy 
for their formation during inhalation. Therefore, most researchers have taken the 
approach whereby nanoparticles are delivered in microparticles (such as in a disper-
sion for nebulization). In a more recent approach, a certain class of particles that 
combines the benefits of both LPPs and NPs while avoiding their drawbacks has 
developed for pulmonary drug delivery [114]. These particles are called “Trojan” 
microparticles due to their ability to escape both phagocytosis and mucociliary 
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clearance within the airways. Trojan particles (Fig. 5.3) are produced through spray 
drying of polymeric NPs  (such as polystyrene, PS-NPs) where, during  the spray 
drying process, the PS-NPs assemble into hollow micron-scale particles with low 
density (less than 0.1 g/l) [114]. The assembling of NPs occurs through either physi-
cal forces such as Van der Waals forces or within a matrix of some additional mate-
rials such as phospholipids or biopolymers. Trojan microparticles offer a potential 
for producing a dry powder inhaler system with good flowability and dispersability 
characteristics, which, once delivered  to  the peripheral airways, will  release NPs 
that will be able to avoid pulmonary clearance and offer sustained drug release.

It has been reported by several groups [3, 65] that increasing the microparticle 
size reduces their clearance by macrophages. However, increasing microparticle 
size for pulmonary drug delivery is impractical as this would minimize the respira-
ble fraction that can be delivered. Therefore, a very recent approach has been applied 

Fig. 5.3 Scanning electron micrographs of Trojan particles (reproduced, with permission, from 
Tsapis et al. [114])

Fig. 5.4 Volume median diameter (VMD, mm) of developed swelled hydrogel microparticles 
(left) and a comparison between the cumulative release profiles of the microparticles in PBS, pH 
7.4 at 37°C in presence and absence of lysozyme (right) [29]
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via development of swellable microparticles [29]. These microparticles have 
 respirable sizes when dry but large geometric sizes when swollen after deposition in 
the moist lung which allow them to avoid macrophage clearance. The developed 
microparticles are physically crosslinked (amphiphilic interactions) hydrogels that 
are based on PEG graft copolymerized onto chitosan in combination with Pluronic® 
F-108 and were prepared in mild aqueous conditions via cryomilling. Figure 5.4 
(left) shows the volume median diameter (VMD, mm) of the developed swelled 
hydrogel microparticles and a comparison between the cumulative release profiles 
of the hydrogel microparticles in presence and absence of lysozyme (right). The 
macrophage uptake of the developed swellable microparticles was investigated 
in vitro in comparison to standard nonswellable 1 mm PS beads at different  time 
intervals up to 24 h (Fig. 5.5).

5.3.3.2  Particle Shape

Alveolar macrophages in the human lung encounter target particulates with a high 
diversity not only in their sizes but also in their shapes. Therefore, it is expected that 
phagocytic clearance from the airways will remain efficient despite moderate 
changes in particle shape. Observations made with needle-shaped particulates, such 
as asbestos, have hinted that aspect ratio may be important. Several studies have 
been carried out particularly to investigate how particle geometry affects phagocy-
tosis [13, 48, 54, 87, 96, 108]. These studies mainly focused on particle size effects 
due to the difficulties of fabricating nonspherical particulates of controlled dimen-
sions. Up until recently, the roles of particle size and shape in phagocytosis, despite 
their high relevance, remain largely unidentified [15]. Champion and Mitragotri 
[15] have reported, with aid of alveolar macrophages (as model phagocytes) and 
polystyrene  (PS) particulates of various sizes and shapes  (as model  targets),  that 
particle shape at the point of first contact by macrophages, not particle size, deci-
sively determines whether macrophage cells will continue with phagocytosis or 
just spread over the particles. Particle size, on the other hand, mainly impacts the 

Fig. 5.5 Particle uptake by macrophages in vitro (a) nonswellable 1 mm PS beads at 60 min incu-
bation time point, (b, c) Swellable microparticles at 12 h [29]
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 completion of phagocytosis when the particle volume is larger than the macrophage 
volume [15].

In this study, an array of nonopsonized and IgG-opsonized geometrically aniso-
tropic  PS  particles  representing  six  different  geometric  shapes  was  fabricated. 
These shapes include, for instance, spheres, rectangular disks, elliptical disks, and 
oblate ellipsoids. The test particles were incubated with alveolar macrophages and 
observed under a light microscope with time-lapse video microscopy. It was found 
that internalization of both opsonized and nonopsonized particles displayed a 
strong dependence on particle shape from the perspective of the macrophage cell. 
It was also found that points of initial contact of the macrophage on the same par-
ticle (except for spheres) influence rates of engulfment. For instance, it was found 
that macrophages that attached to the elliptical disks along the major axis internal-
ized the particles very quickly, in less than 6 min. By contrast, the cells that attached 
to the same elliptical disks along their minor axis or through their flat surface did 
not engulf them, even after 2 h. They did, however, spread over the particle 
surface.

Similar results were observed for all other shapes of particles, where engulf-
ment does not occur when cells attach to the concave region but engulfment 
occurred upon attachment to the dome or ring regions. This orientation bias was 

Fig. 5.6 Scanning electron micrographs (a–c) and actin staining (d–f) illustrate the effect of 
particle shape, at the point of first contact with macrophages, on determination whether the mac-
rophage cells will engulf or just spread over particles (reproduced with permission from Champion 
and Mitragotri [15])
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confirmed using scanning electron microscopy (Fig. 5.6) [15]. As shown in the 
figure, the cell membrane progresses on elliptical disks when the particle was 
approached along the major axis (Fig. 5.6a). By contrast, cells that attached to the 
flat side of the elliptical disks showed a kind of spreading but no internalization of 
particles, even after 2 h (Fig. 5.6b). Figure 5.7c shows an opsonized spherical par-
ticle that attached to the top of a macrophage cell, and the cell membrane has 
progressed over approximately half the particle. The Fig. 5.6d–f represents over-
lays of bright-field and fluorescent images after fixing the cells and staining for 
polymerized actin with rhodamine phalloidin [15]. A schematic representation for 
the dependence of phagocytosis occurrence and engulfment rate on both particle 
shape and particle orientation upon attaching to macrophage cells is shown in 
Fig. 5.7 [15].

5.3.3.3  Stealth Characteristics

Development of inhaled therapeutics with biological stealth characteristics repre-
sents one of the promising strategies that may be applied to avoid clearance by 
alveolar macrophages (phagocytosis). These stealth characteristics can be 
achieved either through attachment of the inhaled therapeutic ingredient to a 
material that offer this stealthiness or by coating of the therapeutics with this 

Fig. 5.7 A schematic diagram shows the dependence of phagocytosis occurrence on particle 
shape and its orientation upon attaching to macrophage cell. T represents the average of tangential 
angles from q = 0 to q = p/2. W is the angle between T and cell membrane at the site of attachment, 
N and the internalization velocity, mm/min is the distance traveled by the cell membrane divided 
by the time required to internalize (the filled circles represent the nonopsonized particles while 
open squares correspond to IgG-opsonized particles) (reproduced with permission from Champion 
and Mitragotri [15])
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material. For instance, covalent attachment of PEG to inhaled drug or therapeutic 
protein can mask this therapeutic agent from the pulmonary immune system 
(reduced immunogenicity and antigenicity) and consequently prolongs its circu-
latory time via reducing its clearance [38]. Also, surface coating of the micropar-
ticles delivered to the lung can be used to alter their stealth characteristics in vivo. 
For  instance,  Evora  et  al.  [31] have found that coating of protein peroxidase-
loaded  PLGA  microspheres  with  the  lipid  dipalmitoyl  phosphatidylcholine 
(DPPC) decreased uptake of the cargo protein peroxidase into macrophages. In 
some other studies, hyaluronic acid (HA), a naturally occurring mucoadhesive 
polysaccharide present in lung, was formulated with inhaled therapeutics in order 
to evade macrophage clearance. For example, it was found that phagocytosis of 
Alterlatex was inhibited in a dose and molecular weight dependent way by the 
HA [107], and this led to prolonged action of HA-based formulations close to the 
main absorption site in the deep lung. Also, in a separate study, Surendrakumar 
et al. [106] investigated the potential of HA-based dry powder formulations for 
pulmonary controlled release of insulin. In this study, recombinant human insulin 
was cospray dried with HA to form inhaled microparticles delivered to the lungs 
of male Beagle dogs. It was found that HA-based formulations containing 10% 
insulin have prolonged mean residence time (MRT) and terminal half-life as com-
pared to spray dried pure insulin.

5.3.3.4  Drug Release within/from Macrophages

As discussed earlier, the inhaled particles reaching the deep lung are phagocytosed 
rapidly by alveolar macrophages. Although this phagocytosis process of inhaled 
powders may represent a problem for drug delivery to other cells comprising lung 
tissue, it is beneficial for chemotherapy of some diseases. In case of tuberculosis 
(TB), for instance, phagocytosed drug-loaded microparticles can potentially deliver 
larger amounts of the drug to the cytosol where a population of the bacteria are 
located. In addition, macrophage delivery may serve as a drug reservoir, aiding in 
reducing dosage frequency and magnitude, which is favorable for maintaining drug 
levels and improving patient compliance [93]. As example, Sharma et al. [93] have 
developed inhalable PLA microparticles that delivered a combination of two anti-
TB drugs, rifampicin and isoniazid, to the macrophages in a similar proportion 
when phagocytosed.

Moreover, an efficient chemotherapy can be achieved in case of some pulmo-
nary diseases such as TB via drug targeting to the alveolar macrophages using 
ligand-anchored microparticles or liposomes. For instance, a trial has been made by 
Vyas et al. [120] to develop and assess the performance of rifampicin-loaded 
ligand-appended inhaled liposomes for the selective targeting of infected alveolar 
macrophages for treatment of TB. As another example, various studies [20, 62, 86] 
have reported the targeting of peptides and protein therapeutics to alveolar mac-
rophages depending on the reported facts that, mammalian macrophages can engulf 
glycoproteins with exposed mannose residues [86, 112] and the presence of the 
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receptors for lactoferrin, transferrin, interleukin-2, immunoglobulins, and the  
granulocyte-macrophage colony-stimulating factors on the cell membranes of alve-
olar macrophages [47, 94].

5.3.4  Avoiding Biological and Macromolecule Degradation

Over the last decade, the advances in biotherapeutics have led to the production of 
various agents to be used in clinical treatment such as growth factors, hormones, 
monoclonal antibodies, and cytokines [95]. However, the delivery of these proteins 
by the pulmonary route has become a challenge because they are prone to enzy-
matic degradation, which threatens their physical and chemical stabilities. These 
enzymes include peptidases and proteases.

In order to stabilize proteins and peptides against degradation while promoting 
their lung adsorption, the addition of protease inhibitors or packing of the mac-
romolecules into particles to prevent proteolysis and the inactivation of these 
biomolecules have been applied [53]. Nafamostat mesilate, aprotinin, and 
(p-amidinophenyl)-methanesulfonylfluoride-HCl are some examples of protease 
inhibitors [95].
Protein  formulations  have  been  protected  from  degradation  using  DPPC,  an 

endogenous surfactant present in the lungs. Also, surfactants such as polysorbates, 
polyvinyl alcohol have been used. Polysaccharides such as trehalose, mannitol, and 
sucrose with a high T

g
 have been also used to maintain the stability of proteins 

and peptides [39]. Proteins and enzymes such as glutathione, superoxide dismutase, 
and catalase have been encapsulated by liposomes as vehicles for pulmonary drug 
delivery to improve their stability. Since liposomes have chemical and structural 
similarities to the biological cell membrane, they can merge into the cell membranes 
and facilitate drug delivery [95]. Another way to decrease protein degradation and 
improve their bioavailability is by using cyclodextrins, which interact with aromatic 

Table 5.6 Strategies for stabilization and absorption enhancement of protein drugs

Stabilizer Compound

Protease inhibitiors Antipain, aprotinin, bestatin, nafamostat, pepstatin, phenanthroline, 
elastinal foroxymithin, amastatin

Liposomes Chitosan/tripolyphospathe and phospholipids, dipalmitoyl phosphati-
dylcholine, human serum albumin and lactose (DPPC/HAS/
lactose), poly (lactic-co-glycolic) acid (PLGA). Fatty acids and 
nonionic surfactants: glycerol trioleate, lauryl ether, linoleic acid, 
oleyl alcohol, sorbitan monooleate

Cyclodextrins a-cyclodextrin, b-cyclodextrin, g-cyclodextrin, dimethyl-b-
cyclodextrin

Surface active agents Bile acids and their salts: sodium cholate, sodium deoxycholate, 
sodium glycoholate, sodium taurocholate



1215  Overcoming Lung Clearance Mechanisms for Controlled Release Drug Delivery

amino acids present in proteins and reduce their degradation [53]. Table 5.6 [95] also 
shows some of the reported methods to enhance the stability of drugs in the lung.

5.4  Conclusion

Airway clearance mechanisms are formidable, but research in this area has shown 
them to be surmountable. The complexity of the particle–lung interactions, excipi-
ent safety and selection, control over deposition, and many other aspects have 
delayed the widespread use and clinical translation of controlled release delivery 
systems in the lung. However, given the pressing clinical need and the growing 
understanding of the physiological dynamics of the pulmonary system, future prod-
ucts will, without doubt, be deployed such that sustained, modified, and controlled 
release can occur.
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Abstract Drug delivery through the respiratory system is important for both locally 
and systemically acting drugs delivered as inhalation aerosols. This chapter reviews 
our current knowledge of diffusion and transporter controls on lung epithelial 
absorption of inhaled drug molecules. Moreover, competing nonabsorptive clear-
ance via local metabolism, phagocytosis, and mucociliary escalator, and its impact 
and control on lung absorption will be also discussed.

Keywords  Diffusion  •  Epithelium  •  Inhaled  therapeutics  •  Lung  absorption  •  
Metabolism • Mucociliary clearance • Phagocytosis • Transporters

6.1  Introduction

It becomes clear that the lung is naturally permeable to most small molecular weight 
drugs as well as many therapeutic peptides and proteins [49]. This is primarily by 
virtue of high diffusive permeability of its epithelium, compared to other organs, 
e.g., intestinal and nasal epithelia. Even so, a protracted question remains in lung 
physiology, as to the mechanisms by which certain ions, nutrients, and proteins 
appear to be transported the airway-to-blood barrier at rates differing from those 
expected for their size in diffusion [28]. In this context, evidence has emerged that 
a variety of membrane transporter proteins are expressed in lung epithelium in 
efflux, uptake, and/or endo-/trans-cytotic fashions [5, 7, 28]. Although their current 
pursuits have not yet ensured all of the functionality in the intact lung and rather 
often provided perplexity, it would be of great interest to exploit such specialized 
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mechanisms, if any, to develop new or improved drug molecules for inhalation. 
Hence, this chapter will review our current knowledge of diffusion and trans-
porter controls on lung (epithelial) absorption of inhaled drug molecules, with a 
focus on the kinetics in the intact lung. Moreover, because the lung is equipped with 
other than absorption for removal of inhaled drug molecules following deposition 
[28, 56], such a parallel competing nonabsorptive clearance via local metabolism, 
phagocytosis and mucociliary escalator, and its impact and control on lung absorp-
tion will be also discussed.

6.2  Lung Disposition: Absorption vs.  
Nonabsorptive Clearance

Aerosol drug deposition and lung-regional distribution are predominantly controlled 
by aerodynamic diameter and its distribution [29, 44]. Their differences, even within 
the “respirable” size range of 1–5 mm, can still impact lung-regional distribution, as 
greater deposition within the lung periphery (i.e., alveolar region) is achieved by 
decreasing aerosol size to a range of 1–2 mm [29, 44]. Therefore, in the context of 
conventional wisdom that the lung’s alveolar region is the most favorable for drug 
absorption via diffusion by virtue of its thin (~1 mm) and large (~140 m2) epithelial 
surface to the pulmonary circulation [47], efforts to increase systemic absorption 
via the lung should be first focused on generating drug aerosols in this size range. 
Clearly, this logic would not always work for drug molecules that undergo special-
ized absorption mechanisms via membrane transporter proteins in efflux, uptake, 
and endo-/trans-cytotic fashions. The kinetics of such active transport mechanisms 
should depend upon lung-regional expression and localization of responsible trans-
porters or receptors. For instance, the neonatal constant fragment (Fc) region recep-
tor (FcRn) has been shown to localize more abundantly in the bronchial airways than 
the alveoli [5, 64]. Hence, its substrates, immunoglobulin G (IgG) and antibodies, 
and Fc-fusion molecules are to be delivered to such rather upper airways for more 
efficient and greater transcytotic absorption to the systemic circulation, despite their 
unfavorable barrier feature for diffusion, i.e., thicker epithelium with a smaller sur-
face area [5, 64]. Meanwhile, for drugs intended for local lung actions, their target 
receptor localization to maximize the therapeutic benefits should be of primary 
interest for delivery. In recent studies by Usmani et al. [66], a short-acting broncho-
dilator, albuterol, was shown to benefit in its therapeutic effects from the larger 3 
and 6 mm aerosols than the smaller 1.5 mm aerosols, by virtue of better targeting to 
the airway muscle b

2
 receptors. By contrast, in the case of an inhaled corticosteroid, 

beclomethasone dipropionate, the smaller 1.1 mm aerosols enabled 62% reduction 
of the therapeutically effective dose, compared to the 3.5 mm aerosols, attributed to an 
increased distribution in the lung periphery where inflammation was presumably 
most significant [36].
In addition to absorption, the lung is naturally equipped with a variety of efficient 

clearance mechanisms for inhaled drug molecules following deposition [28, 56]. 
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These include local enzymatic metabolism, alveolar macrophagic phagocytosis, 
and sweeping clearance by the mucociliary escalator [10, 28, 56]. From a drug 
delivery perspective, however, these can be simplified kinetically to a single 
mechanism competing with absorption, and collectively referred to as nonabsorptive 
clearance [56]. Hence, Fig. 6.1 illustrates a practical working concept of biophar-
maceutical lung where the first-order kinetic rate constants for lung absorption 
and nonabsorptive clearance are assigned in a parallel competing fashion as k

a
 and 

k
nal
, respectively. By so doing, the rate and extent of lung absorption and residence 

following deposition can be derived and discussed with their respective half-lives 
(T

1/2,ab
 and T

1/2,re
), and the dose fraction of lung absorption, i.e., absolute bioavail-

ability (F), can be determined from:

1/2,ab a0.693/T k=

 
1/2,re a nal0.693/( )T k k= +  

a a nal/( )F k k k= +

It is clear therefore that, for a given inhaled drug molecule, decreasing the k
nal

 value 
should be as important as increasing the k

a
 value, such that its lung absorption would 

become faster and greater. It should be also noted that each of these lung disposition 
processes was shown to depend on lung-regional distribution, which therefore must 
be first controlled and matched, in order to fairly assess how lung absorption for 
inhaled drug molecules can be improved. In the literature however, it was only 
recently that comparable lung-regional distribution was ensured in animals and 
humans, prior to the assessment and comparison of lung absorption. Otherwise, 
faster and greater lung absorption for given test molecules or formulations could be 

Lung

Absorption

Inhalation

Non-absorptive
clearance

ka

knal

Fig. 6.1  Lung absorption and disposition kinetic model for inhaled drug molecules, incorporating 
parallel and competitive absorption and nonabsorptive clearance with their respective first-order 
rate constants, k

a
 and k

nal
. The lung’s nonabsorptive clearance is composed of local enzymatic 

metabolism, alveolar macrophagic phagocytosis, and/or sweeping mucociliary clearance



130 M. Sakagami and M. Gumbleton

caused by increased k
a
 value and/or decreased k

nal
 value, simply resulting from more 

favorable lung-regional distribution for absorption, e.g., greater alveolar distribu-
tion would enable greater diffusive absorption.

6.3  Diffusion Control on Lung Absorption

Patton et al.  [49] and Hastings et al. [28] independently assembled many animal 
data sets published by Schanker and colleagues between 1973 and 1986 and Effors 
and Mason in 1983, respectively. As are the cases for other epithelium, the kinetics 
of diffusive absorption from the lung should follow the Fick’s diffusion theory 
across biological lipid cell membranes [10]. Hence, given comparable lung-regional 
distribution, the greater the lipophilicity and the smaller the molecular weight, the 
faster and greater the lung absorption. Nevertheless, as shown in Fig. 6.2a, for small molec-
ular weight (£781 Da) drugs, the half-lives derived from their lung disappearance 

0.1

1

10

100

H
al

f-
lif

e 
[m

in
]

Log P

Erythromycin

−6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6

−6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6

0

1

2

3

a

b

P
ap

p 
x 

10
5 

[c
m

/s
]

16HBE14o-

Rat primary ATI-like
Rabbit primary tracheocyte

Fig. 6.2 (a) In vivo half-life 
dependence on the drug’s 
lipophilicity in rats, 
assembled by Patton et al. 
[49]. The half-life was 
derived from the drug 
disappearance profiles from 
the rat lung taken by 
Schanker and colleagues 
between 1973 and 1986, 
whereas the drug’s 
lipophilicity is represented 
with logarithmic partition 
coefficient (log P) between 
octanol and water; (b) in vitro 
apparent permeability (P

app
) 

dependence on the drug’s 
lipophilicity (log P) in various 
lung epithelial cell monolayer 
systems, reported by Forbes 
et al. [23]



1316 Targeted Drug Delivery Through the Respiratory System

profiles in rats seem to be not so dependent upon the drug’s lipophilicity represented 
with octanol-water partition coefficients (log P). As a result, Patton et al. [49] advo-
cated a natural break at log P = 0, such that lipophilic (log P > 0) and hydrophilic 
(log P < 0) drug molecules cluster around a half-life of ~1 min and ~1 h, respec-
tively. Accordingly, the half-lives would change substantially, only when the log P 
values change from negative values to positive values or vice versa. Notably how-
ever, this natural break at log P = 0 in rats was inconsistent with that seen in the 
in vitro lung epithelial cell monolayers [23]. As shown in Fig. 6.2b, their natural 
break causing substantial increase in the apparent permeability (P

app
; representing 

the rate of diffusion) was log P = 2 [23]. Hence,  this would  raise a question how 
accurately the break at log P = 0 in rats has been derived and how representative 
these in vitro cell monolayers can be, as to the effect of lipophilicity on the rate of 
lung epithelial diffusion. Meanwhile, there appeared to be deviations from these 
clustered half-lives in Fig. 6.2a, when drug molecules were suggested to interact 
with the lung lipid membranes significantly, e.g., erythromycin, or to undergo non-
linear “active” transport, e.g., cycloleucine and disodium cromoglycate [38, 49, 62]; 
however their responsible mechanisms and impact on systemic appearance have yet 
to be fully clarified and resolved kinetically.

Figure 6.3 shows the half-life dependence on the molecular weight from two 
independent data assembled by Patton et al. [49] and Hastings et al. [28]. In both 
cases, substantial variability in the half-lives observed for small molecular weight 
(<1,000 Da) drugs masked to derive the clear dependence of the half-life on the 
molecular weight; this was more evident in Fig. 6.3a due to its inclusion of rather 
lipophilic molecules [49], despite the cross-species analysis in Fig. 6.3b. 
By contrast, it became obvious in both studies that the half-life was increased with 
increasing  the molecular weight at 1,000 Da or greater. Provided  that  such  large 
molecules tested in these studies were highly hydrophilic peptides, proteins, or 
polysaccharides, the mechanism of their lung epithelial absorption was most likely 
paracellular diffusion through the aqueous pores of the intercellular tight junctions. 
In fact, it was only growth hormone (GH; 22,000 Da) that showed nonlinear absorp-
tion kinetics in the animal studies [22, 28, 49]. On the contrary, several microscopic 
studies reported that alveolar epithelial cells contained endogenous peptides and 
proteins, e.g., insulin, GH, albumin, and IgG in their noncoated or coated vesicles 
[4, 30–32]. While this implied their active intracellular uptake or transport via 
receptors and/or channels, the kinetic contributions in overall transport in the intact 
lung have not yet fully established, as discussed in the below section.

It should be critical to recognize that the half-lives obtained from the lung 
disappearance or clearance profiles above were the half-lives of lung residence 
(T

1/2,re
) by definition and thus do not necessarily represent the half-lives of lung 

absorption (T
1/2,ab

). All of the deductions made from Figs. 6.2 and 6.3a must have 
assumed negligible or at least consistent involvement of lung’s nonabsorptive 
clearance (i.e., k

nal
) along with comparable lung-regional distribution within and 

across studies. Moreover, as many peptides and proteins like insulin, GH, and IgG 
have been shown to form molecular aggregates in solution [37, 46, 48], their dif-
fusive rates could become slower than those expected from the molecular weights 
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of the monomeric species, which may have caused deviation and variability, 
especially in Fig. 6.3a. Indeed, a recent study by Pang et al. [46] has demonstrated 
that the rate constant for lung absorption (k

a
) of insulin in the isolated perfused rat 

lung  (IPRL) was  decreased with  increasing % hexameric  formation,  due  to  the 
increased  apparent  molecular  size  for  diffusion.  Likewise,  Patton  et  al.  [48] 
implied in a rat study that higher molecular weight aggregates of GH accounted, 
at least in part, for ~30% of the dose remaining in the lung at 24 h following intra-
tracheal instillation.

6.4  Transporter Control on Lung Absorption

The relevance of transporters in drug absorption, distribution, and elimination as 
well as in drug–drug interactions has been mostly demonstrated in the intestine, 
liver, kidney, and brain as well as their interfaces with the systemic circulation 
[3, 54]. It has been accepted by now that intestinal absorption and brain uptake 
(i.e., distribution) of many lipophilic drugs are limited by P-glycoprotein (PgP) and 
other ATP-dependent efflux transporters [3, 12]. In addition, successful development 
of valacyclovir to increase intestinal absorption of acyclovir via the peptide transporter 
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Table 6.1 Immunohistological drug transporter expression in human lungs

Protein Expression
Cellular 
distribution

Cellular  
localization References

ABC transporters
PgP Moderate Alveoli Apical [11]

Bronchi Apical
Undetectable [14]

MRP1 High Bronchi Basolateral [8, 21, 63]
MRP2–9 Undetectable [34]
BCRP High Alveoli Apical [20]

Low-undetectable Bronchi Apical

SLC transporters
OCT1–3 Detectable Trachea Apical [39]

Detectable Bronchi Apical
OCTN1&2 Detectable Alveoli Apical [39]
PEPT1 Undetectable Alveoli [7]
PEPT2 High Alveoli Cytoplasmic [26]
OAT1–4 Undetectable Alveoli [7]

SLCO transporters
OATPs Undetectable [7]

Endo-/trans-cytotic transporters
gp60 Detectable Alveoli Apical [28]
FcRn Undetectable Alveoli Apical [64]

High Bronchi Apical [64]
pIgR High Bronchi [43]

1  (PEPT1) was  a  premier  example  on  this  venture  on  the  solute-linked  carrier 
(SLC or SLCO) transporters [41]. In physiology, it was in 2006 that the two most 
abundant proteins in the body, albumin and IgG, were shown to bind the same 
transporter, FcRn on the vascular endothelium, such that their endocytosis, fol-
lowed by recycling back to the circulation seemed to enable, at least in part, their 
unusually long half-lives of 3 weeks [13]. By contrast, studies on such transporters 
on  lung  disposition  of  inhaled  drug molecules  have  just  recently  emerged,  yet 
primarily focused on their expression and localization within the lung [5, 7, 19]. 
The lungs were shown to express a variety of efflux, uptake, and endo-/trans-
cytotic drug transporters at the protein and/or mRNA level, as summarized in 
Table 6.1. However, only little is presently known as to their functionalities in, 
and kinetic contributions to, lung disposition (e.g., absorption) of inhaled drug 
molecules in health and disease.

6.4.1  Efflux Transporter Control: ATP-Binding Cassette (ABC) 
Transporters

As have been the cases in other organs, the ATP-binding cassette (ABC) transporters 
are believed to serve for efflux in the lung [7, 19], as one of the defensive functions 
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against certain exogenous substances. Among them, the lung resistance-related 
protein (LRP) and PgP have been fairly studied in the lung, as related to the multi-
drug resistance (MDR) of many chemotherapeutic agents in cancer cells [7, 16]. In 
recent years however, an interest has been extended to the impact on disposition of 
inhaled drug molecules within normal or noncancer disease lungs, especially after 
Campbell et al. [11] first confirmed PgP protein expression in the intact lung peripheries.
It appears clear that PgP functions in pulmonary vascular endothelium, reducing 

cellular uptake of its substrate drugs from the circulation. Several studies in the 
isolated perfused animal lung models showed increased uptake of the substrate 
drugs, such as rhodamine 6G and idarubicin, from the perfusate to the lung in the 
presence of PgP inhibitors [33, 51]. By contrast however, its functionality in lung 
epithelial absorption has been controversial due to conflicting results in the IPRL 
model and in vivo animals. Lung absorption of a well-known PgP substrate, rhod-
amine 123,  in  the  IPRL was shown  to  increase by  the PgP  inhibitor, GF120918, 
which suggested its PgP-limited lung absorption [24]. However, the same inhibitor, 
GF120918,  failed  to  increase  lung  absorption  of  another  known  PgP  substrate, 
digoxin in the IPRL, countering the former finding of PgP-limited lung absorption 
[42]. Likewise, evidence for PgP expression in the alveolar regions has been also 
controversial. Campbell et al. [11] reported moderate immunostaining of PgP pro-
tein along the alveolar type I epithelial cell membranes in both rat and human lung 
tissues. However, Cordon-Cardo et al. [14] noted undetectable immunostaining of 
PgP within  normal  human  lung  alveolar  tissues. Clearly,  these  results  should be 
interpreted with caution and presently remain inconclusive, especially as the sub-
strate specificity to other transporters, the use of appropriate dose or concentration 
of the substrates and inhibitors, and the antibody sensitivity for PgP protein detec-
tion have been raised as misleading concerns in this debate [7]. In reality however, 
lung  absorption  of  PgP  substrate  drugs  has  been  generally  high  (e.g.,  60–90%), 
which would call into question how significantly this epithelial efflux compromises 
lung absorption of inhaled substrate drug molecules.

Meanwhile, almost nothing is known as to the functionality of multidrug resis-
tance proteins (MRPs) and breast cancer resistance protein (BCRP) in the lung. 
Strong immunostaining of certain MRP protein (e.g., MRP1) was reported in the 
bronchial sections of normal human lung, but not in the pneumocytes of alveolar 
epithelium [8, 21, 63]. This bronchial expression of MRP1 has been  later con-
firmed with the mRNA data, while it seems likely that the expression is primarily 
on the basolateral membranes [34, 63].  By  contrast,  other MRPs,  i.e., MRP2 
through MRP9, were reported to be essentially undetectable at the protein level in 
the intact lung, even though some of them were shown positively in RT-PCR and 
gene microarray assays [6, 34]. Meanwhile, Fetsch et al. [20]  reported BCRP 
staining in the alveolar pneumocytes of normal human lung archival sections and 
little to no staining in the bronchial epithelial membranes. This has been sup-
ported by recent gene microarrays [6], while RT-PCR has resulted in conflicting 
low-to-negative expression at the mRNA level [17]. Most importantly, however, 
there have been no studies demonstrating MRPs- or BCRP-limited drug absorp-
tion from the intact lung.
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6.4.2  Uptake Transporter Control: Solute-Linked Carrier  
(SLC/SLCO) Transporters

Like  MRPs  and  BCRP,  evidence  for  the  SLC/SLCO  transporter’s  functionality 
within the intact lung is lacking, while their protein, gene, and/or mRNA expression 
has been often positive, as summarized in Table 6.1. At the protein level, all five 
main  types  of  the  organic  cation  transporters  (OCTs,  i.e., OCT1, OCT2, OCT3, 
OCTN1, and OCTN2) were shown to express in healthy human lungs [7, 39]. 
In addition, PEPT2 protein expression has been shown in the intact lung [26], while 
other SLC/SLCO  transporters  like PEPT1  and organic  anion  transporters  (OATs 
and OATPs) remain negative, which has speculated no or minor roles in drug absorp-
tion from the lung. Likewise, at the mRNA level, OCTs and PEPT2 were reported 
to be positive [7]. However, recent RT-PCR and gene microarray studies have found 
relatively high  levels of several OATs (e.g., OAT2 and certain OATPs)  in human 
lung [6, 65], leaving possibly conflicting evidence for these transporters in the intact 
lung. Overall, it is still premature to even speculate the kinetic contribution of these 
SLC/SLCO transporters on drug absorption from the lung, especially as earlier find-
ings of dose-dependent saturable lung disappearance kinetics for certain molecules, 
such as phenol red, cycloleucine, and disodium cromoglycate [38, 62], have not yet 
been linked and/or resolved with any of these transporters.

6.4.3  Endocytotic Transporter Control: Albumin, IgG, and IgA

It has been long recognized that endogenous serum proteins, such as albumin, 
IgG, and IgA, appear at relatively high concentrations into the lung luminal lining 
fluid, presumably from the systemic circulation, despite their large molecular 
sizes [4, 28]. In addition, these proteins were also found within the lung epithelial 
cells, specifically in the noncoated vesicles (e.g., caveolae), which has raised a 
question  in  physiology  how  their  transport  and  cellular  trafficking  occur. As  a 
result, by 2006, it has been discovered that these proteins could be transcytosed 
via their specific receptors expressed on the lung epithelium, gp60 [28, 30], FcRn 
[32, 61], and pIgR [52], respectively. Both gp60 and FcRn were shown to drive 
albumin and IgG, respectively, from the apical to the basolateral (i.e., absorptive) 
direction, while pIgR was believed to deliver IgA dimers and IgM pentamers in an 
opposite (i.e., secretive) direction until Sacaan et al. [53] showed that the receptor 
also functioned in the absorptive direction. Moreover, it was also in 2006 that 
FcRn was shown to transport albumin via the mechanism apparently differing 
from that for IgG, in order to protect this most abundant serum protein from intra-
cellular catabolic degradation [13]. It should be noted, however, that these spe-
cialized mechanisms appear not to be always predominant in these protein 
clearance kinetics in the intact lung, as inhibition of such endo-/trans-cytosis has 
often failed to alter their rates [27].
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While gp60-mediated transcytosis has not yet been exploited for inhaled drug 
delivery through the lung, FcRn- and pIgR-mediated transcytotic lung absorption 
has been recently explored, specifically to deliver certain fusion protein molecules 
through the lung by inhalation  [5, 53]. As shown in Fig. 6.4a, Fc-fusion proteins of 
erythropoietin (EPO) and interferon a (IFNa) were absorbed through the lung in 
nonhuman primates following aerosol inhalation much faster and greater than the 
intact proteins themselves, attributed to the FcRn-mediated transcytotic lung absorp-
tion [5]. This increased lung absorption has been also confirmed in humans with the 
Fc-fusion  EPO,  exhibiting  successfully  increased  reticulocyte  counts  following 
single inhalation at a dose of only 30 mg/kg [18]. Likewise, as shown in Fig. 6.4b, 
lung absorption of a dimeric fusion protein of interleukin-2 with single chain Fv 
(scFv), AZ-IL2B, was  shown  to  decrease  in  rats, when  its  chimeric  protein was 
blocked with a small peptide inhibiting its binding to pIgR [53]. This was logically 
by virtue of the transcytotic lung absorption of AZ-IL2B via pIgR, thereby success-
fully resulting in significantly fewer tumor nodules following inhalation in a rat 
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model of lung metastases [53]. Even so, it appears that these FcRn- and pIgR-mediated 
transcytotic lung absorptions are kinetically high affinity and low capacity systems 
and thus may not be universally applicable to all classes of the drug to aid for 
increased lung absorption [57]. Indeed, their kinetic analysis in the intact lung has 
suggested that these transcytotic systems are limited to only highly potent fusion 
proteins that would require £1 nM of the systemic level, but not to most of the sys-
temically acting monoclonal antibody therapeutics, as they require ³10 nM, unless 
much higher dose inhalation systems, e.g., ³10 mg to the lung, become readily 
available [57]. Even so, exploiting these naturally functioning absorptive transcyto-
sis in the lung is still of great interest for pulmonary delivery, especially for large 
protein therapeutics, as they generally suffer from unrealistically low (£10%) bio-
availability in absorption, resulting from slow diffusive absorption and substantial 
nonabsorptive clearance in the lung, i.e., low k

a
 and high k

nal
 values in the model 

shown in Fig. 6.1.

6.5  Nonabsorptive Clearance Control on Lung Absorption

Given the working concept of biopharmaceutical lung shown in Fig. 6.1, it is clear 
that decreasing the lung’s nonabsorptive clearance (k

nal
) is as important as increas-

ing the absorption (k
a
)  for  faster and greater  lung absorption. Because  the  lung’s 

nonabsorptive clearance is generally caused by local enzymatic metabolism, alveo-
lar macrophagic phagocytosis, and/or sweeping clearance by the mucociliary esca-
lator [10, 28, 56], it should be worth attempting their control and improvement for 
inhaled drug molecules and/or formulations. Among various catalytic (e.g., hydro-
lytic, proteolytic, and oxidoreductive) enzymes shown to function in the lung, pep-
tidases are of importance for protein and peptide drug molecules [50, 56]. For 
instance, vasoactive intestinal peptide (VIP) exhibited only <1% of the bioavailable 
fraction due to degradation, and Leu-enkephalin was degraded in 10 min in the lung 
[1, 25]. Inhaled insulin appears to undergo substantial metabolic loss in the lung, 
leading to only <10% of bioavailability in animals and humans [45, 55]. Hence, the 
use of metabolic inhibitors enabled identification of such enzymatic degradation, 
potentially leading to the development of new analog molecules resistant or less 
susceptible to degradation. Currently, such activities are underway, yet primarily for 
oral drug delivery [2], but not for pulmonary drug delivery. Meanwhile, alveolar 
macrophagic phagocytosis seems to be critical only for limited classes of molecules, 
such as IgG and chorionic gonadotropin [40]. Hence, despite the efficient transcy-
totic FcRn-mediated absorption, the Fc-fusion protein molecules shown in Fig. 6.4a 
were also likely subjected to simultaneous macrophagic phagocytosis primarily via 
the Fcg receptors (FcgR), which may have reduced their lung absorption [57]. It is 
logically beneficial therefore to design IgG or Fc-fusion molecules to selectively bind 
FcRn but not FcgR and in fact, such an activity has been recently reported, yet in aim-
ing for prolonged systemic circulation [15], again, not for pulmonary drug delivery. 
Finally, mucociliary clearance functions to physically remove lung-deposited drugs 
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out of the lung with relatively fast kinetics with 0.5–4.2 h of the half-life [9, 35, 
59]. While this clearance appears to become slower and less significant kinetically 
by increasing deposition into the lung peripheries [9, 45], its retardation by the use 
of mucoadhesive microspheres was shown to modulate drug absorption in animals 
by virtue of longer retention within the lung [58, 60]. Likewise, liposome delivery 
has been shown to prolong the drug retention in lung, which can be logically more 
beneficial for certain classes of drug molecules, such as fluoroquinolones for lung 
infection [67]. It should be noted however that these controls on the lung’s nonab-
sorptive clearance have been so far demonstrated to be feasible in animals and cells, 
but not yet in humans.

6.6  Conclusions

Diffusion continues to control lung absorption kinetics of most inhaled drug mole-
cules, while there are presently quite limited evidences for transporter control on lung 
absorption. Specifically, as both efflux and uptake transporters typically recognize 
relatively small molecular weight (e.g., £1 kDa) drugs, it appears likely that diffusion 
kinetically overpowers such specialized transport mechanisms by virtue of highly per-
meable and thin epithelia with a huge surface area. Nevertheless, certain transporters, 
especially those serving for endo-/trans-cytosis, are of great interest in macromolecu-
lar drug delivery, provided that such large molecules by alone generally suffer from 
unrealistically low (£10%) bioavailability due to slow diffusive absorption and sub-
stantial nonabsorptive clearance in the lung, i.e., low k

a
 and high k

nal
 values. Even so, 

their applications should be limited to only highly potent molecules like Fc- or scFv-
fusion protein therapeutics, primarily due to their high affinity and low capacity kinetics 
for lung absorption. Meanwhile, reducing the kinetics of lung’s nonabsorptive clear-
ance via metabolism, phagocytosis and/or mucociliary escalator should also be an 
important control to increase and/or sustain lung absorption for inhaled drug mole-
cules. In this sense, with an increasing development of novel and potent drug mole-
cules potentially for inhalation, it becomes quite pivotal to first accurately assess their 
kinetic controllers for lung absorption and disposition, such that medicinal chemistry 
and pharmaceutics can together efficiently strive for improved lung absorption and 
pharmacological actions for novel inhaled drug molecules.
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Abstract Interactions between inhaled particles and the respiratory tract fluids are 
important for inhaled drug delivery systems. In particular, controlling the transport of 
aerosol particles after deposition in the respiratory tract may improve drug retention 
time in the lungs, allow targeting, and facilitate optimal transport through innate defense 
mechanisms of the lung. In this chapter the mechanisms by which particles can trans-
port in the lungs and the aerosol design criteria for improving particle residence times 
or promoting uniform distribution across or within the lung space are discussed.

Keywords  Diffusion • Mucus • Particle • Submersion • Surface tension • Surfactant 
• Transport

7.1  Introduction

The therapeutic delivery of drugs directly to the respiratory tract offers several 
advantages over traditional drug delivery. These include the direct application of 
therapeutics to the site of respiratory disease and the ability to avoid first pass 
metabolism of sensitive drugs. It has been reported, though, that using marketed 
inhaled drug delivery devices typically leads to less than 10% of inhaled drugs 
reaching the target region in the lungs [1]. In cases of airway obstruction, lung 
inflammation, and infection, the amount of drug deposited in the lungs may be even 
less than 10% [2]. Improvements in inhaler design and particle engineering are 
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improving this situation, with as much as 60% deposition being reported for newer 
technologies. Still, these technological advances have typically ignored the innate 
defense mechanisms that operate in the respiratory tract and limit therapeutic effi-
cacy. For example, deposited foreign material is efficiently trapped by mucosal flu-
ids and cleared via the mucociliary escalator on relatively short time scales, thereby 
limiting the residence time of the aerosols in the respiratory tract. In addition, small 
molecules and many biomolecules are often absorbed too quickly for effective ther-
apy, and drug aerosols are not uniformly deposited and distributed in the lung, lead-
ing to areas of high and low drug concentrations within the respiratory tract [3]. 
Therefore, achieving appropriate drug retention and distribution after deposition 
remains a challenge.

Controlling the transport of aerosol particles after deposition in the respiratory 
tract is one potential method for improving drug retention time in the lungs and to 
target drugs to the desired site of action. While the respiratory tract fluids act as a 
significant barrier to aerosol particle and drug transport, a variety of strategies have 
been developed to overcome these limitations. Therefore, this chapter will focus on 
the interactions of aerosol particles with respiratory fluids and methods that have 
been developed to improve the spatial and temporal distribution of particles within 
the airways. Particle transport in the lungs involves highly complex processes which 
depend on the physical and chemical properties of the particles, as well as the prop-
erties of the fluids themselves. Hence we will review our current knowledge on the 
mechanisms by which particles can transport in the lungs and discuss aerosol design 
criteria for improving particle residence times and for promoting uniform distribu-
tion across or within the lung spaces. The chapter is written to reflect the order in 
which various modes of particle transport can occur; with surface spreading and 
submersion first, as they typically occur over relatively short time scales, followed 
by mucociliary clearance and diffusion, which occur over longer time scales.

7.2  Surfactant-Assisted Spreading for Enhanced Spatial 
Distribution of Aerosols

Upon deposition, aerosol particles first interact with lung fluids at the air-fluid inter-
face. This interface is characterized by relatively low surface tension, indicating the 
presence of surface-active agents. The surface tension of lung fluids decreases with 
each successive generation, with that in the trachea measured at ~32 mN/m and the 
deep lungs (i.e., alveoli) reaching values less than 10 mN/m [4, 5]. For comparison, 
the surface tension of water is ~72 mN/m. These low surface tensions help stabilize 
the lungs from collapse during exhalation, decrease the amount of work required to 
inflate the lungs, and facilitate the spreading of mucus after its secretion from goblet 
cells and the submucosal glands [6–12].

The natural surface tension gradient in the respiratory tract can aid the spreading 
of aerosol particles and drug compounds across the lung surface [13, 14]. In theory, 
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convective flow is generated as surfactant moves from areas of high surfactant 
concentration (low surface tension, such as in the deep lungs) to areas of low surfac-
tant concentration (high surface tension, such as in the tracheobronchial region). 
Surfactant can also be added to an aerosolized therapy to enhance surface-tension 
driven spreading within the respiratory tract [1, 3]. Surfactant release from the depos-
ited aerosol causes a local decrease in the fluid surface tension, which drives convec-
tive flow (Marangoni flow) away from the aerosol and to the surrounding fluid [15]. 
This method has been used to improve the uniformity of drug distribution into 
unreachable “deeper” areas of diseased lungs which are plugged by mucus [3]. 
Surfactant replacement therapies such as Calfactant (ONY Inc.) and Survanta (Abbott 
Labs Inc.) have been shown to disperse drugs deposited in the tracheobronchial 
region to the peripheral regions of the lungs [1, 16]. These exogenous surfactants 
have additionally been used to deliver antibiotics, such as tobramycin, and immune-
suppressive agents, such as cyclosporine and rapamycin, via tracheal instillation to 
the alveolar compartment in rodents [16]. A recent study has shown that delivering 
various  antitubercular  drugs  loaded  into  dipalmitoylphosphatidylcholine  (DPPC) 
liposomes via nebulization leads to a uniform drug distribution in vitro [17]. Corcoran 
et al. studied the distribution of fluorescently labeled aerosols (1–4 mm) on model 
airway surfaces using four surfactants: sodium dodecyl sulfate (SDS), cetyl trimethyl 
ammonium bromide  (CTAB),  tyloxapol,  and Calfactant  (a natural  lung  surfactant 
extract) [3]. They observed a significant increase in aerosol dispersion after deposi-
tion compared to saline (control), which was attributed to convective transport (i.e., 
surface-tension driven flow). Kharasch et al. observed a more uniform and wider 
distribution pattern when a surfactant vehicle was used to deliver technetium sulfur 
colloid and pentamidine intratracheally compared to saline [13]. Other nonantimicro-
bial compounds such as recombinant adenoviral vectors and corticosteroids have also 
revealed a better spatial distribution profile when delivered intratracheally using sur-
factant carriers [2]. A mathematical derivation of the effects of endogenous surfactant 
on particle dispersion is discussed in detail in the work of Grotberg et al. [15].

Zhang et al. developed a model to investigate the final distribution of a chemical 
delivered with surfactant as a bolus driven by Marangoni flow [18]. Mass transport 
equations were applied to the geometry of a symmetric, dichotomous branching 
respiratory model. In this work the authors investigated the sensitivity of the pulmo-
nary chemical absorption due to the following parameters: dose of surfactant, air 
flow rate, viscosity, and chemical absorption rate. An increase in dose of surfactant 
was found to both improve the uniformity of the chemical deposition within the 
airways and moved the peak position of the chemical distribution more distally in 
their model. Increased air flow rate also led to improved deposition uniformity and 
deeper chemical penetration. Their model also suggested that increased formulation 
viscosity will lead to a more distal chemical deposition and improved uniformity at 
the  expense  of  chemical  absorption  time.  The  chemical  absorption  rate  in  their 
model strongly influenced the final deposition of the chemical, with highly absorp-
tive chemicals failing to progress beyond the upper airways. This work suggested 
that the choice of a surfactant-chemical system can greatly aid in the uniform distri-
bution of the chemical in the respiratory tract.
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7.3  Aerosol Submersion Within Respiratory Fluids

In addition to lateral flow across the air-fluid interface, deposited aerosols can be 
wetted and displaced into respiratory fluids. In vivo animal studies have demon-
strated that many deposited particles submerse, partially or fully, within this interface 
(Fig. 7.1) [5, 19–23]. The submersion process can, theoretically, be controlled by 
altering the interfacial tension of the fluid’s or particle’s physicochemical properties 
such as size, shape, and surface chemistry. Thus, submersion could be used to push 
particles past the mucus barrier and to force particles to interact with the underlying 
epithelium.

The process of particle submersion is primarily controlled by the need to maintain 
mechanical equilibrium at the interface and can be described under static conditions 
by the Young equation:

 = -lv sv slcos ,g q g g  (7.1)

where g is the surface tension or surface energy at the liquid-vapor (lv), solid-vapor 
(sv), or solid-liquid (sl) interface and q is the contact angle of the particle. A sche-
matic of this process is depicted in Fig. 7.2. Since the surface tension of the lung 
fluids (g

lv
 in (7.1)) varies based on location, the ability of a particle to submerse 

Fig. 7.1 (a) Light micrograph of a guinea pig trachea fixed by immersion in osmium tetroxide/
perfluorocarbon  5  min  after  exposure  to  a  polydispersed  aerosol  of  polymethylmethacrylate 
(PMMA; diameter 10–100 mm). The microspheres are partially or totally (smaller particles) sub-
mersed beneath an osmiophilic film (arrow) and indent the underlying epithelium (arrowhead). 
Bar = 30 mm. Reprinted from Schürch et al. [24], Copyright (1999), with permission from Elsevier. 
(b) Transmission electron microscopy (TEM) image of alveolar wall showing 1 mm diameter poly-
styrene beads in an alveolar space (AS). The particles have been displaced toward the epithelium 
and are completely covered by an osmiophilic layer (surfactant). Surface tension forces have 
caused deformation of the underlying capillary (CAP) by the particles. Reprinted from Schürch 
et al. [5], Copyright (1990), with permission from Elsevier
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within the interface changes within the respiratory tract. The Young equation pre-
dicts that as surface tension is decreased, particles will become further submersed 
within the fluids. As the surface tension approaches 0, particles become completely 
submersed. Therefore, in the alveoli, where surface tensions reach very low values, 
particles  are  expected  to  be  completely  submersed. Conversely,  in  the  tracheo-
bronchial region, where surface tensions as high as 32 mN/m have been reported, 
particles are expected to be partially or fully wetted.

The three remaining parameters in the Young equation (q, g
sv
, and g

sl
) depend on 

the properties of the solid particle. Particle contact angle is a material attribute of the 
particle and, therefore, can be easily changed by surface modifications. Increasing 
the hydrophobicity of a particle increases its contact angle, generally causing a par-
ticle to be less submersed in a fluid. For hydrophilic particles, the high humidity in 
the respiratory tract (close to 100%) can hydrate the surface during inhalation, caus-
ing the particles to become substantially more wetted and displaced into the inter-
face than hydrophobic particles [24]. Particle shape can also be altered to change a 
particle’s contact angle. The influence of sharp edges and highly curved surfaces of 
different particles on the spreading of a surfactant film was investigated by Gerber 
et al. [25]. The results showed that the resistance of a surfactant film to spread on 
particle surfaces increased with particle curvature.

The size of a particle compared to the depth of the fluid upon which it deposits 
can alter the particle’s ability to become submersed. Typical therapeutic aerosol 
particles range in size from about 1–20 mm. The depth of respiratory fluids decreases 
with each successive generation into the respiratory tract (Table 7.1). It has been 
reported that in nonpathological conditions the depth varies between 10 and 30 mm 
in the trachea and between 2 and 5 mm in the bronchi [26, 27]. While actual mea-
surements of the in vivo depth of the airway fluids is difficult to obtain, the upper 
respiratory tract fluid in excised human airways has been measured between 7 and 
55 mm, illustrating this variation between subjects [28, 29]. Reports of mucus depth 

Fig. 7.2 Schematic of particle wetting and submersion of (a) a solid spherical particle deposited 
onto the upper respiratory tract surface where the particle diameter is of similar size to the depth 
of the mucus layer (M), and (b) a larger particle which is displaced into the periciliary fluid layer 
(PCL). In each case, the particle is wetted and displaced into the fluid until its contact angle q is 
satisfied
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Table 7.1  Physical properties of human respiratory tract (conducting airways)
Generation Length (cm)a Mucus (mm)b, c Sol (mm)b, c Velocity (mm/min)d

0 9.1 27 8 6.46
1 3.8 5 6 6.59
2 1.5 5 6 2.47
3 0.83 5 6 1.20
4 0.90 5 6 0.89
5 0.81 5 6 0.69
6 0.66 5 6 0.54
7 0.60 5 6 0.43
8 0.53 5 6 0.36
9 0.43 4 2 0.29
10 0.36 4 2 0.21
11 0.30 4 2 0.15
12 0.25 4 2 0.11
13 0.21 4 2 0.08
14 0.17 4 2 0.05
15 0.14 4 2 0.04
a Dimensional model of tracheobronchiolar tree in adult male [97]
b Estimates of dimensions of trachea, bronchus, and bronchiole [98]
c Morphometric model [99]
d Yu et al. [44]

as large as 260 mm have been reported [10]. This discrepancy in observed mucus 
layer  thickness may be due  to  the  release of mucus granules during  the fixation 
process or due to subject-to-subject variation. To small particles deposited in the 
upper respiratory tract, the lung fluids appear to be infinitely deep and the Young 
equation can be used to estimate particle submersion. Larger aerosol particles, when 
completely submerged, will penetrate through the mucus gel layer and into the peri-
ciliary fluid. This is likely to limit clearance by the mucociliary escalator, thereby 
increasing particle residence time in the lungs (see section on the mucociliary clear-
ance below for further detail). As the size of a deposited particle gets close to the 
depth of the fluid, interactions with the underlying epithelium become important. 
At the more distal generations, the aqueous fluid is quite thin. The alveoli fluids 
have an average depth ranging from 0.18 mm above flat alveolar walls to 0.89 mm in 
the alveolar corners [30]. Therefore, particles deposited in the alveolar region, as 
well as very large particles in the upper respiratory tract, can make direct contact 
with the epithelium upon submersion, as observed in Fig. 7.1a. Mathematical model-
ing of particle submersion in thin films laying on top of an inflexible membrane has 
shown that the surface tension force in much of the respiratory tract can be large 
enough to cause the fluids to climb up the particle surface to enable complete sub-
mersion [31]. In vivo experiments in animals have shown not only that respiratory 
fluids can coat particles that are much larger than the fluid depth, but also that the 
lung epithelium  is a flexible membrane which can be  indented significantly upon 
particle submersion, as observed in Fig. 7.1b [5, 20, 32]. This phenomenon can be 
utilized to enhance particle–cell interactions and limit particle clearance.
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Limitations to accurately predict particle submersion are primarily due to the 
dynamics of the lung from expansion and contraction during breathing, as well as 
mucociliary clearance. Mucociliary clearance is likely to promote particle rolling, 
which could promote surfactant adsorption onto particle surfaces and lead to 
enhanced particle submersion. Breathing causes the depth in alveoli to change sig-
nificantly,  therefore  particle  wetting  could  be  promoted  during  exhalation when 
fluid  depth  is  at  a maximum  and  reduced  during  inhalation. An  example  of  the 
effects of lung dynamics has been observed with puffball spores. These spores are 
decorated externally with tiny warts which increase the local surface curvature and 
are expected to hinder submersion [32]. However, in vivo experiments showed that 
the  spores  experienced  the  same  submersion  as  microspheres  with  a  relatively 
smooth surface [19]. These results suggest that these dynamic events may substan-
tially alter particle submersion, which could impact the therapeutic effectiveness of 
aerosols.

7.4  Controlling Particle Transport via  
the Mucociliary Escalator

Submersion within the conducting airway fluids may be an innate defense mecha-
nism designed to efficiently trap foreign material for clearance from the airways via 
the mucociliary escalator. Airway fluids, and any trapped material, are continuously 
propelled toward the larynx by the coordinated movement of the cilia on the lung 
epithelium [33–35]. Fig. 7.3 shows a histological image of an airway tissue culture 
in which the tips of the cilia are touching a viscous mucus layer, which sits above a 
dilute, low viscosity, “watery” periciliary fluid. The beating of the cilia in the peri-
ciliary layer transmits energy to the mucus layer, which is then used for bulk trans-
port.  Effective mucociliary  clearance  requires  fine  control  over  ciliary  function, 
periciliary fluid depth, and mucus rheological properties [36–38]. Therefore, any 
disturbance in these properties can significantly alter mucociliary clearance. For 
example, if the mucus lacks elasticity, beating cilia cannot transmit energy to the 
mucus and mucociliary clearance is impaired [36]. If the periciliary layer is too thin 
or too thick, the cilia cannot beat properly or cannot reach the mucus layer, respec-
tively, thereby limiting clearance [35]. Chronic pulmonary diseases, such as CF, 
COPD, and asthma, result in mucus hypersecretion and fluid dehydration [39–42]. 
These alterations reduce the ability of the ciliated cells to efficiently move the 
mucosal secretions, leading to reduced mucociliary clearance and retention of 
mucus in the lungs [43].

The rate at which mucociliary clearance occurs determines the residence time of 
fluids and aerosol particles in the conducting airways. Transport of respiratory 
mucus up and out of healthy lungs occurs at rates of ~5–100 mm/s (Table 7.1) [35, 44]. 
Therefore, particles are typically cleared from the most distal ciliated airways in 
healthy lungs within 1 day, although values between individuals can vary from 0.1 
to 1 day [37, 45]. In diseased lungs, transient time has been shown to be significantly 
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reduced. For example, a reduction from 53.5 ± 2.8% for healthy patients to 40.7 ± 2.5 
for CF patients in the percentage of tracer particles cleared from the lungs in 24 h 
has been observed [46]. Clearance by the mucociliary escalator can be altered to 
either enhance or further limit transport through the addition of various mucoactive 
compounds or through modifications to particle properties.

7.4.1  Altering Particle Clearance via Mucoactive Compounds

Mucolytic agents are used to break down or depolymerize the mucus gel network. 
By reducing the viscosity, adherence, and tenacity of the mucosal fluids, mucocili-
ary clearance can be improved [47, 48]. It is likely that improving mucociliary 
clearance would lead to enhanced aerosol particle clearance. Classic mucolytic 
agents include DNase, an enzyme which cleaves DNA, and thiol agents such as 
N-acetylcysteine (NAC), which breaks disulfide bonds between the glycoproteins 
[6, 47, 49]. Surfactants are currently under development as mucolytic agents as they 
have been seen to reduce sputum adhesivity and consequently enhance mucus clear-
ability [47]. Adrenergic agonists such as isoproterenol [50, 51], epinephrine [50], 
salbutamol [52], terbutaline [53, 54], and fenoterol [55] have been shown to aug-
ment mucociliary clearance significantly by increasing the ciliary beat frequency 
[50, 55]. Olivier et al. showed uridine 5¢-triphosphate  (UTP),  which  has  been 
shown to increase ciliary beat frequency [33, 56–58], caused a 2.5-fold increase in 

Fig. 7.3 Histology of an 
airway epithelial culture fixed 
by PFC/OsO

4
. Note that the 

mucus network is in contact 
with the cilia tips above the 
periciliary fluid. The total 
airway surface fluid depth is 
indicated by the scale bar. 
Reprinted from Matsui et al. 
[39], Copyright (1998), with 
permission from Elsevier
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mucociliary clearance in normal human adults [59]. The cholinergic agonist 
bethanechol hydrochloride was also shown to result in a statistically significant 
enhancement of mucociliary clearance from the proximal airways [60]. Hypertonic 
saline and mannitol are used to  induce an influx of water  into  the  lungs,  thereby 
rehydrating the mucosal fluids and enabling ciliary action [6, 35, 47]. Hypertonic 
saline has a secondary function of disrupting the ionic bonds within the mucin gel, 
leading to a reduction in mucus viscosity and elasticity [36]. In these cases the resi-
dence time of inhalable therapeutics bound within the mucus layer would be reduced.

On the other hand, an array of compounds has been shown to directly disrupt 
mucociliary clearance and could potentially be used as a means of increasing the 
residence time of aerosol particles in the conducting airways. Tertiary ammonium 
compounds (anticholinergics), aspirin, anesthetic agents, and benzodiazepines have 
been shown to be capable of depressing the mucociliary transport system by decreas-
ing cilia beat frequency [48]. Compounds produced by infectious bacteria have also 
been shown to disturb the mucociliary system by slowing and disorganizing the 
beating of cilia [61, 62]. These include pyocyanin, 1-hydroxyphenazine, and rham-
nolipid produced by Pseudomonas aeruginosa [62, 63], low molecular weight 
 glycopeptides produced by Haemophilus influenza [64], and pneumolysin produced 
by Staphylococcus pneumonia [65].

7.4.2  Effect of Particle Physicochemical Properties on Clearance

The probability of particles becoming trapped in mucus is dependent on physical 
and chemical interactions between the particles and mucus (Fig. 7.4). Moller et al. 
showed a fast and slow phase of mucociliary clearance of particles in the conducting 
airways, suggesting that particles are capable of temporarily avoiding mucociliary 
clearance [66]. Using bolus inhalation techniques, they limited deposition of 4.2 mm 
aerodynamic diameter ferromagnetic iron oxide particles to the conducting airways. 
The first 49% of the deposited particles cleared with a mean half-time of 3 h. The 
slow phase showed a significantly longer mean half-time of 109 days. It is likely 
that the slow phase reflects particles that have submersed or diffused below the 
mucus layer and thus are less likely to be transported out of the respiratory tract via 
mucociliary clearance. The size of microparticles has also been shown to play a role 
in the rate of particle clearance. Stahlhofen et al. used the same bolus inhalation 
technique to deposit ferromagnetic iron oxide particles with differing aerodynamic 
diameters. They found that the smaller aerodynamic diameter particles (1.8 mm) 
were about 60% retained in the respiratory tract after 24 h, compared to 25% reten-
tion for larger (5.9 mm) particles [67]. This data suggests that the smaller particles 
are able to diffuse into the periciliary layer to avoid the mucociliary escalator.
Particle adhesion to the mucus (mucoadhesion) has also been exploited as a method 

to overcome the limitations imposed by mucociliary clearance. Long polymer chains 
attached to the surface of particles may enable the particles to become intertwined and 
entangled within the mucus network. Mucoadhesive particles typically exhibit slower 
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particle transit time from the mucosal site, likely due to an increase in the viscoelastic 
properties of the mucosal fluids which inhibits the mucociliary escalator. In one study, 
it was shown that grafting the copolymer polyethylene glycol (PEG) monomethacry-
late to methacrylic acid particles enhanced their adhesion to gelled bovine submaxil-
lary mucins [68]. This strategy has been used extensively to enhance the mucoadhesion 
of particles to the gastrointestinal tract and nasal passages. It is clear from these studies 
with other mucosal surfaces that there is a molecular weight dependence on adhesion, 
where polymer chains that are too short or too long do not effectively entangle in the 
mucus layer [69]. The ability of mucoadhesive microspheres to limit clearance in vivo 
has been indirectly measured in a few cases. One group showed prolonged drug reten-
tion in asthmatic guinea pigs after delivery from hydroxypropylcellulose microspheres 
[70]. In addition, increased bioavailability of ofloxacin and sustained release of insulin 
from hyaluronic acid-based aerosols has been demonstrated in an animal model [71, 
72]. Limitations to this strategy include the time scale for mucus renewal and concern 
over potential negative health consequences of inhibiting mucociliary clearance.

7.5  Diffusional Transport Within Respiratory Fluids

One of the most promising methods to improve particle transport within respiratory 
fluids is to enhance diffusion. In the upper respiratory tract, diffusion can enable 
particles to penetrate into the periciliary layer and reach the underlying epithelium, 
thereby increasing particle residence times in the lungs. In the lower airways, the 
diffusion of particles plays a role in the spreading and distribution on the airway 
surface. Simple random (Brownian) diffusion of a dilute suspension of spherical 
particles in a homogeneous fluid can be described by the Stokes–Einstein equation:

Fig. 7.4 Schematic of interactions leading to the formation of the mucus gel network [75]
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Einstein  equation, we  see  that  the  ability  of  a  particle  to  diffuse  is  inversely 
proportional to particle size and fluid viscosity. Based on purely Brownian dif-
fusion,  therefore,  we  would  expect  that  smaller  particles  can  diffuse  more 
quickly through the mucosal fluids, but will be significantly impeded by higher 
viscosity fluids particularly in the tracheobronchial region. This equation, how-
ever, ignores the complex structure and interactions between the diffusing par-
ticles and components of the mucus network. This mucus network has been a 
major barrier to particle and drug transport for therapeutic drug delivery [35]. 
Due to the recent progress in controlling diffusional transport of aerosol parti-
cles in lung fluids, the remainder of this chapter will focus on describing key 
characteristics of the mucus gel which inhibit particle transport, techniques 
used to quantify transport and methods developed to enhance particle move-
ment through these fluids.

7.5.1  Respiratory Tract Mucus as a Barrier to Particle Diffusion

The tracheobronchial region fluids are composed of approximately 95% water and 
5% solids, which include 2–3% proteins and glycoproteins, 1% lipids and 1% miner-
als [73]. Mucin glycoproteins (mucins) are the major macromolecular components 
of the respiratory mucus. They are high molecular weight (2–20 × 105 Da), highly 
glycosylated (50–90% by weight) proteins which form a cross-linked viscoelastic 
mucus gel [6, 36, 74]. Intramolecular disulfide bonds, in addition to noncovalent 
linkages (hydrogen bonds, electrostatic and hydrophobic interactions, and Van der 
Waals forces), give mucus an entangled and extended polymeric gel network [49, 
75]. Particle diffusion within this network is limited both physically due to the highly 
cross-linked nature of the mucus as well as chemically due to interactions between 
the particles and mucus components.

The mucus network generates nanoscopic pores through which particles can 
diffuse. The transport of a variety of compounds and virus particles through respi-
ratory mucus has been used as an indication of the mesh spacing between mucin 
fibers (Fig. 7.5). Many small proteins (1.2–150 kDa), including immunoglobulin 
(IgG), diffuse in mucus nearly as fast as they diffuse in water [76–78]. Human 
papilloma virus (55 nm, ~20,000 kDa), Norwalk virus (38 nm, ~10,000 kDa), and 
many globular proteins (~2–20 nm, 15–650 kDa) have also been shown to diffuse 
as rapidly in mucus as in saline [79]. Viruses known to infect epithelial surfaces 
are ~30–200 nm in diameter [35]. Therefore, particle sizes less than about 200 nm 
are typically considered appropriate for potential diffusion through nondiseased 
respiratory tract mucus.
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Disease state can significantly alter the mucus mesh size. Direct measurement of 
pore size in diseased mucus samples has provided an indication of the maximum 
size of particles that can penetrate the network. Atomic force microscopy images of 
unprocessed CF sputa illustrate a dense porous structure with an average pore diam-
eter  of  517 ± 76.5  nm  (three  adult  patients,  one  sample  each,  ten measurements) 
[80]. Images of CF sputum obtained via scanning electron microscopy have led to 
estimated pore sizes in the range of 100–400 nm [81]. The larger pore size observed 
in CF patients has been attributed to mucin fiber bundling, which opens the pores 
for diffusion of larger compounds and particles [82]. Indeed, efficient diffusion of 
particles as large as 500 nm has been observed in CF sputum [77]. The viscosity of 
mucus in disease states also influences the ability of particles to diffuse. In diffusion 
chamber studies, the introduction of DNA to a 4% w/v mucin solution was shown 
to significantly decrease the diffusion rate of dissolved ticarcillin, a b-lactam antibi-
otic, in a dose dependent manner [83]. The addition of DNA (calf thymus at 5 mg/mL) 
to porcine gastric mucin (30 mg/mL) reduced the amount of 200 nm carboxylate-
modified FITC-labeled nanospheres transported across a diffusion chamber from 
72 ± 5.9% of PBS for mucin to 44 ± 1.5% of PBS for the combination [80]. Recent 
studies, though, have suggested that the “local” viscosity within the pores of CF 
sputum may be very low (close to that of water) [77]. Therefore, particles which 
exhibit no binding to mucus components should readily diffuse through the pores.
Mucins and other components can limit particle diffusion by forming multiple 

low energy bonds, which trap the particles in the mucus layer (Fig. 7.4). The negative 

Fig. 7.5 Diffusion constants in mucus compared to phosphate buffered saline as a function of 
hydrodynamic diameter of the diffusing particles (modified from [79, 100]). The curve shows the 
predicted relationship using Amsden and Turner’s model if the average mesh spacing is 400 nm, a 
spacing much larger than predicted if mucin monomers did not aggregate into large, multi-mucin 
“cables.” Reprinted from Cone [35], Copyright (2009), with permission from Elsevier
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charge and hydrophobic regions of mucins lead to significant electrostatic and 
hydrophobic interactions with particles. The transport of negatively charged polysty-
rene nanospheres and cationic lipoplexes has been investigated through sputa from 
CF patients [81, 84, 85]. In these studies, the number of charged particles transported 
after 150 min through CF sputum layer was very low (<0.5% of total number of 
particles present at the donor side) and strongly dependent on the size of the particles 
(with smaller particles transporting more readily through sputum). Studies compar-
ing the transport of 200 nm negatively charged polystyrene nanospheres in CF spu-
tum and buffer have shown that transport in CF sputum was 10–20-fold slower, 
suggesting van der Waals interactions of the sputum components with the hydropho-
bic polystyrene core [80, 86]. Positively charged nanoparticles, such as those coated 
with chitosan, have been observed to have limited transport in mucus gels [87]. One 
proposed mechanism for this hindered diffusion is particle aggregation caused by 
interaction with negatively charged CF mucus components (albumin, linear DNA, 
and mucin) [88].

7.5.2  Methods to Measure Particle Diffusion Through Mucus

Diffusion of particles in mucus has been investigated through the use of two distinct 
methods: diffusion chambers and single particle tracking. With diffusion chamber 
studies, the bulk quantity of particles which transfer through a layer of mucus is 
measured. These measurements rely on the mass flow of particles across a uniform 
thickness of fluid. In the steady state case, the mass flow rate per unit area (or 
molecular mass flux) is proportional to the mass fraction difference divided by the 
plate thickness and can be approximated by:

 
= Ao

A AB ,j D
L

w
r  (7.3)

where j
A
 is the mass flux of the particle, r is the fluid density, D

AB
 is the diffusion 

coefficient for the particle in the fluid, w
Ao

 is the initial mass concentration of the 
particle, L is the thickness of the fluid layer, and the assumption is made that the 
mass concentration of particles in the receiver is zero. This approach has been used 
by Bolister et al. to show the decrease in ticarcillin diffusion through layers with 
increasing mucin concentration [83]. They showed that the diffusion rate of ticarcil-
lin was 3 times greater with a mucin concentration of 1.475% (w/w) than at a con-
centration closer to 5%. Broughton-Head et al. showed significant reduction in 
transport of 200 nm fluorescent spheres at porcine gastric mucin concentrations of 
25 and 50 mg/mL, but not at 10 mg/mL [80].

In single particle tracking, a subpopulation of particles is followed within the 
local environment and their displacement over a period of time is determined. The 
population of particles is then combined in order to give a population average move-
ment of particles on that time scale. This process is depicted in Fig. 7.6. Here the 
diffusion coefficient is estimated as the mean-squared displacement divided by the 
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time scale (7.4). One advantage to this method is that inferences can be made about 
local viscosity and barriers due to subpopulations of particles which may exhibit 
different transport characteristics than the ensemble of particles.

 
a= o4 ,MSD D t  (7.4)

where D
o
 is the time scale (t) dependent diffusivity and a is the diffusion exponent 

reflecting the extent of particle impedance in the fluid (a = 1 for pure Brownian dif-
fusion; a decreases in fluids where obstructions are present). Single particle track-
ing experiments have shown that the population averaged movement of particles in 
mucus is increased when the diameter of the particles is decreased. However, the 
mean diffusion coefficient becomes dominated by relatively few but fast-moving 

Fig. 7.6  Principle of single-particle tracking. (a) The top frames show projections of the trajectories 
of three individual particles, scale bar is 1 mm. The gray dot is the initial position of the particle at 
the start of the data collection period and the black dot is the final position. The distance between 
the gray and black dots were (a) 1.64, (b) 1.35, and (c) 2.61 mm. The bottom panels show the total 
number of detected photons for each 5 ms time-step during the data acquisition of the trajectory 
above. Reprinted with permission from Lessard et al. [101]. Copyright 2007, American Institute of 
Physics. (b) Trajectories are shown for each individual particle by colored lines in (a). In (b) the 
trajectories of free-diffusing (red) and confined (green) particles are shown. The graph on the right 
depicts the corresponding MSD of a particle as a function of lag time. Reprinted from Sanders 
et al. [30], Copyright (2009) with permission from Elsevier
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particles as particle size is reduced from 500 to 100 nm [89]. This indicates that 
there still exists heterogeneity in the mucus even on this length scale.

7.5.3  Methods to Enhance Particle Diffusion Through 
Respiratory Tract Fluids

Altering particle surface chemistry is one strategy to minimize mucoadhesion and 
enhance diffusion in mucosal fluids. As mentioned above, it has been observed that 
the movement of many soluble proteins and viruses is not hindered by mucus. The 
fact that both of their surfaces are densely coated with equal quantities of positive and 
negative charges suggests that neutrally charged particles should exhibit free move-
ment in mucus [90]. This finding has led to the development of a few key strategies 
for tailoring particle surfaces for enhanced diffusional transport. Polystyrene parti-
cles that have been densely coated with a layer of PEG have been observed to more 
rapidly move in CF sputum than charged particles of the same size (Fig. 7.7) [89, 91]. 
The covalent coupling of PEG to the surface active groups on the polystyrene parti-
cles neutralizes the charge on particles, thereby reducing electrostatic interactions, 
and also to increase the hydrophilicity of particles, thus limiting hydrophobic interac-
tions with mucin fibers. While the covalent attachment of PEG to drug compounds 
and particles has been used extensively to limit interactions with blood serum pro-
teins, in mucosal fluids it can potentially act as a mucoadhesive (see section above on 
mucociliary clearance). Optimization of PEG chain length is required to limit mucus 

Fig. 7.7 Transport mechanism distribution of various sized particles in CF sputum, with or without 
PEG coating (n = 3 experiments): (a) immobile and immobile + hindered and (b) diffusive particles. 
Data  represents  mean ± SEM  of  three  experiments  with  n > 200  particles  for  each  experiment. 
Immobile particles have an MSD below  the microscope detection  limit  (10 nm). Differences  in 
percentages of immobile, immobile + hindered and diffusive particles are statistically significant 
(asterisks) for 200 nm PEG-coated particles as compared to either 200 nm uncoated particles or 
500 nm PEG-coated particles  (p < 0.01). Reprinted from Suk et al. [91], Copyright (2009), with 
permission from Elsevier
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interactions. Based on studies conducted to date, low molecular weight PEG within 
the range of 2–5 kDa is optimal for limiting mucoadhesion [92]. Coating particles 
with soluble proteins has also been investigated as a strategy to minimize the adhe-
sion of particles to the respiratory mucosa. Carrabino et al. investigated the effect of 
the addition of human serum albumin (HSA) to polyethylenimine (PEI)-DNA com-
plexes for gene therapy [93]. The in vitro transfection rate of PEI-DNA complexes 
was observed to increase by 5–10 times with absorption of HSA to the surface of the 
complex. The presence of CF sputum inhibited in vitro gene expression of all com-
plexes, but HSA-PEI-DNA complexes exhibited 18–84 times higher expression than 
complexes without HSA on the surface.
Mucolytic compounds have also been studied for their ability to reduce mucus vis-

cosity and therefore improve particle diffusion. DNase has been shown to enhance gene 
transfer, in vitro, from liposomes in the presence of CF sputum, suggesting improved 
particle mobility due to the digestion of DNA in the CF sputum [94]. However, the 
presence of actin in a CF mucus mimetic eliminated the improvement in negatively 
charged polystyrene nanosphere diffusion observed by DNase [80]. Interestingly, the 
traditional mucolytic Nacystelyn showed no improvement in gene transfer or nano-
sphere diffusion [80, 94]. It has been theorized that breaking up the intermolecular and 
intramolecular bounds of the mucin chains causes an increase in the viscosity of the 
mucus pores, which reduces particle diffusion through those pores. Therefore, it is 
important to consider the effect a particular mucolytic has on the microenvironment 
before implementing them as a strategy to control particle transport.
Enhancement of particle transport by external stimuli is a new strategy currently 

being explored. These methods attempt to overcome the limitations of diffusion by 
controlling the spatial location of particles in the lungs. The use of an external mag-
netic field  to direct  the  transport of  superparamagnetic  iron oxide vectors coated 
with PEI (400–1,000 nm) toward the lung epithelium has been shown to enhance 
transfection efficiency [95]. The use of ultrasound has led to a tenfold improvement 
in the transport of polystyrene nanospheres (500 nm, negatively charged) through 
CF sputum compared to pure diffusional transport [30]. Additionally, an increase in 
gene transfer of naked pDNA in the lungs of mice has been observed by using high 
frequency ultrasound [96]. While these emerging strategies with external stimula-
tion show promise, there remains significant work to be done prior to their imple-
mentation as a general form of therapy.

7.6  Summary

While the respiratory tract fluids act as a significant barrier to aerosol and drug 
transport, a variety of strategies have been developed to overcome these limitations. 
Controlling the physical and chemical properties of the particle provides one method 
to alter particle transport in the lungs. The size, shape, and hydrophilicity of the 
particle surface are all properties which have been observed to alter the submersion 
of particles, retention time, and diffusivity of the particle in the mucus layer. 
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Mechanisms which alter  the properties of  the  respiratory fluids have also  shown 
some promise in improving particle transport. These include the redistribution of 
particles through the altering of surface tension with surfactants and mucoactive 
compounds to alter the residence time of particles in the respiratory tract or diffu-
sion of particles within the mucus layer. Finally, external stimuli have been shown 
to provide control of particle distribution within the lungs. While these methods 
have shed light on the process of controlling particle transport, there is still much to 
be learned about the interaction of particles with the components which make up the 
respiratory fluid and how these interactions change the local and global respiratory 
environment. Improvements in understanding and predicting these complex interac-
tions will lead to significant therapeutic advances.
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Abstract The pressurized, propellant driven metered-dose inhaler is an essential 
technology for pulmonary drug delivery. In this chapter, both the basic scientific prin-
ciples and technological advances of these systems will be discussed. A particular 
focus will be the physical chemistry of formulation and how this understanding allows 
predictable product development of these products. Lastly, based on this science, 
future technological advances will be discussed.

Keywords Formulation development • Hydrofluoroalkane propellants • Nano-
medicine • Pressurized metered-dose inhalers • Pulmonary drug delivery

8.1  Introduction

Before delving into the scientific aspects of this chapter, we will reflect on the 
relevance and speculate on the future of pressurized metered-dose inhalers (pMDIs) 
in the respiratory drug delivery market. Such discourse will unavoidably have a 
certain bias as our group works in this area. However, we strove to include the most 
appropriate references to support our claims. The introduction to the chapter will be 
divided in three parts: (1) comparing and contrasting pMDIs with dry powder inhal-
ers (DPIs); (2) the environmental impact of propellants used in pMDIs; and (3) 
current challenges in the formulation of pMDIs.

S.R.P. da Rocha () 
Chemical Engineering and Materials Science, Wayne State University, Detroit, MI 48202, USA 
e-mail: sdr@eng.wayne.edu

Chapter 8
Science and Technology of Pressurized  
Metered-Dose Inhalers

Sandro R.P. da Rocha, Balaji Bharatwaj, and Sowmya Saiprasad 



166 S.R.P. da Rocha et al.

8.1.1  pMDIs vs. DPIs

The two most commonly used devices in the treatment of pulmonary diseases are the 
pMDIs and the DPIs, accounting for approximately 65% of the total sales – tablets/
granules and nebulizers occupy most of the remaining market [62]. pMDIs are the 
most widely used portable oral inhalation (OI) devices, with sales that reached an 
estimated 4.6 billion dollars in 2007. DPIs are the second most common portable 
inhalers, with total sales of more than nine billion dollars in the same year. The 
higher total sales of DPIs reflect the much higher cost per actuation – treatment costs 
are at least double for DPIs, and the types of drugs being commercialized in DPI 
platforms – more branded drugs are sold in DPIs, which may cost 10 times more per 
actuation than pMDIs [4, 62, 63]. It is also interesting to note that DPIs have steadily 
gained market share over pMDIs during the past decade [118]. While there are 
known advantages and disadvantages in using pMDIs, the same is true for DPIs [9]. 
For example, while coordination of actuation and inspiration may be a problem 
when using pMDIs, their performance is not as dependent on the inspirational flow 
rate of the patient as is the case for DPIs. Therefore pMDIs may be better suited for 
use by children and elderly [94]. There are several other advantages and disadvan-
tages scenarios like the one just described that could be discussed in terms of pMDIs 
vs. DPIs [9]. However, what is perhaps most important to understand is that there is 
no single delivery system that is expected to be universally accepted by patients/
doctors, and that not all drugs can be expected to be efficiently formulated in both 
devices, or simply available in all markets for both devices [21, 62]. From that per-
spective alone, therefore, pMDIs and DPIs are expected to coexist for quite some 
time, and the balance between them in the OI market will depend on new scientific 
and technological advances that are being discussed today (as in this book), and 
those innovations yet to come.

8.1.2  Environmental Impact of the Propellants Used in pMDIs

Another important consideration regarding the future relevance of pMDIs is the fact 
that propellants are required in such devices. The propellant is the solvent medium 
for the drug (solution or dispersion), and is what generates the aerosol (the propel-
lant fluid). DPIs, on the other hand, do not require a propellant, as they are usually 
breath actuated devices [43, 59]. This is an important issue because the hydrofluo-
roalkane (HFA) propellants while non-ozone depleting, have a large global warm-
ing potential (GWP) [52]. GWP is a measure of the future radiative effect of an 
emission of a substance relative to that of the same amount of CO

2
. GWP for 

HFA134a (CF
3
CH

2
F), one of the two propellants used in pMDIs is 1,300, and that 

for HFA227 (CF
3
CHFCF

3
), the other propellant acceptable for use in pMDIs, is 

2,900 [21]. Careful analysis of the global market for propellants (including HFAs) 
reveal, however, that only 1% of the total HFA market is used in medicinal aerosols 
[22]. Of course, this argument alone is not enough to predict the future of HFA 



1678 Science and Technology of Pressurized Metered-Dose Inhalers

 propellants and thus of pMDIs, as one gets in the realm of policy making [4]. Our 
society, on one hand, is invested in supporting sustainable processes and products. 
On the other hand, we are also very sensitive to the availability (or lack) of drugs 
that we may require to treat important pulmonary disorders, which may be further 
exacerbated as the environmental conditions deteriorate. Apart from that discus-
sion, it has been concluded that the most reduction of GWP in this area (pMDIs) 
will come with the complete phase out of chlorofluorocarbons (CFCs) from pMDIs 
across the globe, with little environmental benefits to be gained even if all HFA from 
pMDI formulations were to be eliminated in the future [21], as for example by 
switching (if at all possible) all such formulations to DPIs.

8.1.3  Formulation Development

One final remark with regards to the current and future relevance of pMDIs, 
which may have implications not only in the pulmonary drug delivery market, but 
also in the overall drug delivery market when considering that pMDIs may also 
serve in the future as vehicles for the systemic delivery of drugs, is regarding 
existing challenges in the formulation stages of the product development. The 
HFA propellants used in pMDIs were selected based on several criteria, including 
their inertness and biological compatibility [51, 93]. While their vapor pressure 
and density, two important physicochemical characteristics that greatly impact 
the aerosol characteristics and overall formulation strategy [112], are not the 
same as those in CFCs, they represented a good compromise, and the old pMDI 
hardware has thus required relatively little modification to accommodate the new 
propellants [8, 49]. However, the solvent properties of HFAs are dramatically 
 different from CFCs [84]. HFAs are significantly more polar, but at the same time 
do not have a high solubilization capacity to polar compounds [54] – they are 
somewhat hydrophobic; i.e., have poor solubilization capacity for most hydro-
philic compounds including salts and biomacromolecules, and at the same time 
oleophobic; i.e., have poor solubilization capacity for hydrophobic compounds 
including those with long alkyl groups, such as the tails of typical surfactant 
molecules. As a consequence, most drugs of interest have very low solubility in 
HFAs [107, 117]. Moreover, many of the excipients used in the old CFC formula-
tions are also poorly soluble in HFAs [11, 97, 120]. This has caused significant 
challenges in the reformulation of pMDIs. Drugs have to either be formulated as 
dispersions or their solubility enhanced with cosolvents (ethanol) [94, 120]. 
Cosolvents are also needed in dispersion-based pMDIs to enhance the solubility 
of surfactants, which themselves are needed for particle stabilization and valve 
lubrication [98]. However, there are many issues associated with using cosol-
vents, including the chemical stability of the drug formulation [17, 97], and 
changes in the aerosol characteristics upon the addition of nonvolatiles [98]. 
Moreover, while solute solubility of surfactants may be increased with cosol-
vents, solvation of the moieties required to stabilize the particles dispersions is 
still not optimal even in the presence of ethanol [122]. The lack of understanding 
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of solvation forces in these semi-fluorinated propellant systems has significantly 
hindered the development of novel pMDI formulations, and has in turn incentivized 
the development of novel technologies for DPIs.

In this chapter we will focus on recent advances in the formulation aspects of 
pMDIs, which is one of the main challenges to be overcome if pMDIs are to 
remain competitive in the pulmonary drug delivery market, and perhaps to gain 
market share in the overall drug delivery market with formulations that target the 
systemic circulation. It is clear, however, that device design (hardware) is also 
expected to greatly impact the relevance of pMDIs as we go forward. The quality 
of the final product is an optimization problem that should address formulation 
development and hardware design simultaneously [8, 114], as no quantitative 
correlation exists between the characteristics of the formulation and the aerody-
namic characteristics of the aerosol alone,1 without consideration of the hardware 
[112]. It is sensible to assume, however, that if the size of the particles and chemi-
cal stability of the drug inside the container cannot be controlled during the pro-
posed lifetime of the formulation, the characteristics of the aerosol and product 
performance will be affected with time, and thus certain aspects of the formula-
tion development need be addressed to pave the way for a new generation of 
pMDI formulations.

8.2  Commercial pMDIs: Essential Components

Essential components of the pMDIs include the hardware, the solvent/propellant, 
and the active and (often times) nonactive ingredients.

8.2.1  The Hardware

The hardware of a typical pMDI, shown as a schematic diagram in Fig. 8.1, includes: 
(1) the canister and a metering valve, which offer a pressure proof, sealed environ-
ment where the propellant, drug, and excipients are housed; (2) the metering cham-
ber, located in the valve assembly, and designed to release a fixed volume of the drug 
and propellant upon actuation; and (3) the actuator that serves to actuate the metering 
valve; it also provides the orifice through which the metering valve discharges the 
spray emitted from the canister, and directs the spray into the patient’s mouth [8, 53]. 
Spacers may also be used to improve the efficiency of the delivery by reducing 
oropharyngeal deposition, as portion of the drug is retained in the spacer instead of 
reaching mouth and throat, thereby reducing undesired systemic drug levels and 

1 Correlations for solution-based pMDIs have indeed been developed (with cosolvents and other 
nonvolatiles), but for specific hardware sets (e.g., a certain valve and actuator) (Stein 2004).
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local side effects. Spacers also increase deposition in the lungs as there is more time 
for the evaporation of the propellant released in the plume, and thus the formation of 
smaller (more favorable) droplet sizes [19, 48]. While the main characteristics of the 
hardware has not changed significantly during the transition from CFC-based to 
HFA-based pMDIs, making this process seemingly simple at first, it is now recog-
nized that there are many technological and scientific issues that need to be addressed 
regarding the hardware for HFA-based pMDIs that were not considered at first, 
including the selection and design of appropriate materials whose properties are not 
affected upon contacting the more polar HFAs [2, 17, 56, 73, 90, 115, 120].

8.2.2  The Formulation

The canister and metering valve hold the formulation in a sealed environment [94], 
or at least partially sealed, as moisture may gain access to the inside of the container 
– the ingress of water may affect the characteristics of the formulation and thus need 
to be accounted for during formulation development [116]. The formulation consists 
in a compressed solvent (propellant), the active pharmaceutical ingredient(s) (APIs), 
and excipient(s). Excipients may have different functions, including particle stabili-
zation and valve lubrication [38, 54]. The compressed HFA gas, which makes for the 
largest fraction (typically >90%) of a formulation, is a liquid in equilibrium with its 
vapor at saturation pressure, and has dual function: it is the solvent and the propellant 
[120]. The system must be at saturation pressure so that the solvent quality and the 
pressure of the system do not change throughout the lifetime of the formulation, 
which could otherwise affect the physical stability and the aerosol characteristics 
of the same [93]. The compressed liquid also works as a solvent in which the API 
is dispersed or solubilized along with other excipients. The propellants used in 

Fig. 8.1 A schematic diagram of a pMDI and its essential components. Reprinted from Wu and 
da Rocha [120], with permission from Hosokawa Powder Technology Foundation (KONA)



170 S.R.P. da Rocha et al.

 commercial pMDI formulations and some of their relevant physicochemical 
 properties, along with those for 2H,3H-perfluoropentane (HPFP), a liquid at ambient 
pressure and a mimic of HFA propellants, are shown in Table 8.1.

The propellant generates a pressure of approximately 50–80 psig inside the sealed 
unit [94]. Upon pressing the actuator, the propellant mixture and active drug are 
exposed to atmospheric pressure [105, 120]. The propellant flash evaporates to form 
an aerosol cloud containing the active and nonactive excipients, which are inhaled by 
the patient. The propellant is biocompatible and inert. Commercial pMDI formula-
tions contain low molecular weight (MW) APIs either in solution (drugs dissolved in 
the propellant, usually with the help of a cosolvent) or in suspension (micronized 
drug crystals with or without the help of other excipients) [8, 55]. A list of HFA-based 
pMDIs currently commercialized in the US, with their brand name, APIs, nonactive 
compounds (excipients), and solvent/propellant used, is listed in Table 8.2.

The role of cosolvents and excipients in pMDIs will be discussed in the 
following.

8.3  Formulations in HFA-Based pMDIs: Current Efforts

While little has been promoted in terms of replacement propellants to the existing 
HFAs, perhaps aiming at achieving enhanced properties, and/or lower GWP, a sig-
nificant amount of effort has been poured into the development of new particle 

Table 8.1 Selected physicochemical properties of the hydrofluoroalkane (HFA) propellants used 
in pMDI formulations, and of HPFP
Property HFA134a HFA227 HPFP

Molecular weight (g mol−1) 102.03 170.03 252.05
Density (g cm−3) 1.21 1.40 1.58
Dipole moment (D) 2.06 0.93 1.90
Dielectric constant (e) 9.46 4.07 15.05
Interfacial tension (g, mN m−1) 31.8 32.7 33.7
Surface tension (s, mN m−1) 8.69 6.96 13.59
Solubility in water (ppm) 193 58 140
Water solubility (ppm) 2,200 610 390
Boiling point (°C) −26.3 −16.5 53.6
Vapor pressure (psig at 20°C) 68.4 56 –
Ozone depletion potential 0 0 –
Global warming potential 1,300 2,900 –
Solubility parameter (d, (MPa)0.5) 13.5 13.5 17.85a

Polarizability (a, 10−24 cm3/molecule, vapor) 5.4 5.8 –

Adapted from Stein [98], Vervaet [112], Selvam [84], van Krevelen [111], Blondino [11], Traini  
[107], Peguin [68], Wu [122], de Jager [21], Chokshi et al. [13], and the IPCC/TEAP Special 
Report; Summary of Policy makers (safeguarding the ozone layer and the global climate system)
Note: The GWP is reported under the UNFCCC assessed value, and it is relative to that of CO

2
. 

Density and surface tension at 293 K, saturation pressure; water solubility at 298 K; interfacial 
tension at 298 K, saturation pressure; dielectric constant at saturation pressure
a Estimated from group contribution method (Van Krevelen 1990)
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technologies and the design of new excipients that may allow us to augment the 
relatively small portfolio of drugs currently being delivered with pMDIs [76, 120]. 
In this section we will discuss some new advances in this area, focusing to a large 
extent on the fundamentals in excipient design, and some recent particle engineer-
ing technologies applied to pMDI formulations.

8.3.1  Excipients in pMDIs

Excipients are used in pMDI formulations as: (1) cosolvents for enhancing the solu-
bility of drugs in solution formulations, and for improving the solubility of other 
excipients as well, such as surfactants – ethanol is a classical example as shown in 
Table 8.2; (2) stabilizers/surfactants/lubricants for imparting stability to colloidal 
drug particles when dispersed in the low dielectric HFA propellants, for modulating 
particle aerosol size [12], and for valve lubrication – poly(vinylpyrrolidone) (PVP) 
(claimed a suspension agent in Symbicort®), PEG (claimed a lubricant in Symbicort®), 
and oleic acid are examples, as shown in Table 8.2 [108]; (3) flavoring agents, for 
example menthol and saccharin; and (4) antioxidants – for example ascorbic acid 
[94, 132]. In order to achieve their function, however, the excipients must be soluble 
in and/or well solvated by the semi-fluorinated propellants used in pMDIs, at a par-
ticular density of the solvent/propellant, which is that at around ambient tempera-
ture, and corresponding saturation pressure. This requirement is a major problem in 
the formulation of HFA-based pMDIs as the solubility of excipients commonly used 
in the old CFC-based pMDIs as well as most active components is typically very 
low in the semi-fluorinated HFA propellants. Selected studies on the solubility and 
solvation of excipients related to pMDIs will be discussed further [11, 15, 52, 97].

8.3.2  Cosolvents: Solubility Enhancers in HFAs

Ethanol, which is completely miscible with HFA-134a and HFA227 [54], has been 
widely used to either enhance the solubility of drugs in solution formulations, or to 
aid in the solubilization of other excipients required in solution and dispersion for-
mulations, such as surfactants [8, 15]. The presence of ethanol, however, may have 
undesirable effects [8, 54, 97, 99]. The chemical and physical stability of the formu-
lation may be impacted [76, 97]. In dispersion formulations, the solubility of the 
drugs in the propellant-ethanol solution may enhance the growth of larger particles 
in detriment to smaller particles (Ostwald ripening) [54, 97], which is clearly an 
undesirable effect as the intent is to enhance the solubility of another excipient in this 
case, and not modify the size of the drug particles. Ethanol may thus impact the 
physical stability of the formulation [97]. In solution formulations, while increasing 
the solubility of the drug in the propellant solution (desired effect in this case), the 
chemical stability of the system may be reduced in the presence of ethanol [99]. It 
has been also shown that while the solubility of drugs may be increased in solution 
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formulations upon the addition of ethanol, the presence of such low volatility com-
pounds (ethanol compared to HFAs) reduces the respirable fraction of formulations 
[32, 85], with a potentially overall decrease in the delivery dose, depending on the 
concentration of ethanol and the type of drug.

Other low MW compounds, as for example cineole (contains a cyclic ether) and 
citral (contains a carboxylic group), which have enhanced solubility in HFAs [57], 
may also be utilized as cosolvents. Visual observations also demonstrate that such 
compounds can help enhance the stability of particle dispersions in HFAs [57]. 
Oligomers of lactic acid (LA), functional poly(ethylene glycols), and acyl amid-
acids have been also suggested as solubility enhancers for HFA-based pMDIs [97]. 
Different from ethanol, which acts by modifying the solvent environment, the 
 suggested mechanism for these cosolvents is based on their ion-pairing ability with 
the drug of interest. Significant solubilization enhancement was shown possible (for 
particular drug-cosolvents), even in the absence of ethanol. Similar advantages and 
disadvantages could be envisioned for these other classes of cosolvents as discussed 
in the case of ethanol, depending on the concentration range, as the presence of 
nonvolatiles affects the aerosol characteristics of the formulation [112]. The ability 
to eliminate this extra component (cosolvent) in the formulation if possible, perhaps 
via the design of highly soluble excipients would, therefore, be of great interest.

8.3.3  Other Excipients: Solubility and Solvation in pMDIs

One major aspect in the design of novel HFA-based pMDI formulations is the need 
for chemistries that can be well solvated by HFAs, so called HFA-philes. Such 
chemistries will clearly have important consequences not only in terms of dispersion 
formulations, but also for solution-based formulations [76, 94, 97, 120, 122]. New 
developments in this area are also expected to provide new market opportunities for 
pMDI-based OI formulations, as for example in the development of systemic drug 
delivery technologies [6, 8, 15, 76]. While solubility of surface-active species is not 
strictly required for the stabilization of dispersions [112], a certain degree of solu-
bility facilitates the formulation development process, and the solvation of the moi-
eties responsible for preventing the particles from reaching a primary attractive 
minimum (irreversible flocculation) in the low dielectric HFAs is certainly a require-
ment for steric stabilization, the mechanism believed to be the dominant in the 
stabilization of dispersions in HFA – at least for the systems investigated to date 
[40, 68].2 The prediction and determination of the solubility of APIs is also of great 
relevance in the design of pMDI formulations, and will also be discussed.

2 We note several publications that have discussed the possibility of electrostatic stability in non-
aqueous solvents (Vakarelski 2010; Patel 2010), and this may be an important area of research for 
HFA-based pMDIs as we go forward. However, at this time, there is not enough fundamental stud-
ies in this area to rationalize experimental results observed to date that have argued in favor of 
electrostatic stabilization of colloidal domains in HFAs (Peguin 2008).
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8.3.3.1  Experimental Determination and Modeling of Solute  
Solubility in HFAs

The solubility of a wide variety of APIs and various excipients has been reported in 
HFA propellants. Selected solubility results are shown in Table 8.3.

The development of new experimental techniques has provided facile routes for the 
determination of in situ solubility of compounds in HFAs propellants [24, 29, 75, 107]. 
Such approaches are of great relevance as they contribute to the development of impor-
tant insight in this field of research, as for example the ability to test thermodynamic 
models for phase equilibria involving HFA propellants, and also to develop useful cor-
relations between relevant molecular parameters such as hydrogen(H)-donating/accept-
ing capability, hydrogen bonding number (HBN), and log P, and the solubility of solutes 
in HFA [35, 68, 75, 76, 107]. One can envision the creation of large libraries that may 
help generate more quantitative structure-property (e.g., solubility) relationships with 
the help of sophisticated mathematical algorithms (e.g., neural networks) for systems 
that include this important class of solvents/propellants [104].

There has not been a concerted effort to develop accurate thermodynamic models 
to predict the solubility of solutes in HFA propellants so far. The modeling of a range 
of (low MW) solid-HFA propellant equilibria results shows that, as expected, correc-
tion factors need to be added to the ideal solid–liquid equilibrium equations in order 
to correctly estimate equilibrium concentrations [98]. However, even when (relatively 
simple) activity coefficient models are used, such as regular solution theory (solubility 
parameter), such models still lack enough (quantitative) predictive capability [34, 39, 
98]. Thermodynamic modeling of hydrofluorocarbon (HFC) mixtures, including 
HFAs, mostly in the context of lubricants for refrigerants, as for example polyol esters, 
has been approached using equation of state (EOS) models, including cubic EOS, 
simplified statistical associating fluid theory (SSAFT), Helmholtz energy models, and 
Sanchez-LaCombe EOS, and some of those thermodynamic models may be extended 
to systems of interest to pMDIs [1, 27, 36, 42]. The modeling of the phase equilibria 
of solutes in HFAs for systems relevant to pMDIs is clearly in its early stages of devel-
opment, and significant opportunities lie in this field of research. Computer simula-
tions of phase equilibria and ab initio  calculations also have the potential to be used as 
quantitative predictive tools for systems involving HFA propellants.

Surfactants and stabilizers are typically used in both solution and dispersion 
 formulations [11], even though their use is not strictly necessary, as seen in Table 8.2. 
In suspension formulations, surfactants are used to prevent irreversible aggregation of 
otherwise unstable drug particles due to strong particle–particle (van der Waals attrac-
tive) forces, and to minimize the adhesion of drug particles onto the container walls 
and valve components, among others, as discussed earlier [109, 120, 128]. Poly(vinyl 
alcohol) (PVA) and PVP, which have some solubility in HFA134a (>0.1% w/w), have 
been investigated as means of preserving the activity of biomacromolecules during 
particle formation relevant to pMDI formulations, and to enhance the stability of such 
particles as dispersions in HFAs [40]. PEGs are hydrophilic nonionic polymers that are 
liquids up to MWs of around 600, at room temperature. The solubility of PEGs in HFAs 
is significant, and was shown to decrease with an increase in their MW [75, 108, 112]. 
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Table 8.3 Solubility of selected excipients and APIs in HFA134a and HFA227

Solute Chemistry

Solubility in HFA  
(%w/w)

Condition134a 227a

BRIJ 30

R-C12H25

 O

O

O

O
OH

R
~1.8 0.8–1.2 19.5–25°C, Psat

Aerosol OT
S OO

O−

O

O

O

O

H3C

CH3

CH3

CH3

<0.01 <0.02 19.5–25°C, Psat

Lecithin

R,R’-fatty acid residues

P

O

O

O
− O

N
+

CH3

CH3

CH3

O

O

O

R

O

R'

O

O <0.01 <0.01 19.5–25°C, Psat

Oleic acid O OH

CH3

H

H

<0.02 <0.02 19.5–25°C, Psat

Oligolactic  
acid

CH3 O

O CH3

O

OHn

~2.7 NA T
room

, Psat

PEG 300

n: ~5 – 8@

O
OHHO

n

~4.0 1.5–4.3 19.5–25°C, Psat

PEG 600

n: ~11-16@

O
OHHO

n

~4 >50a 23–25°C, Psat

PEG 1000

n: ~20-25@

O
OHHO

n

~2 ~2 23–25°C, Psat

(continued)
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Solute Chemistry

Solubility in HFA  
(%w/w)

Condition134a 227a

PEG 2000

n: ~40-50@

O
OHOH

n

<0.01 <0.01 23–25°C, Psat

PPO 2000  
HO

O
O

CH3 CH3

CH3

n

~2 >50a 23–25°C, Psat

PVP

N
O

n

>0.1 NA 19.5–25°C, Psat

PVA

OH
n

>0.1 NA 19.5–25°C, Psat

Span 85®

O

OROR

HO

OR

O

CH2(CH2)5CH2 CH2(CH2)6CH3

R 

<0.02 <0.01 19.5–25°C, Psat

Tween 20®

R– CH2(CH2)9CH3

O

O OH

O
OH

O
HO

O
O

O

R ~0.1 1.4–3.5 19.5–25°C, Psat

Tween 80®

w

x

y

O

O OH

O
OH

O
OH

O
O

R

z-1

R:  CH2CH2O
O

CH2(CH2)5CH2CH CHCH2(CH2)6CH3

<0.03 0–10.0 19.5–25°C, Psat

Table 8.3 (continued)

(continued)
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Table 8.3 (continued)

Solute Chemistry

Solubility in HFA  
(%w/w)

Condition134a 227a

Cyclodextrinb 
(acylated)

O

O

O

OH
OHO HO

HO

O

O

O

OHO
OH

O

O
O

OO

O

OR OR

OROR

OR

OR

OR

OROR

OR

OR

OR

R – COCH3

1 0.5 T
room

, Psat

Salbutamol 
sulfate

NH

HO

OH

HO

CH3

CH3

CH3

<0.000 NA 25°C, Psat

Budesonide

O

O

O

HO

HO

CH
3

CH
3

CH
3

O

H H

H

H

23.13 ± 2.9c NA 25°C, Psat

Formoterol 
fumarate NH

NH

O

HO

HO

O
CH3 CH3

H 0.776 ± 1.023c NA 25°C, Psat

Beclomethasone 
dipropionate

Cl

O

O

O

CH
3OH

CH
3

CH
3

O

H

H

O

H3C

O

CH
3

80c 80c 25°C, Psat

Triamcinolone 
acetonide O

O

F

O

O

CH
3

HO

CH
3

CH
3

CH
3OH

H

H

4c 3.5c 25°C, Psat

Adapted from Blondino [11], Traini [107], Vervaet [112], and Williams and Hu [117]
a Existed as one clear phase in that concentration range, perhaps HFA solubilized in PPO instead of 
actual solubility; at approximated using a monomer mass ~44 g mol−1

b Data shown for the a-form
c mg/mass of Propellant
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PEG is insoluble at MWs >1,000 [75]. Both PEG and PVP are part of an FDA-
approved pMDI formulation (Symbicort®) as shown in Table 8.2.

The solubility of a series of surfactants in HFA134a and HFA227 has been related 
to the surfactant hydrophilic-lipophilic balance (HLB) [11]. It was observed, in 
 general, that surfactants with higher HLB had better solubility in HFA227 com-
pared to HFA134a [75, 112]. However, the concept of HLB has to be used with 
care for HFA-based systems, as shown in experiments where the tension of the 
 surfactant-modified HFA-water interface was determined [69, 84, 85]. For example, 
PEG is highly water soluble, but it is also soluble in HFA, and thus has interfacial 
activity by itself at that interface (implying a certain HLB). However, PEG is not 
truly a surfactant molecule. On the other hand, HFAs interact so poorly with alkyl-
based groups (oleophobic) [84] that attributing an HLB to surfactants such as oleic 
acid for interfaces with HFAs is not a very plausible surfactant classification  strategy. 
Tween 20, 80, and PEG 300 have higher solubility in HFAs when compared to 
 surfactants oleic acid and Span 85 [112]. Along with Span 85 and lecithin, oleic 
acid was primarily used in CFC-based formulations as lubricants during depression 
and release cycle associated with actuation [93].

In addition to the solubility of selected excipients, the extent of dissolution of 
some relevant APIs, including salbutamol sulfate (SS), budesonide, and formot-
erol fumarate at ambient conditions in HFA134a is also listed in Table 8.3 [107]. 
Among the three APIs mentioned above, budesonide was found to be the most 
soluble in the propellant, followed by formoterol fumarate – the solubility of SS 
was undetectably small. Such results may have implications regarding the formu-
lation of HFA suspensions as particle growth mechanisms such as Ostwald 
Ripening and it must also be considered for those APIs that show some solubility 
in HFAs [107]. Other selected drug candidates whose solubilities in HFAs have 
been reported include beclomethasone dipropionate (BDP) and triamcinolone 
acetonide (TAA) [117].

Ester-based polymers have also been investigated as stabilizers in HFAs [97]. 
Oligolactic acid (OLA), containing a high density of esters on the oligomer 
backbone, have appreciable solubility in HFAs. OLAs were tested as a suspension 
aid in an HFA134a formulation of pirbuterol acetate [97]. The suspensions formed 
using OLA as an excipient showed excellent physical stability [97]. The formation 
of stable dispersions of salbutamol and budesonide in HFAs, in the presence of 
 copolymers containing short blocks of LA as the HFA-phile has also been reported 
[119, 124]. Recent studies have also shown that the incorporation of cyclodextrins 
in HFA can greatly improve the physical stability of drug suspensions [77, 96]. 
In a recently filed patent, it was reported that the acylated analogs of cyclodextrins 
were more soluble in HFA134a and HFA227a than the parent cyclodextrin, 
exhibiting solubilities >0.1% w/w. The modified cyclodextrins were able to help 
form stable suspensions of several drug particles candidates used in propellant 
driven formulations including budesonide, triamcinolone, and fluticasone [77]. 
Additionally, the complexation of the aforementioned drugs to the acylated analogs 
of cyclodextrin was discussed as another approach to achieve excellent suspension 
stability in HFA propellants [77].
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Surfactants may also be used to form water-in-HFA microemulsions that could 
potentially find applications in the delivery of a range of therapeutics using pMDIs, 
including high-potency drugs, polar APIs, and biomacromolecules [65, 66, 85, 100]. 
The ability of copolymers of PEO and poly(propylene oxide) (PPO) to aggregate in 
HFAs has been demonstrated, as well as their capacity to form stable microemul-
sions that can uptake biomacromolecules [85]. A series of other amphiphiles, includ-
ing fluorinated [65, 66, 100] and alkylated tail groups have been also tested [13, 84]. 
High-pressure tensiometry of the modified HFA-water interface has been shown to 
be a particularly relevant tool in the design of such amphiphiles [84, 85]. Computer 
simulations have also been used to obtain a microscopic picture of the HFA-water 
interface, which is relevant in the design of surfactants for that interface, as the 
properties of the bare interface dictate, to a large extent, the surfactant behavior 
[68–70, 86]. PEO-PPO surfactants have been also used to form topical foams 
 formulated in HFA propellants [129–131], some of which may incorporate 
 controlled-release capabilities [130].

While the solubility of a variety of excipients and APIs has been reported in 
propellant HFAs, it is difficult to rationalize those parsed solubility trends, and to 
use such information to guide the design and selection of compounds with enhanced 
HFA-philicity. In the next section, we discuss how microscopic information from ab 
initio calculations and chemical force microscopy (CFM) can be used to understand 
solvation forces in these semi-fluorinated propellants, and how such information 
can in turn be used in the rational design of HFA-philes (excipients in general).

8.3.3.2  Solvation in HFA Propellants: HFA-Philicity

At the microscopic level, the energetics of solute-HFA interactions can be quantita-
tively determined from ab initio calculations [69]. When combined with experimen-
tal microscopic techniques such as CFM, a very detailed and quantitative picture of 
the solvent environment in HFA-based systems can be obtained [122]. There are 
several advantages in performing ab initio calculations vs. a series of solubility 
measurements and property correlation based on solubility measurements. For 
example, one is not limited by any synthetic boundaries/time commitment involved 
in synthetic procedures, and a detailed quantitative description of the energetic of 
the system and bonding geometry naturally emerges from ab initio calculations. 
Moreover, such information can be used in the development of other correlations 
[68, 69]. However, there is an obvious computational price and limitation in such 
calculations in terms of the system size. Even at low levels of theory, calculations 
are limited to relatively small solutes and a reduced number of solvent molecules, 
perhaps equivalent (in number) to that which exists as the solute’s first solvation 
shell [68].

The use of atomistic computer simulations such as molecular dynamics (MD) 
and Monte Carlo (MC) [68, 69, 71] may provide yet another route to understand 
such solvent environment, and may serve as the link between first principle calcula-
tions and bulk measurements in the quest for developing a fundamental understand-
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ing of the solvation properties of HFAs. It has been recently demonstrated that 
accurate force fields may be developed to describe not only the pure component 
properties of HFAs, but also of HFA systems, such as that of HFA and water [71]. In 
what follows, we show how ab initio calculations can be used to develop an HFA-
philicity scale, and how such results may provide fundamental insight to further 
guide the design of HFA-philes. We will also discuss complementary CFM experi-
mental measurements.

The interaction (binding) energy (E
b
) between HFA134a and HFA227 with 

various moieties of interest has been determined via ab initio calculations. The 
fragments are shown in Table 8.4 [68]. They are analog fragments containing the 
same number of heavy atoms along their backbone, but of varying polarity. E

b
 is 

defined as the in interaction energy difference between that of the HFA solvent 
(s) and the moiety/tail (t), E st, relative to that of the HFA (E s) and moiety (E t) 
alone, i.e., st st t

b
sE E E E= − − . These results provide not only a quantitative 

account of the degree of interaction between HFA and the chosen moiety, i.e., an 
HFA-philicity scale, but also an opportunity to understand the details of the 
bonding environment, thus providing a molecular level tool for the design of 
HFA-philic chemistries.

 Effect of the Polarity of the Fragment

The interaction between HFAs with fragments containing CH
2
-based moieties 

(CH
2
), which is representative of the hydrophobic portion of surface-active species 

such as oleic acid known to have poor solubility in/poorly solvated by HFAs, is 
significantly lower (less negative) than with fragments containing more polar moi-
eties, such as ether (COC), representative of ethylene oxide (EO) and propylene 
oxide (PO), and ester (CO(O)C), representative of LA based groups, as expected. 
This observation agrees not only with experimental information from solubility 
measurements (surfactants with alkyl-based tail groups to have of poor solubility in 
HFAs) [11, 24, 75, 112], and the ability of the more polar tails groups (based on LA 
and EO) to stabilize drug particles in HFAs [119], but also with a simple dipole 
moment argument (see Table 8.4): the more polar moieties interact better with the 
(more) polar HFAs (more polar compared to CFCs).

However, dipole moment alone cannot be used to screen HFA-philes among the 
polar moieties. For example, even though the polarity for LA is significantly larger 
than that of PO, the binding energy of those fragments with HFA134a is very similar 
in magnitude. This apparent discrepancy can be somewhat reconciled by evaluating 
the interaction energies of clusters of HFAs around a central fragment. For example 
the energy of the HFA

4
–LA cluster (the subscript stands for the number of HFA 

molecules) is greater than that between HFA
4
 and PO (E

b
st HFA

4
–LA = −62 kJ/

mol > E
b

st HFA
4
–PO = −42.3 kJ/mol) [68]. One important piece of information that 

can be obtained from such calculations is that steric constraints in the fragment can 
play a major role in the systems’ energy (besides its dipole moment). While both 
oxygens (carbonyl and ester) are accessible to individual HFA molecules in the LA 



1818 Science and Technology of Pressurized Metered-Dose Inhalers

Ta
bl

e 
8.

4 
B

in
di

ng
 e

ne
rg

y 
of

 th
e 

H
FA

−
ta

il 
fr

ag
m

en
t p

ai
rs

 (
E

bst
) 

at
 M

P2
/a

ug
-c

c-
pV

D
Z

//M
P2

/6
-3

1g
+

(d
,p

),
 in

 k
J/

m
ol

H
FA

Ta
il 

fr
ag

m
en

ts

H
FA

13
4a

 (
2.

12
)

−
11

.3
−

25
.1

−
26

.4
−

26
.8

H
FA

 2
27

 (
1.

69
)

−
18

.4
−

33
.1

−
35

.6
−

33
.5

C
al

cu
la

te
d 

di
po

le
 m

om
en

ts
 o

f 
th

e 
ta

il 
fr

ag
m

en
ts

 a
nd

 H
FA

s 
ar

e 
gi

ve
n 

in
 p

ar
en

th
es

is
, a

nd
 a

re
 in

 D
eb

ye
A

da
pt

ed
 f

ro
m

 P
eg

ui
n 

[6
8]



182 S.R.P. da Rocha et al.

fragment – those are the strongest interactions – only one HFA can interact with the 
ether group in the PO fragment, thus considerably reducing the ability of HFAs to 
solvate the ether group in that moiety, as shown in Fig. 8.2 [68].

Another interesting fact that may be noted from the results shown in Table 8.4 is 
that the interaction energy of fragments with HFA227 is always larger than those 
with HFA134a, in spite of the fact that the dipole moment of HFA134a is greater 
than that of HFA227. This can be attributed to a large extent to the fact that the  
H atom in HFA227, which is the one participating in the strongest bond with the 
(oxygen atoms of the) fragment, has significant charge concentration, being twice as 
positive as the equivalent H atom (that H interacting with the oxygen atoms in the 
fragments) in HFA134a.

 Effect of the Shape of the Fragment

E
b
 results from HFA-EO and HFA-PO moieties provide some insight into the effect 

of molecular shape of the fragment, as those two chemistries differ by a single –CH
3
 

pendant group. The interaction energy between HFA(134a and 227) and PO is larger 
than that with EO. This is due to the presence of the weaker, but relevant C–H…F 
interactions. The HFA227 molecule loses in average three such interactions by 
removing the –CH

3
 group (PO to EO), while that of HFA134a looses only one. This 

is reflected in the greater decrease in binding energy for HFA227 from PO to EO 
than that observed in HFA134a. Such observations are in agreement and support 
literature results which show that the polypropylene oxide-based (PPO) homopoly-
mers to be more soluble than their poly(ethylene oxide) (PEO) counterparts [75]. 
Solute–solute interactions in the PPO/PEO solubility in HFAs are also expected to 
play a role in the solute solubility, as reduced fragment–fragment interaction is 
expected for more the branched chemistry (PPO) – thus enhanced solute solubility 
in HFA.

Fig. 8.2 Optimized geometry at HF/6-31g(d) for: (a) (HFA134a)
4
–LA and (b) (HFA134a)

4
–PO. 

The interatomic distances shown here are in Angstroms. Reprinted from Peguin and da Rocha 
[68], with permission from ACS
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 Electrostatic or Dispersive

Which force is dominant in solute-HFA interactions? This question turns out not to 
have a trivial answer or universality in HFA-based systems, as the magnitude of 
electrostatic/dispersive contribution cannot be predicted a priori [37, 68, 80, 106]. 
Such energy decomposition can be achieved by careful selection of the level of 
theory used in the ab initio calculations; i.e., the correlation or dispersive energy can 
be obtained as the difference between the binding energy at the MP2 level of theory 
minus that at the HF level of theory (same basis set level), as HF does not include 
the correlation energy component, and MP2 fully takes that energy into account 
[68, 123]. The difference is the electrostatic contribution to the stabilization of the 
pair. These results are summarized in Table 8.5.

One can observe from Table 8.5 that even for polar fragments as PO, the interac-
tion with HFAs is still largely dominated by dispersive forces. It is also surprising to 
note that, for that system, this holds true even for the system with the smaller and 
more (di)polar HFA, the HFA134a – here again we see the more acidic H in HFA227 
has a significant impact in the overall energy of the system. As the fragment polarity 
increases even further (from PO to LA), we then observe a dominant electrostatic 
contribution to the stabilization of the HFA-fragment pair (61% electrostatic), but 
only for HFA227. Dispersion forces are still larger than electrostatic forces for the 
HFA134a–LA pair.

These results provide a guide to the design of HFA-philes that can be used to develop 
new excipients with enhanced solubility and ability to impart stability to dispersions 
(both liquid [68] and solid [124]) in HFA propellants, and in the development of 
new particles technologies, besides helping to explain some experimental results 
reported in the literature [122, 124].

 Atomic Force Microscopy and Solvation Forces in HFAs

CFM has also been used to gain insight of the solvation forces in HFAs [120, 122]. 
CFM studies are relevant not only in the context of the traditional solution- and 

Table 8.5 Interaction energies obtained at HF and MP2 levels of theory and 6-31g+(d,p) basis set, 
in kJ/mol

Complex

CP-corrected E
b
st (kJ/mol) Dispersive energy

HF/6-31g+(d,p) MP2/6-31g+(d,p) E
corr

st

HFA134a–LA −7.2 −16.2 −9.0 (55%)
HFA227–LA −13.3 −21.9 −8.6 (39%)
HFA134a–PO −4.6 −17.1 −12.4 (72%)
HFA227–PO −8.9 −24.0 −15.1 (63%)

CP-corrected E
b
st = total binding energy with BSSE; dispersive energy (E

corr
st) = correlation energy = 

CP-corrected E
b
st at MP2 – CP-corrected E

b
st at HF

Adapted from Peguin [68]
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dispersion-based pMDI formulations, which generally require surfactants as excipi-
ents, but also for the development of novel HFA formulations (pMDIs and other 
medical sprays) that may find applications not only for the regional delivery of 
therapeutics to the lungs, but also for systemic drug delivery and topical applica-
tions, as for example in reverse aqueous microemulsions [25, 85] and emulsions/
foams in HFAs [129], and in particle-based approaches that require the presence of 
well-solvated stabilizing moieties [108, 109, 119, 124, 128]. CFM results have been 
used to evaluate the forces of interaction between a chemically modified AFM tip 
and substrate in HPFP [70, 120, 122]. The tip and substrate were modified by 
silane chemistry, using both solution and vapor phase approaches [69, 122]. Several 
different types of chemistries were investigated, including an alkyl-based (CH

2
) 

moiety (octyltrichlorosilane, CH
3
(CH

2
)

7
SiCl

3
), and more polar ether- (COC, EO/PO 

like) (3-methoxypropyltrimethoxysilane, CH
3
O(CH

2
)

3
Si(OCH

3
)

3
), and ester- (C(O)

OC, LA-like) (2-acetoxyethyltrichlorosilane, CH
3
COO(CH

2
)

2
SiCl

3
) terminated 

silanes [122]. The CH
2
 moiety represents the tails of surfactants such as oleic acid, 

which has low solubility in HFAs [11, 97]. It thus represents the baseline moiety. 
COC and C(O)OC contain polar sites that may provide for an opportunity for 
enhanced interactions with the HFA propellants, and have the same chemical func-
tionalities as those discussed in the ab initio calculations shown above. The ratio-
nale behind such CFM measurements is that, upon retraction of the tip from contact 
with the substrate, the adhesive (or in this case more accurately described as cohe-
sive force as both tip and substrate have the same chemistry) force (F

ad
) detected in 

the measurement indicates the enthalpic penalty that arises due to the formation of 
the two interfaces – that between the tail of the silanes (chemistry of interest) in the 
tip and that in the substrate, and the intervening liquid (HPFP, a mimicking HFA). 
The lower the enthalpic penalty (the lower the F

ad
), the better the match between the 

solvent and the chemistry of interest. Such results should serve, therefore, as a quan-
titative microscopic experimental tool to screen moieties of HFAs, in the same way 
as the ab initio calculations discussed earlier did computationally – CFM perhaps 
being one of the best experimental analogs to those calculations.

The adhesive forces from CFM shown in Fig. 8.3b have been normalized by the 
radius of curvature of the AFM tip; i.e., F

ad
/R. For an alkyl-modified tip and sub-

strate in HPFP, F
ad

/R was found to be 68.2 mN m−1 [122]. The F
ad

/R for ether and 
ester-based moieties are 24.8 and 4.8 mN m−1, respectively [70]. A lower F

ad
 indi-

cates a smaller enthalpic penalty for creating the two interfaces between the inter-
vening liquid (HPFP) and the chemical groups of interest. The results show, 
therefore, that the ester-based moiety is the most HFA-philic, followed by the ether 
group. The moiety that is least solvated, as expected, is the CH

2
. Such favorable 

enthalpic interactions between HFA and the ester and (to a less extent) ether groups 
is important for the development of novel pMDI formulations as those moieties are 
biodegradable and/or biocompatible, and have been used as excipients in several 
formulations, including (PEG) pMDIs – see Table 8.2 [3, 76, 94, 97]. The results 
indicate, however, that the solvation of the ester-based moiety is still far away 
from ideal; i.e., there is still room for improvement in terms of an optimal candi-
date chemistry. The ideal solvation is represented by F

ad
/R ~ 0 mN m−1, which is the 
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adhesive force measured between an alkyl-modified tip and substrate in an alkane 
(isooctane) solvent [120].

The F
ad

 of fluorinated (CF
2
) (1H,1H,2H,2H-perfluorooctyltrichlorosilane, 

CF
3
(CF2)

5
CH

2
CH

2
SiCl

3
) tip and substrate has also been determined in HPFP. The 

F
ad

/R of 6.4 mN m−1 was comparable to that observed for the ester group [122], 
indicating that the fluorinated moiety can be well solvated by HPFP. The potential 
for application of fluorinated moieties in pMDI formulations is limited, however, 
owing to its potential toxicity [16]. Nonetheless, this is a good model system as 
there is detailed information on the nature and characteristics of self-assembled 
monolayers of such fluorinated molecules. Similar information is available for 
alkyl-based silanes as well, thus allowing a direct comparison between those two 
systems. Using the JKR theory, the F

ad
 was further normalized for the CF

2
 and CH

2
 

systems in HPFP down to the single molecule (pair) force (F
s
) [70]. F

s
 for the fluo-

rinated group in HPFP was found to be 86 pN, which is significantly less than that 
observed between a pair of equivalent alkyl-based tails in HPFP, of 156 pN. These 
results correlate very well with ab initio calculations, that show that the binding 
energy between HFA and CH

2
 is approximately half as strong as that between HFA 

and CF
2
 [68].

The discussion above illustrates how F
ad

 results can provide an absolute scale for 
HFA-philicity, and are thus of great relevance for the rational design of HFA-philes. 
Such results can, therefore, be used in the development of novel HFA-philes for 
pMDI formulations. An HFA-philicity scale from such measurements has been 
 successfully utilized to identify and develop novel amphiphiles capable of forming 
stable reverse aggregates of water in HFA [13, 85], and to aid in the stabilization of 
solid-based dispersion in the form of traditional dispersion formulations [124], and 
novel particle engineering technologies [121, 124]. It is also worth pointing out that 
the CFM results have been corroborated and complemented by the ab initio calcula-
tions as discussed earlier [68, 70]. These were the first CFM studies with relevance 
to the design of HFA-philes for HFA-pMDIs. There are many opportunities in this 

Fig. 8.3 (a) Schematic representation of a chemically modified CFM probe and substrate with a 
monolayer containing terminal groups presenting the chemistry of interest. (b) Normalized F

ad
 

with respect to AFM tip radius (R) for candidate chemistries (CH
2
, COC and C(O)OC). The 

 measurements were done in HPFP and isooctane at 298 K. Reprinted from Wu and da Rocha [120], 
with permission from Hosokawa Powder Technology Foundation (KONA)
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area of research, as new chemistries that may better fit new delivery platforms or 
particle formation technologies are constantly being sought.

8.3.3.3  Rational Surfactant Design for HFA Formulations

The molecular level information on the solvation forces in HFAs can be utilized to 
rationally design excipients for pMDIs, including surfactants and stabilizers for 
dispersion-based pMDI. Here, we purposely make a distinction between surfactants 
and stabilizers. Surfactants contain a group well solvated by HFA, or an HFA-phile, 
bonded to another group, called the anchor moiety, which is designed to interact 
well with the particle surface. Stabilizers may be surfactants, but they may also be 
simply an HFA-philic moiety which could be anchored or somewhat physically 
trapped onto the particle surface, thus providing the required steric hindrance for 
particle stabilization in the propellant HFA. When designing surface-active species 
for HFAs, not only does an HFA-philic moiety needs to be identified, but also an 
appropriate balance must be attained between the HFA-phile and the anchor moiety, 
which we assume to be well defined, but typically would require some previous 
insight or ingenuity to be identified for each drug formulation.

One approach that can be used to identify the optimum surfactant balance for 
(solid) dispersions, as for example drug particles including micronized crystals, is 
the colloidal probe microscopy (CPM) [41]. The technique consists in measuring the 
force of interaction (AFM) between two drug particles or a drug particle and a drug 
surface in liquid HFA (usually HPFP), in the presence of the surfactant/ polymer 
chemistry of interest. The images shown in Fig. 8.4 illustrate the technique.

This approach has been used to compare surfactants with different HFA-philic 
moieties – same as those discussed in the ab initio and CFM studies described  earlier 

Fig. 8.4 (a) Scanning electron micrograph (SEM) showing the presence of the drug particle on 
the AFM tip – the probe. (b) Representative SEM image of a drug particle recrystallized from 
solution; inset: Tapping mode AFM image of a smooth single salbutamol crystal over of 9 × 9 mm 
area. (c) Optical microscope image of a modified AFM tip over a smooth drug crystal captured 
during an adhesion force measurement. Reprinted from Wu and da Rocha [119], with permission 
from ACS
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and also to identify the optimum HFA-phile/anchor balance in a surfactant series. In 
Table 8.6, the results for surfactants containing alkyl- (CH

2
), ether- (PO), and an 

ester-based (LA) tail group are summarized. The results show, as expected from the 
ab initio and CFM results, that the LA moiety is the most efficient in reducing the 
cohesive forces (F

ad
) between particles in this mimicking HFA. We also notice that 

even in the presence of ethanol, oleic acid is not capable of completely screening of 
the F

ad
 between particles. One very important aspect of this research is that F

ad
 

results have been shown to correlate well with physical stability observations in 
propellant HFAs [119] and those in turn usually translate to an enhancement in the 
aerosol characteristics of the corresponding formulation [119, 124].

The surfactant balance can also be addressed by CPM. A series of LA
n
EO

14
LA

n
 

surfactants, with varying degrees of polymerization of the LA group has been inves-
tigated [119]. At 1 mM surfactant concentration, the F

ad
 measured in HPFP decreased 

from ~8.42 nN, to 5.9 nN, to ~0 nN as the surfactant tail group increased from n = 1, 
to 4, to 18, respectively. The CPM results can also indicate the optimum surfactant 
balance i.e., what size LA tail group is needed for a specific EO head-group size so 
that the surfactant partitions to and provides enough surface coverage for the drug 
surface, and the optimum tail size for a particular anchor group (in that case EO

14
) 

[119]. The minimum required surfactant concentration can also be determined with 
such technique.

As the drug of interest is varied from a hydrophilic to a nonpolar API (SS to 
budesonide), a change in the anchor group from PEO to poly(caprolactone), while 
keeping the same stabilizing moiety (LA), was enough to provide appropriate steric 
stability to the drug dispersion [119, 120], reinforcing the concept that the LA group 
is indeed capable of provide steric stability to dispersions in HFAs.

The force of interaction between SS crystals and three pMDI canister materials 
(borosilicate glass, Teflon and aluminum) were determined using CPM. It was 
 concluded that the Teflon was the most suitable material to be employed for canister 
lining purpose [128]. This technique was also applied in the quantification of the 
cohesive forces of SS in HPFP in presence of increasing PEG molecular weights 
(MW 200, 400, and 600) and concentrations. It was determined that the increase in 
the concentration of PEG (up to 0.5% v/w) caused a significant reduction in the 

Table 8.6 Adhesive force (F
ad

) between an AFM tip modified with a salbutamol particle and a 
smooth salbutamol crystal, as determined by colloidal probe microscopy (CPM) in HPFP at 298 K, 
and in presence of surfactants and/or cosolvents

Surfactant Cosolvent EO (wt.%) Surf. Conc. (mM)

F
ad

 (nN)

Probe 1 Probe 2

None None 12.13 ± 0.50 8.43 ± 0.30
None Ethanol 7% (v/v) 6.31 ± 0.47 5.01 ± 0.26
Oleic acid Ethanol 7% (v/v) 1.0 1.54 ± 0.35 1.64 ± 0.21
EO

6
PO

34
EO

6
None 20 1.0 3.80 ± 0.41 2.91 ± 0.27

LA
18

EO
14

LA
18

None 20 1.0 0 0

Adapted from Wu [122]
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force of interaction between the drug particles, and this was heavily dependent on 
both the concentration and the MW of PEG. The study also evaluated the effect of 
the addition of PVP to the system and found that it did not have any noteworthy 
impact on the force of cohesion between drug particles [108].

CPM has been also used to understand the ability of a particle shell in screening 
interactions between particles containing small polar APIs and biomolecules as the 
core [124]. It serves to demonstrate the versatility of the technique in the screening 
not only surfactant systems, but all forms of stabilizers. In summary, CPM is a very 
powerful technique in the design of amphiphiles and particle engineering systems 
for HFA-based formulations, and may be easily implemented in research and indus-
trial laboratories, especially as AFM technology becomes more easily accessible 
both in terms of cost and also ease of use. We expect, therefore, AFM-based tech-
niques to become of increasing relevance to technologies involving HFA-based 
pMDIs.

8.3.4  Particle Technologies

In recent years, several alternatives to the traditional solution and dispersion 
(micronized crystals) pMDI formulations have been reported in the literature 
[76, 121, 124]. Particle technologies can be broken up into two major groups, which 
encompass the majority of the work on particle formation for pMDIs: (1) those 
where the particle morphology is modified [23], and (2) those where the particle 
surface chemistry is altered [40, 121, 124]. These approaches have been employed 
to improve the  colloidal stability of the particles (containing the APIs) in HFAs, 
and/or (especially in the case of chemical modification) to enhance the  stability of 
the active ingredient itself, as for example in the case of proteins, which can be 
denatured during particle formation [40, 58, 83, 91]. Particle surface  morphology 
and/or chemistry can be altered to suit the requirements of the formulation using a 
variety of techniques. Milling, spray drying, spray freeze-drying, supercritical fluid 
(SCF) technology, emulsification diffusion, and microcrystallization are some of 
the approaches that have been employed to formulate particles for OI purposes [40, 
91, 92].

One of the earliest contributions in this area was the development of large 
porous particles [23, 26]. Particles with the unique porous morphology allowed 
for the propellant to penetrate into the pores, decreasing the density gradient 
between the particles and the propellant, thus reducing the sedimentation velocity 
and the cohesive forces between the particles. As a consequence, the dispersion 
stability and aerosol characteristics of the formulation greatly improved [23]. Large 
porous particles (large geometric size but appropriate aerodynamic size) also 
have the opportunity to evade clearance mechanisms of the lungs. Albuterol sulfate, 
Formoterol fumarate, and Cromolyn sodium were prepared as large porous particles 
[23]. Particles with a high degree of roughness may also be thought of as a means 
for reducing the adhesive contact in propellant HFA.
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A new technique called thin film freezing (TFF) has been recently employed to 
form novel particles of APIs [28, 61, 102]. The specific shape and size of the 
 particles help in the stabilization in HFAs, and in the case of nonpolar APIs, the dis-
solution rate is enhanced by reducing the size (down to nano) of one of the particle 
dimensions. This technique has been shown to be applicable to both small MW 
nonpolar APIs and biomacromolecules. The spherical API particles thus produced 
morphed into anisotropic particles having dimensions both in nanoscale and micron 
scale upon contact with the propellant. For instance, spherical particles of itracon-
azole produced using TFF had an initial size of 30 nm. Upon adding these particles 
to the propellant, it was found that these particles transformed into thin plates, with 
average dimensions of 600 × 300 × 60 nm, as determined by SEM [102].

Altering the crystal state of the API is another interesting approach that has been 
recently reported. In one study, poorly water soluble budesonide and indomethacin 
were complexed with hydroxypropyl-b-cyclodextrin (HPBC) using a single step 
solvent-free SCF process [7]. Following SCF processing, the particle morphology 
changed from needle and plate like crystals to fused spherical structures. The drug 
content in the final product was greater than 85%. X-ray diffraction (XRD) studies 
of the supercritical carbon dioxide-processed drug revealed a loss in the crystalline 
peaks of the drug and the complexation of the drugs to HPBC as determined using 
Fourier transform-infrared spectroscopy (FT-IR). These complexes exhibited 
enhanced dissolution rates compared to the pure drug as determined by solubility 
experiments [7].

Several approaches have been devised regarding the changes in the surface 
 chemistry of particles [40, 50, 76, 121, 124]. For example, the physical trapping of 
HFA-philes on the surface of drug particles formed via emulsification diffusion may 
be used to avoid the expensive (time and synthetic efforts) design of balanced 
 surfactants that would otherwise be required for particle stabilization [121]. This 
approach has been shown to be successful in the formation of particles of polar 
APIs, and may be potentially extended to proteins and other larger macromolecules. 
It has several advantages, including the fact that there is a small fraction of excipient 
remaining on the particle – and in that case the excipient was PEG, and no excess 
surfactant is present/necessary for particle stabilization in HFA, thus decreasing 
potential toxic effects [121]. Deoxyribonuclease I (DNase I), a glycosylated protein 
commonly used in the treatment of cystic fibrosis, was also formulated as a stable 
dispersion in pMDIs [40]. DNase I was spray dried with biocompatible vinyl 
 polymers PVA and PVP either in presence or absence trehalose dihydrate to form 
microparticles. Microparticles manufactured without the presence of either treha-
lose, PVA, or PVP lost over 40% activity after spray drying, whereas those spray 
dried in combination retained up to 100% activity. The addition of these spray dried 
particles to HFA134a did not induce any further reduction in the DNase activity. 
The formulations exhibited an aerosol performance (fine particle fraction) of around 
53% after 24 weeks of storage [40].

There have been several other studies that have incorporated small APIs and 
biomolecules in pMDIs upon modifying the surface chemistry of the drug particle 
[38, 57, 58]. In one such investigation, nanoparticles (NPs) of a model protein 
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(lysozyme) with lactose as an excipient were produced using emulsification and 
nanoprecipitation techniques in conjunction with freeze drying. The lysozyme 
 particles thus formed retained 99% of the activity and formed good dispersions in 
HFA134a (in presence of ethanol and DPPC) at a concentration of 80% lysozyme 
and 20% lactose NPs (both w/w) in the formulation. Most of the biomolecular  activity 
was retained even after contact with HFA134a [58]. Another interesting study uti-
lized SS and salmon calcitonin as model APIs [37]. Core-shell particles comprised 
of an HFA-philic shell encapsulating the API as the core is another interesting strat-
egy that can be used to form stable dispersions of APIs in HFAs [120, 124]. The shell 
is designed so as to include an HFA-philic moiety to enhance the dispersability of the 
particles in HFAs. The core-shell particles thus formed showed excellent physical 
stability in HFAs, and enhanced aerosol performance [124]. This technique is very 
versatile in that it can be applied to water soluble and water dispersible APIs, includ-
ing small polar solutes and biomacromolecules. More recently, it has been demon-
strated that this approach can be extended to water dispersible NCs as well [10], and 
can potentially work for water dispersible NPs of nonpolar APIs.

8.4  Future Directions of pMDIs

This transition period for pMDIs, where product reformulation has been necessary 
to accommodate a new class of propellants, has offered plenty of challenges to the 
industry – some still being recognized and/or worked out. However, this transition 
has also offered a unique opportunity to rethink the product and its potential, and 
has ultimately become a time of exciting new scientific and technological advances 
in this field, where the infusion of new ideas combined with recent advances in 
nanomedicine makes this a very exciting area of research to be in. We have  discussed 
some of this work in the previous sections. We reserved this last part of the chapter 
to discuss some recent exciting technologies that we believe have transformative 
potential as they may provide opportunities for pMDIs to serve as a truly viable, 
efficient, and desirable platform for the regional and systemic delivery of drugs to 
and through the lungs. The areas highlighted next are related to nanotechnology and 
biomacromolecular therapeutics, and are broken down into three subsections, which 
are discussed next.

8.4.1  Nanosuspensions of Poorly Water Soluble APIs in pMDIs

The effectiveness of nonpolar APIs delivered to the lungs (and other routes of 
administration for that matter) may be severely hindered due to their limited  aqueous 
solubility [60, 61, 102]. The poor aqueous solubility of nonpolar APIs may also lead 
to unwanted toxic effects. The formulation of nonpolar APIs in the form of NPs 
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dispersed in HFA-based pMDIs (nanosuspensions) may help address such issues, 
and at the same time improve the dispersibility of the particles in suspension and 
dose uniformity, and also increase the total delivered dose [102].

NPs of nonpolar APIs have improved bioavailability due to a large extent to 
the higher dissolution rates (due to larger surface areas) of such particles com-
pared to their micron-sized counterparts [127]. The potential evasion of such 
small particles to clearance mechanisms of the respiratory system, as for exam-
ple by evading  alveolar macrophages if the target is the deep regions of the lungs, 
may also be  realized by designing NP-based APIs as they may quickly gain 
access to the intracellular milieu [45, 95, 101]. Nanosuspensions have also been 
shown to be statistically more homogeneous compared to their micron-sized 
counterparts, and hence can deliver dosages with better uniformity [89]. Recent 
studies have shown that excellent dispersion stability may be achieved in HFA-
based pMDIs if APIs are formulated as nanosuspensions, with a resulting increase 
in the aerosol characteristic as indicated by higher fractions being delivered to 
the deep lungs [28, 102].

NPs of itraconazole (Itr), a poorly water soluble drug, have been prepared by a 
TFF process to yield drug NPs [102]. Upon addition of these NPs to the propellant, 
they morphed to thin nanoplates of 60 nm in diameter and 600 nm in length, which 
has excellent physical stability in HFA227 for over 2 years, in formulations with 
drug concentrations up to 10 mg mL−1. The excellent stability of these formulations 
was attributed to the inefficient packing of the particles that form low density flocs 
that stack upon each other, thus preventing settling [102]. Furthermore, it was 
reported that the suspensions prepared using these Itr NPs in HFA 227 had a FPF of 
56%, which is well above those seen the commercial formulations of pMDIs. 
Studies conducted to determine the dissolution characteristics of the NPs in vitro 
indicated that over 55% of the formulation dissolved in just over 2 h, suggesting that 
the dissolution of such drugs can be greatly improved by formulating them as nano-
suspensions [102]. TFF process was also used to prepare nanoflocs of a model pro-
tein. BSA was also shown to form interconnected nanorods of ~50–100 nm in 
diameter and 2.4 mm in length. These protein nanoflocs also had excellent stability 
in propellant HFAs and an FPF of 47% [28].

Another methodology that can be utilized in the preparation of NPs of nonpolar 
APIs is the SCF extraction of emulsions [6, 14]. Model nonpolar compounds like 
griseofulvin, cholesterol acetate, and megestrol acetate have been converted to 
NPs within the size range of 100–1,000 nm. These NPs exhibited a 5–10-fold 
increase in their aqueous solubility compared to the micronized form [88]. Such 
techniques capable of preparing NPs of nonpolar APIs hold a significant promise 
in the development of novel pMDI formulations, provided their aerodynamic size 
is appropriate – in the TFF, one of the dimensions was in the nano-range and the 
other in the micron range. There are many unanswered questions in this area 
besides how to make the particles with a desired morphology and stable formula-
tions, including the effect of size, shape, and chemistry of these nonpolar nano 
APIs on their interaction with the lung tissue.
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8.4.2  Polymeric Nanocarriers as a Platform for the Controlled 
and Targeted Drug Delivery to and Through the Lungs 
Using pMDIs

Polymeric nanocarriers (NCs) have several distinct advantages as drug delivery 
vehicles [20, 31, 101]. They are versatile, i.e., they can be tailored to encapsulate 
a wide variety of therapeutics including biomolecules; they serve as protective 
depots for fragile molecules; they may enhance the bioavailability of encapsu-
lated  therapeutics; they have the ability to adapt to different administration 
routes; they can modulate the release of the encapsulant; and they may improve 
permeation and retention at inflammatory sites [20, 64, 72]. NCs in the form of 
particles can be prepared by a number of different techniques. Some extensively 
studied processes include spray drying, emulsification-solvent evaporation, and 
homogenization [64, 81]. All those are suitable for the formation of polymeric 
NCs for OI delivery, will be discussed later, need some ingenuity to be formu-
lated in pMDIs.

One characteristic of polymeric NCs of particular importance in the field of 
 pulmonary delivery is the fact that they have appropriate sizes to avoid macrophage 
clearance in the alveolar region, and may in principle be designed to control the 
delivery of the therapeutic of interest by either promoting transepithelial transport 
[79, 81, 126], or be transported itself (for systemic delivery) [33, 113, 125], via 
translocation or transcytosis [78], or to improve the retention of the API in the lungs 
in case the target is the lungs (regional delivery).

Several biocompatible and biodegradable polymers, including polyesters 
 (polylactides [PLA] and poly(d,l-lactide-co-glycolide) [PLGA]), polyanhydrides, 
chitosan, polybutylcyanoacrylates, and polyacrylates have been investigated as 
NCs for pulmonary administration [5, 6, 81, 101]. Additionally, research groups 
have reported the chemical modification of existing biodegradable polymers in an 
attempt to control their residence time, modulate the transport across biological 
barriers that exist in the lungs, and to avoid particle clearance [81]. For example, 
a series of amine-modified, PVA-based branched polyesters with PLGA side 
chains were shown to have good protein compatibility and better temperature sta-
bility than PLA or PLGA. Furthermore, the biodegradation rates of these copoly-
mers could be easily controlled by varying the polymer chemistry. For instance, 
the polymer with the highest degree of amine substitution had the fastest degrada-
tion rate. These copolymers were formulated as nanoparticulate suspensions in 
nebulizers. The  suspensions thus formed did not show aggregation during the pro-
cess of nebulization (both jet and ultrasonic), when compared to formulations 
prepared from PLGA alone. This study also shows that the NPs from these sus-
pensions were uptaken  successfully into alveolar epithelial cells, although the 
extent of uptake was very low [18]. PEGylation of NPs has been proposed in order 
to facilitate their efficient transport across mucosal barriers [46, 47]. The effective 
diffusion coefficients of polystyrene NPs of varying diameters coated with PEG 
(M

n
 ~ 2 KDa) were studied in mucus [46, 47, 103]. Recent in vivo studies of the 
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NC-lung tissue interactions are also very encouraging, suggesting favorable bio-
logical responses [5, 44, 86, 101].

While significant progress and understanding has recently emerged in the use of 
polymeric NCs for delivering drugs to and through the lungs, most studies have 
focused on the use of either DPIs or nebulizers as the delivery vehicles [30, 87, 101, 
110]. Our group has recently proposed the use of pMDIs for delivering NCs to the 
lungs [10]. One additional challenge in using the pMDIs as delivery vehicles arises 
due to the fact that the chemistry of the particles to be dispersed in the propellants 
need to be well solvated by HFAs in order to prepare stable formulations. We have 
observed for example that PLGA NCs quickly flocculate in HFA propellants. An 
alternative approach for delivering such particles must therefore be developed. 
Another complicating factor in delivering NCs to the lungs is that the size of typical 
polymeric NCs falls outside the desired range ~0.4–5.0 mm optimal for OI delivery 
[67, 78]. While the delivery of polymeric NCs in aggregated form has been  proposed 
in the case of DPIs as a means of achieving an appropriate aerodynamic diameter [87, 
110], the restriction with respect to appropriateness of the chemistry for  dispersing the 
NCs in the propellant still holds for pMDIs even for aggregated  particles (e.g., PLGA 
NCs are not dispersible in HFAs). Moreover, aggregates of NCs may be problematic 
as they may arrive at the lung tissue and present  themselves to the cells as such (micron 
size aggregates), and this may have implications as to whether the lung tissue “sees” 
these aggregates as NPs or as they are (large, micron-sized particles), which would 
have severe implications in terms of the efficiency of such carriers.

Our approach in the development of a general platform for the delivery of poly-
meric NCs to and through the lungs, considering such limitations, consists the 
development of a core-shell formulation where the NCs are trapped inside a shell 
that provides for the appropriate aerodynamic diameter, and at the same time helps 
enhance the dispersibility of the particles in the HFA propellant, and thus the 
 characteristics of the corresponding pMDI formulation – see Fig. 8.5.

Core-shell formulations in HFA227 containing 2 mg of particles/mL of propel-
lant, with a loading of NCs of 10% in weight with respect to the total particle mass 
resulted in a formulation with excellent physical stability in the propellant (as can 
be seen in Fig. 8.5c) and aerosol characteristics, with fine particle fractions as high 
as 55%. In vitro experiments revealed that the NCs released from such core-shell 
formulations were successfully internalized into model airway epithelial (Calu-3) 
cells, and that they can carry their load not only to healthy cells, but also to the 
infected (bacterial infected) airway epithelium. We have also shown that a similar 
approach may be successfully used for the formulation of polyplexes for the  delivery 
of genes to the lungs, and that such constructs are capable of transfecting lung 
alveolar cells (A549) in vitro.

The development of such general platforms for the delivery of drugs using 
 polymeric NCs to the lungs offer a wide-range of opportunities for pMDIs for both 
regional and systemic drug delivery. There is a vast area of research to be explored for 
OI using pMDIs, especially considering recent advances in the design and  preparation 
of polymeric NCs [45, 95]. Some of the areas of relevance intersect with those of 
interest for systems that involve other forms of OI delivery vehicles, as for example 
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the study of the interaction of polymeric NCs with lung tissue and their biodistribu-
tion; some others are unique to pMDIs, as they require specialized  particle formation 
technologies and biomaterials for appropriate formulation in HFA propellants.

8.4.3  Oral Inhalation Delivery of Biomacromolecules 
with pMDIs

The delivery of biomacromolecules to and through the lungs offers many opportuni-
ties and advantages compared to alternative routes of administration due to the physi-
ology of the lung tissue [67]. OI has been suggested as a viable route for the 
administration of a range of therapeutic biomacromolecules including peptides, 
 oligonucleotides, and proteins that can be used in the treatment of medically relevant 
diseases including diabetes, cystic fibrosis, and cancer [67, 78]. However, there are 
many challenges that need to be overcome in the process of formulating such thera-
peutics in pMDIs. Biomacromolecules need to be formulated as dispersions, as they 
are not soluble in HFA propellants. In the case of proteins, their exposure to harsh 
environments (e.g., high temperature, organic solvents) has to be minimized during 
the particle formation step, so as to prevent losses in activity that are  typically observed 
during processing [91, 92]. Even in those cases when biomacromolecules may be 
formulated as particles (with minimum loss in activity), their physical  stability in HFA 

Fig. 8.5 (a) SEM micrograph of core-shell particles containing polymeric NCs trapped within the 
core. The arrows indicated in the image depict the presence of the NCs. (Inset) An SEM snapshot 
of PLGA NCs used in formulating the core-shell particles. (b) PLGA NC dispersion in HFA227. 
The NC concentration in the formulation was 2 mg mL−1 of the propellant. The image was captured 
5 min after mechanical energy input. (c) Dispersion of the core-shell particles containing the NCs 
in HFA227. The particle concentration here was 2 mg mL−1 as well. The image was captured 
15 min after mechanical energy input. Both formulations were prepared at ambient temperature 
and saturation pressure of the propellant
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propellants and aerosol characteristics may be difficult [40, 58]. While the issues dis-
cussed above represent real challenges, recent studies suggest potential strategies 
capable of addressing such shortcomings, thus pointing to pMDIs as emerging and 
viable devices for the delivery of biomacromolecules to and through the lungs.

One important question in this area is the potential impact of the compressed 
propellant in the structure of the biomacromolecules. It has been recently shown 
that the structure of a model protein remains stable when in contact with HFA 
 propellants (both HFA123a and HFA227), with little impact on the bioactivity [74]. 
While more detailed investigations (e.g., under different temperature conditions, 
and water concentration in the propellant) need to be preformed, and a wider range 
of proteins need to be studied; this is an important observation, which points to the 
feasibility of pMDIs as vehicles for the delivery of biomacromolecules. One can 
expect that the structure of the more robust peptides and oligonucleotides would be 
even less susceptible to change in the presence of HFAs [57, 58, 74].

The stability of biomacromolecules during the particle engineering process 
applied to pMDIs has been approached using different particle formation method-
ologies, including spray drying [40, 57], emulsification diffusion [124], and nano-
precipitation [25]. For example, a study conducted on insulin shows that the 
conformation of the peptide may be preserved during particle formation when using 
an emulsification process followed by freeze drying [57]. Spherical, biostable insu-
lin particles were produced with the help of cryoprotectants. Stabilization of the 
particles in HFA was possible with the help of stabilizing agents [58]. NPs of a 
model protein (lysozyme) were prepared by nanoprecipitation. The activity was 
preserved due to the presence of sugars and surfactants during particle formation, 
and the resulting particles could be dispersed in HFA with the help of oleic acid and 
ethanol [58]. Other relevant protein particles such as DNase I have also been shown 
amenable to formulation in pMDIs. DNase I particles have been formed in the pres-
ence of cryoprotectants and PVA/PVP using spray drying [40], and of chitosan-PLA 
co-oligomers (core-shell morphology) through emulsification diffusion [82]. These 
particles were shown to preserve the activity of DNase (even though at low loadings 
in the case of PVA/PVP + cryoprotectant), and to impart good stability in HFA and 
enhanced aerosol characteristics, with FPFs >50% [40, 82].

It is clear, therefore, that pMDIs have the potential to serve as devices for the OI 
delivery of biomacromolecules, and can do so in an efficient manner. This may be 
very relevant in the field where designer drugs (peptides, DNA, si-RNA, and others) 
are expected to play a significant role not only in the treatment of lung diseases, but 
also for systemic delivery. This area of research has seen a recent increase in activ-
ity, and new opportunities are expected to be realized as novel particle technologies 
continue to be developed, and a broader range of biomacromolecules are shown 
amenable to formulating in pMDIs.
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Abstract The technology of dry powder inhalers has often surpassed our scientific 
understanding of the mechanisms of formulation, aerosol performance, and manu-
facture controls for these devices. However, with greater research effort being 
devoted to these systems, the science is beginning to drive the technological innova-
tion. In this chapter, dry powder inhaler technology is discussed in relation to this 
growing body of scientific understanding. In addition, a section on the practical 
implications, most notably on manufacturing of these systems, is also included.

Keywords  Design • DPIs • Dry powder inhalers • Manufacturing • Mechanism

9.1  Introduction

From a pragmatic viewpoint, the development of a novel dry powder inhaler (DPI) 
is centered on two objectives: creating a device that can efficiently entrain and 
 disperse a powdered drug formulation for inhalation therapy, while utilizing a 
design and function sufficiently novel to avoid patent infringement. Accordingly, 
this has produced no shortage of prospective designs, prototypes, and devices 
 incorporating a diverse array of powder dispersion strategies and de-agglomeration 
principles. Running the gamut from cyclones, baffles, and impellers, to the  inclusion 
of external energy sources applying mechanical, electrical, and pneumatic forces to 
the powdered dose, this abundance reflects the carte blanche at an inventor’s  disposal 
when conceptualizing a new inhaler. However, while the harvest from the patent 
literature may be bountiful, very few patented DPI designs reach the market, as an 
array of factors including development cost, manufacturability, portability, and ease 
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of use distinguish between a design that is plausible and one that is practical. 
The objective of this chapter is to provide a survey of the plurality of dispersion 
strategies  employed  in DPIs,  drawing  on  examples  from  both  the  scientific  and 
 patent literature, and is not intended to compare the relative merits of one specific 
device to another.

9.2  Pulmonary Drug Delivery

The overall performance of a therapeutic inhalation regimen is a complex interplay 
between the physiology and anatomy of the patient’s pulmonary system and disease 
state, the physicochemical properties of the drug formulation, and the device 
employed to aerosolize and deliver the dose. With regards to the patient, proper 
training and instruction on the use of their prescribed inhaler, though often neglected, 
can produce a marked improvement in performance. However, apart from the 
performance boon provided through education, the anatomy of a patient’s airways 
will dictate both the inspiratory force they will produce and the duration over which 
it is sustained, and the formulation and device must compensate for any shortcom-
ings in the patient’s inspiratory output.

Evolving from a common ancestor, the development of therapeutic inhalation 
devices has diverged into three distinct classes: nebulizers, pressurized metered-
dose inhalers (pMDIs), and DPIs, with the latter being the most recent addition to 
the family [1]. Given their bulkiness, external power requirements, and time required 
for inhalation, nebulizers lack portability and are generally confined to the home or 
clinic, although hand-held nebulizers have been introduced [2]. In contrast, pMDIs 
employing a pressurized gas propellant to aerosolize the dose are highly portable 
and inexpensive. Inaugurated in the 1950s, pMDIs dominated the portable inhala-
tion drug delivery market for many years, essentially running unopposed until the 
unveiling of  the first DPI,  the  following decade  (Spinhaler™, Aventis)  [3]. Even 
then, nascent DPIs were characterized by low efficiency, and delivered a dose from 
a capsule that had to be manually loaded prior to each actuation; a sharp contrast to 
pMDIs  and  their  200  dose  capacity.  However,  pMDIs  were  not  without  their 
 drawbacks, and chief among them was their use of the ozone-depleting chlorofluo-
rocarbons (CFCs) as propellants [4]. In 1987, members of the international com-
munity, recognizing the irreparable damage CFCs have on the environment, signed 
the Montreal  Protocol  pledging  to  phase  out  production  of  CFCs  by  1996  [2]. 
In need of an alternative propellant, CFCs have been replaced by hydrofluoroalkanes 
(HFAs), although the transition has not proven seamless, as density and solubility 
differences between the propellants have led to reformulation issues. The high 
velocity of the emitted dose from a pMDI also requires coordination between patient 
inhalation and device actuation to avoid deposition in the throat, which many 
patients find difficult [5]. In addition, advanced therapeutics, including peptides, 
proteins, and gene vectors, exhibit poor stability at room temperature when formu-
lated into the aqueous solutions delivered by pMDIs [6].
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9.3  Dry Powder Inhalers

Developed as an alternative to the pMDIs, DPIs have their own unique advantages 
and limitations, and can be broadly categorized into either passive or active devices 
[3]. Passive DPIs are breath-actuated, deriving the energy for powder dispersion and 
aerosol formation solely from the patient’s inspiratory maneuver, alleviating the 
coordination of actuation and inhalation that many patients find problematic with 
pMDIs  [4]. However, patients can produce a wide range of flow rates, which is 
reflected in the high interpatient variability in the dose delivered from these devices. 
Additionally, some patients can only generate flow rates too low to produce an 
aerosol  cloud, and treatment with DPIs can be ineffectual. In light of this, many DPI 
developers have concluded that the best strategy lies in decoupling powder disper-
sion from inhalation and, following the path of pMDIs, have designed active DPIs 
incorporating an assortment of auxiliary energy sources to aerosolize the dose.
DPIs  can  be  further  classified  as  either  single  dose  or multidose  devices,  the 

 latter being delineated into multiunit dose or reservoir inhalers. The single-dose 
inhalers represent the first generation of DPIs (Spinhaler™, Rotahaler™), although 
some devices in this category are still currently marketed (Aerolizer™, Handihaler™). 
These inhalers generally deliver the dose from a gelatin capsule inserted into the 
device prior to each actuation. The multiunit dose inhalers disperse individual doses 
pre-metered by the device manufacturer into blisters, while reservoir DPIs contain 
enough powder for multiple doses (typically 60–200) within the device, metering 
individual doses prior to actuation. Advantages of DPIs employing factory-metered 
doses include environmental protection of the powder and consistency of the dose 
relative to their reservoir counterparts. However, a drawback is the higher cost of 
these devices, stemming from the multicomponent designs and dedicated factory 
production lines [4]. Regardless of how  the dose  is provided,  all DPIs contain a 
de-agglomeration principle to address the challenges inherent to producing 
aerosols from a dry powder.

9.4  DPI Formulations

To be effectively delivered into the lung, drug particles are generally required to fall 
in the size range between 1 and 5 mm; particle size reduction is typically performed 
through “top down” processes such as jet milling, which yields highly cohesive 
particles with ill-defined size distributions and morphologies [5]. Particle engineer-
ing, a “bottom up” approach to producing respirable size particles at the initial 
 particle formation step, holds promise in addressing the drawbacks of attrition 
 processes such as jet milling. However, few technologies have been industrialized 
at least in part due to the increased cost of goods for these nascent techniques [7]. 
The cohesive interactions between the powder particles arise from a combination of 
electrostatic, capillary, and van der Waals forces, although by allowing the particles 
time to dissipate excess electric charges, and in the absence of high relative  humidity, 
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it is the latter that are most important [8]. Individually weak, but collectively robust, 
van der Waals interactions are the dominant attractive forces in particles with diam-
eters under 10 mm, exerting a “velcro effect” that impedes powder dispersion. To aid 
in the entrainment and de-agglomeration of these cohesive particles, dry powder 
formulations are generally binary, or interactive, blends, with the bulk, >95% (w/w), 
comprised of large inert carrier particles (50–100 mm), to improve the flowability 
and metering properties of the formulation [9]. In developing such an interactive 
blend, the interactions between the drug and carrier particles must be balanced, 
where they are strong enough to form a stable mixture, but sufficiently weak such 
that they are readily susceptible to dispersion when entrained. However, while the 
addition of the large carrier particles allows the powder to be readily entrained in a 
flow stream, the adhesive interactions between the drug and carrier hinders the 
 formation of an aerosol comprised of primary drug particle sizes. Consequently, 
drug particles that fail to detach from the carriers are deposited in the throat and 
upper airways [10].

In lieu of developing inhalers that can enhance the de-agglomeration forces, an 
alternative approach is to reduce the cohesive and adhesive interactions within the 
powder through modifications to both drug and carrier particles [1]. For micronized 
drug, one strategy is to increase the diameter of the particle, thereby lowering the 
surface area-to-volume ratio, without compromising its aerodynamic diameter. The 
aerodynamic diameter of particle (d

a
) governs how it behaves in a flow stream, and 

is related to its true diameter (d
p
) and density (r

p
) as:
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 is the specific gravity of the particle [8]. 

From the above, it can be seen that an increase in the diameter of a particle can be 
balanced by a concomitant reduction in its density, an approach embodied by the 
large porous particles [11]. Additional developments in powder dispersion perfor-
mance include smaller porous particles, pulmospheres, and the use of supercritical 
fluid technology. However, in comparison to unmodified drug, these particles can 
be costly to manufacture, requiring the use of spray drying or spray-freeze drying 
[1].  Moreover,  given  their  increased  volume,  larger  reservoir  systems  must  be 
developed to accommodate the formulation, requiring the production of devices 
specific to the powder [1].

9.5  DPI Development

While it is the finished product that is unveiled to the public, the development a DPI 
requires an enormous temporal and financial investment, with a design initially 
rooted in a theoretical foundation, the prototypes refined through multiple rounds 
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of experimentation and empirical observations, and the most optimized device 
 emerging at the end. As inhalers are developed in a proprietary atmosphere, it is 
undeniably the inventors’ prerogative to withhold the information of a DPI’s forma-
tive stages from public view, especially if disclosure should benefit their competi-
tors [5]. However, this also deprives us from gaining a more intrinsic understanding 
of the device components, and the extent to which they contribute to the perfor-
mance of the inhaler. Why is a flow channel a certain diameter? What is the effect 
on device performance if the mouthpiece is lengthened, or widened? Unfortunately 
studies designed to address these questions are limited, but those that exist provide 
much information on DPI performance [12–16]. Additionally, the recent emergence 
of computational fluid dynamics (CFD) in device development, allowing the visu-
alization of the spatial and temporal profiles of the flow stream, specifically in terms 
of the pressure and velocity distributions within the DPI during inhalation, offers an 
insight into the fundamental nature of device performance [17, 18].
While a wide variety of DPIs have been developed, their proliferation provides 

testament to the conspicuous absence of a device encompassing all the qualities of 
the ideal DPI. Each category of DPI mentioned above provides its own design chal-
lenges and opportunities. Due to the general simplicity and low production costs, 
passive devices are highly desirable, although by virtue of their function, they are 
prone to flow rate dependence and inconsistent dosing [6]. For an active delivery 
device employing an auxiliary powder de-agglomeration source, the challenge to 
the developer is incorporating a self-contained energy source that is reliable through-
out the life of the inhaler, without compromising the compactness desired in a por-
table drug delivery device. This last statement is exemplified by the joint venture 
between Pfizer and Nektar Therapeutics to develop the insulin dry powder formula-
tion, Exubera®. Over a decade in development, Exubera was launched with high 
expectations and much fanfare, only to be summarily scuttled a year later and 
remembered as a cautionary tale. The sinking of the inaugural insulin dry powder 
inhalation system has been extensively autopsied, the implications of its commer-
cial failure thoroughly dissected, and while its disappointing market performance 
has been attributed to multiple sources, a general consensus is that the bulky design 
of the inhaler itself did nothing to advance its prospects [19].
Presented below is a brief overview of the powder de-agglomeration principles 

found in both commercial devices and the patent literature.

9.5.1  Turbulence Inducement

In its most basic form, a DPI is comprised of three regions: an air inlet port through 
which outside air enters the device during inhalation, a powder-holding chamber, 
and an outlet port delivering the dose to the patient. However, simply passing a flow 
stream across a static powder bed does not provide sufficient shear forces to 
 effectively aerosolize the dose. When a particle is in a flow stream, it is subjected to 
two types of forces. The first of these are the body forces, such as gravity and 
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 electromagnetism, which act throughout the bulk of the particle and are described 
in terms of force per unit mass. The second category are the surface forces, gener-
ally provided as force per unit area and consisting of normal and shear, or tangen-
tial, stresses; it is the tangential stresses that are most important in powder 
de-agglomeration [20].

Turbulent flows are marked by highly irregular and rapid fluctuations of velocity 
in both time and space containing high energy eddies that continuously buffet the 
drug particles, subjecting them to shear stresses through accelerations in different 
directions [8]. When these accelerations generate forces of sufficient magnitude, the 
drug can detach from an aggregate particle or carrier. A frequently encountered 
mode of inducing turbulence in an inhaler is to supply spiraling channels for the 
dose as it exits the device; a design popularized by the Turbuhaler™ [21]. However, 
while effective at generating turbulence, spiral paths also increase the surface area 
of the flow channel, enhancing the amount of particle deposition within the device. 
An example of this can be seen in the Turbuhaler™, where over 20% of the dose may 
be retained in the mouthpiece. By comparison to the Diskhaler™, possessing a 
straight-channel mouthpiece with a much smaller surface area, approximately 5% 
of the nominal dose is lost [22].
In  lieu of  spiraling flow channels, many DPIs of more  recent vintage contain 

tangential inlets opening into a cylindrical chamber to generate a high energy 
cyclone within the device. As an example, the NEXT™ DPI,  a  reservoir  inhaler, 
contains a cyclone chamber composed of two non-concentric arcs (US Patent No. 
7,107,988). CFD analysis was used to optimize the design and dimensions of 
the chamber, and the resulting geometry was shown to eliminate “dead spots” where 
drug deposition may have occurred [17]. An alternate example is found in the 
Conix™ inhaler, using a patented reverse cyclone technology. When the patient 
inhales, air is drawn into a cyclone chamber, establishing a vortex. As the flow 
stream travels down the cyclone, it encounters a blocked path at the bottom of the 
chamber, inducing the air flow to reverse direction and travel back up through a 
circular outlet [23].

9.5.2  Mechanical Forces

In contrast to providing swirl channels or cyclone chambers, other inhalers incorpo-
rate designs applying mechanical forces to the powder. An example is the Spiros™ 
inhaler, where a powder-laden flow stream is carried through a battery-driven 
impeller to form an aerosol. An alternative embodiment (US Patent No. 6,237,591) 
uses a turbine to drive the impeller, labeling it a passive DPI, as the turbine is pro-
pelled when the patient inhales.

Apart from impellers, mechanical forces are provided by low density beads con-
tained within the dispersion chamber (US Patent No. 6,971,384). When the patient 
inhales, the lightweight beads are driven by the entrained flow, repeatedly colliding 
with each other and the walls of the inhaler. As the dose is carried through the  chamber, 
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the powder is de-agglomerated as it is caught between the bead–bead and bead–wall 
impactions. Additionally, powder can be dispersed by employing a spring-driven 
hammer to strike a blister containing the dose (US Patent No. 5,655,523) [24].

When compared to inhalers that rely on turbulence, mechanically driven devices 
are more complex, requiring additional moving parts that may be prone to failure. 
However, an alternate strategy to generate mechanical impaction forces, without 
overly increasing the complexity of a device, is through the use of baffles (US Patent 
No. 5,724,959). Located downstream of the powder-holding chamber, a narrow 
channel opens into a larger volume region containing an impactor plate, producing 
an abrupt change in the flow path. Due to their increased stopping distance, larger 
particles will be unable to follow the flow stream and navigate around the plate, col-
liding with the impactor and detaching drug from both aggregates and carriers. The 
width of the plate and the distance between it and the narrow channel opening alters 
the cut-off size of the particles that will be intercepted.

9.5.3  Pneumatic Forces

9.5.3.1  Compressed Gas

The most straightforward way to impart pneumatic forces to a powder bed is via a 
compressed gas  source. However, while DPIs have been designed  that utilize an 
external  compressed  gas  source  (US  Patents,  No.  5,875,776,  and  5,775,320  as 
examples), more recent designs incorporate a method to compress air within the 
device through a manual pump. The most notable example is the Nektar Pulmonary 
Inhaler  used  to  deliver  Exubera  (previously  known  as  the  Inhale  DPI,  Inhale 
Therapeutic Systems, US Patent No. 6,257,233). The DPI, which decouples device 
actuation from inhalation, is comprised of a lower pressurization chamber 
where the compressed air is generated, and an upper receiving chamber that holds 
the aerosolized powder following actuation. The air is compressed when the patient 
manually primes a handle coupled to a piston within the lower chamber. When actu-
ated, the compressed air is discharged past the dose, drawing the powder into the 
upper chamber from where the patient subsequently inhales. Another example is 
the Vectura Aspirair™, employing a bolus of air that is manually compressed by the 
patient via a corkscrew-type manual pump, and discharged into the powder bed 
upon inhalation.

9.5.3.2  Vacuum

An alternative approach to pneumatically driven dispersion is provided in US Patent 
No. 6,138,673, illustrating a reservoir DPI that creates a vacuum within the body of 
the device. The inhaler body can be extended by twisting the top portion relative to 
the lower portion two revolutions, expanding the volume of the container from 
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550 to 750 mL, and creating a vacuum inside when the body is closed to the 
 atmosphere. The device is manually actuated by the patient, inhaling while pressing 
a trigger that opens a valve within the body, exposing it to ambient air which enters 
the device through the dose holding chamber and aerosolizes the powder.

9.5.3.3  Synthetic Jetting Technology

The application of synthetic jets to powder dispersion is another means of applying 
pneumatic  forces and  is described  in US Patent No. 7,334,577. Synthetic  jetting 
may be produced in a chamber bounded on one end by a wave generating device and 
on the opposite end by a rigid wall with a small orifice [25]. When acoustic waves 
are emitted at high frequency and amplitude from the generator, a jet of air, directed 
outward from the chamber, is produced. This “synthetic” jet is comprised of vortical 
air puffs corresponding to the generator’s frequency, which may be a piezoelectric 
element (discussed in detail below) or an electrodynamic transducer. When actu-
ated, a dry powder dose located in the jet-producing chamber and resting above the 
generator is levitated and dispersed by the high frequency vibrations. As the aero-
solized powder nears the orifice, it is expelled from the chamber by the synthetic jet 
and into a flow channel where it is carried to the patient.

9.5.4  Sustained Exposure to Flow Stream

One of the drawbacks commonly cited with passive DPIs is that their reliance on the 
patient’s inspiratory flow rate can render them incapable of providing sufficient 
energy to effectively aerosolize and de-agglomerate the dose [26]. However, when 
considering that the duration of an inspiratory maneuver can last well beyond 3 s, 
and that the majority of the powder departs the inhaler within the first second of 
inhalation (well before the peak inspiratory flow rate is reached), it becomes clear 
that much of the energy available in the flow stream is never allowed the opportunity 
to interact with the dose [27]. Accordingly, the poor performance that plagues these 
devices cannot be solely attributed to an inadequate supply of energy, but also to an 
inefficient application of the available energy. To address this problem, inhalers 
have been developed incorporating designs that can lengthen the time through which 
the dose interacts with the flow stream, sustaining the energy transfer between the 
air and powder. Alternatively, the device can delay the exposure of the dose to the 
flow stream until a predetermined flow rate through the device has been attained, 
exposing the powder to the maximum energy levels of the flow.

9.5.4.1  Delayed Exposure

An example of this design incorporates a diverting flow channel in parallel with a 
secondary channel passing through the dosing chamber (US Patent No. 6,561,186). 
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The flow channels share a common occluding mechanism connected by a rotatable 
vane, such that when one channel is open, the other is closed. When the flow rate 
reaches a predetermined level, the vane closes, occluding the first channel, 
while simultaneously opening the second channel and allowing the flow access to the 
dose. In the Skyehaler™ (US Patent No. 6,182,655) a valve shield is moved within the 
inhaler in response to the suction generated from inhalation. When this force is suf-
ficiently strong (>1.5 kPa) the valve shield opens a shutter, exposing the dose cavity 
to the flow stream. While these examples are from passive devices, the use of more 
complex air flow sensors is becoming a common feature in many active DPIs under 
development to automatically coordinate aerosol production with inhalation.

9.5.4.2  Air Classifier Technology

A vector quantity, the detachment forces acting on a drug particle adhered to a 
 carrier is characterized by both a magnitude and a direction. When holding the mag-
nitude constant, detachment forces exert their maximum effect when they act in a 
direction directly opposite to the adhering force [8]. However, due to the short 
duration  of time to which a dose is subjected to separation forces in a typical DPI, 
coupled to the random nature of the detachment forces, only a small fraction of the 
drug particles will be correctly aligned to experience a force having a favorable 
combination of magnitude and direction sufficient to detach them from the carrier 
particle surface.

Air classifier technology was developed as a particle de-aggregation principle to 
sustain the interaction between the dose and the flow stream. A basic classifier is 
comprised of a cylindrical chamber, containing at least one tangential air inlet and a 
discharge outlet beginning at the center of one of the circular ends of the chamber 
[9]. Named for its ability to segregate, or classify, particles according to their size, 
it operates as a balance between centrifugal and drag forces. The drag force is pro-
portional to the first power of the particle diameter and dominates for fine particles, 
while proportional to the cube of the particle diameter, larger carrier particles will 
experience a greater centrifugal force. When the powder is carried into the classifier 
through the tangential inlet, the large carrier particles, subjected to strong centrifu-
gal forces, will be confined to the edge of the chamber, repeatedly impacting against 
the inner wall. As smaller drug particles are detached from the carriers through 
either drag forces or inertial forces arising from the carrier collisions, they will be 
pulled into the center of the chamber, under the discharge outlet, and removed from 
the classifier. Aggregated drug particles are broken up through collisions with both 
carrier particles and the classifier wall; the geometry of the classifier can be modi-
fied to alter the cut-off diameter of particle exiting the chamber [9, 28, 29].

While the major fraction of drug that will detach does so within the first half-
second of inhalation, these are the particles that are subjected to the strongest 
removal forces, generally drug aggregates and large primary particles [30]. As the 
dose continues circumnavigating the classifier, a secondary population, primarily 
smaller drug particles located in higher sites on the carrier and less susceptible to 
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removal forces, is further released; studies indicate that the amount of drug exiting 
the classifier over the time interval from 0.5 to 2 s following inhalation can exceed 
50% of the amount released within the first half-second [31]. Moreover, low flow 
rates can be compensated by sustaining the detachment forces acting on the dose, 
and produce fine particle fractions comparable to higher flow rates. Examples of 
DPIs incorporating air classifiers as their de-agglomeration principle are provided 
by the Twincer™ and Novolizer™ [29, 32].

The Twincer™ is a single-dose device containing two air classifiers in parallel; a 
design that permits a large dose, up to 25 mg, for delivering antibiotics as treatment for 
cystic fibrosis [32]. Delivering the dose from a blister, the powder is entrained and 
divided between two separate channels, each feeding into a discreet classifier; two 
additional tangential air inlets per classifier provide the necessary turbulence to detach 
the drug from the carrier. That the carrier particles are retained within the classifier fol-
lowing actuation is of no consequence, as the inhaler is a low-cost device, formed from 
three layered, molded plastic plates, and is intended to be disposable following each 
use. In contrast, the Novolizer™ is a reservoir inhaler, and eliminating the deposition of 
drug and carrier within the classifier following inhalation becomes important [29]. 
To achieve this, the Novolizer™ employs an eight-sided classifier, where each opening 
is a tangential air inlet. In addition, the classifier walls are not isometric, consisting of 
four long sides to accelerate the carriers and four short sides to generate impactions, 
and distributed in an alternating pattern. Using this arrangement, the Novolizer™ can 
expel upwards 95% of the dose from the device following each actuation.

9.5.5  Vibration-Induced Dispersion

9.5.5.1  Capsule Vibrations

Though not always explicit, inhalers that employ capsules to deliver a pre-metered 
dose rely heavily on mechanical vibrations to facilitate powder de-agglomeration. 
An  example  of  a DPI  that  induces  rapid  capsule  oscillations  is  the Handihaler™. 
When a patient inhales through this device, the airflow enters the DPI opposite the 
mouthpiece, passing through a short, narrow inlet tube and abruptly opening into a 
larger volume capsule chamber [18]. As the flow stream emerges from the narrower 
passage into the larger, the flow decelerates, causing the boundary layer to separate 
from the inner walls of the inhaler and reattaching further upstream. This produces 
an annular region in the interim where fluid does not flow downstream, instead recir-
culating as a turbulent eddy resulting in a low pressure area [20]. The Handihaler 
exploits this phenomenon to rapidly vibrate the capsule during inhalation; the flow 
stream entering the larger chamber pushing the capsule forward while the low 
 pressure region pulls its back. The capsule chamber was designed to be ample enough 
to allow the capsule room to oscillate, but sufficiently confined to prevent the capsule 
from tilting on its side and inadvertently occluding the inlet. As shown in studies  
with the Aerolizer™, the rapid capsule vibrations, coupled with the shear forces 
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 produced from passing the powder through the narrow perforations in the capsule 
wall, provides an effective means of powder de-aggregation [13].

9.5.5.2  Aeroelastic Vibrations

An alternative form of vibration-induced dispersion is a passive DPI (US Patent No. 
11,713,180) that operates on the aerodynamic principle of “flutter.” When an 
aeroelastic object is placed within the path of a flow stream, it begins to oscillate, 
the energy of which in turn feeds further oscillations, rapidly intensifying the ampli-
tude and frequency of its vibration. When a powdered dose is placed on an aeroelastic  
film, it is effectively aerosolized, requiring very low threshold flow rates to induce 
flutter in the film [33].

9.5.5.3  Piezoelectric Driven Dispersion

The piezoelectric effect was initially observed in 1880 by the Curie brothers, who 
noticed that anisotropic crystals, i.e., crystals lacking a center of symmetry, emit an 
electrical signal when stressed. Conversely, the application of an electrical signal 
produces mechanical deformation in the crystal; when this electrical stimulus is 
supplied in the form of an oscillating potential, rapid crystal vibrations are gener-
ated [34]. Piezoelectric polymers have  long  found wide application  in numerous 
fields, including as components of nebulizers for pulmonary drug delivery, and have 
recently been introduced as a dispersion mechanism in DPIs.

An example of the piezoelectric de-agglomeration principle is found in the 
Microdose  inhaler  (US Patent No.  6,026,809), where  a  drug-containing  blister  is 
brought into contact with a piezoelectric vibrator housed within the device. The DPI 
includes an air flow sensor that activates the piezoelectric element as the patient 
inhales, transferring mechanical energy to the blister and imparted into the dry pow-
der formulation within to disperse the dose through the blister openings [35]. 
Additionally, the frequency at which the piezoelectric element operates is not 
arbitrary, but set to match the blister’s resonance frequency. Briefly explained, the 
acoustic resonance of a system is its tendency to absorb more energy when oscillated 
at one of its own natural frequencies of vibration. By matching the frequency of the 
piezoelectric element to the resonance frequency of the blister, stronger oscillations 
can be generated without augmenting the effort required from the energy source.

An alternative application of the piezoelectric effect has been developed by Oriel 
Therapeutics,  Inc.  (US  Patent  No.  6,889,690),  disclosing  a  multidose  inhaler 
wherein the blisters containing the powder are comprised of a piezoelectric polymer 
material, incorporating the piezoelectric element into the blister itself. During inha-
lation, an electrical stimulus is provided to the blister, prompting the piezoelectric 
substrate to oscillate rapidly, vibrating the blister and ejecting the dose into the flow 
stream. Adjusting the shape of the blister can yield specific oscillation frequencies 
tailored to the flow characteristics of the formulation contained within; vibrating the 
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blister to match the resonance frequency of the powder can optimize the dispersion 
potential [36]. Both of the above inhalers are active devices, requiring a self- 
contained power source to stimulate piezoelectric element.

9.5.6  Electric and Magnetic Fields

While less common, de-agglomeration principles capitalizing on the high charge-to-
mass ratio of micronized powders are found in the patent literature. In one example 
(US Patent No. 6,089,227), a DPI is comprised of two separate chambers, the barrier 
between them containing a rotating cylinder with a portion of its perimeter located in 
each chamber. One chamber is a powder reservoir, and the other is in fluid communica-
tion with an air inlet and outlet. When an electric field is generated in the reservoir, the 
charged powder is attracted to the surface of the electrically neutral cylinder, which 
slowly rotates, exposing the adhered drug particles to a second electric field, opposite 
in polarity from the first, in the adjacent chamber. This prompts the drug to detach from 
the dosing drum and flock to the electrode producing the field, although as this detach-
ment is coordinated with inhalation, the particles are carried to the patient.
US Patent No. 6,328,033 also discloses an inhaler that utilizes an electric field, 

albeit an oscillating one. In this device, the electric field is oscillated between the 
top and bottom of the powder-holding chamber, entraining the drug particles as they 
are rapidly drawn from one side to the other. The electric field is maintained while 
the patient inhales through the device, and the flow passing through the chamber 
conveys the dose downstream. An additional embodiment of this design relies on a 
magnetic field for de-agglomeration, wherein the dry powder formulation is coated 
onto particles having a magnetic core. Upon actuation, a rapidly oscillating mag-
netic field is applied between the upper and lower sections of the dose package, 
causing the larger magnetic particles to rapidly vibrate, expelling the powder from 
their surfaces where the flow stream carries the dose to the patient. The magnetic 
field is sustained throughout the duration of the inhalation maneuver, confining the 
magnetic particles within the device.

9.6  Device Resistance and Flow Rate

The role of resistance in DPIs, and the extent to which it influences device performance, 
is ambiguous. The equation relating flow rate (Q), device resistance (R), and the pressure 
drop (DP) across an inhaler was provided by Clark and Hollingsworth [37]:

 ∆ =P QR  

For a given pressure drop, a higher flow rate will be generated through a lower 
resistance device. But how does device resistance translate into performance? When 
increasing  the  resistance  in  a DPI,  either  the  air  inlet  is  narrowed,  or  there  is  a 
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 constriction along the flow path, usually at the point where the fluid stream 
 encounters the dose. As known from the flow continuity equation, reducing the 
cross sectional area increases the flow velocity, which in turn increases the kinetic 
energy carried by the flow stream; accordingly it seems intuitive that increased 
resistance would improve performance [20]. However, high resistance is not the 
only determinant of device performance. A comparison between the high resistance 
Pulvinal™ and the lower resistance Turbuhaler™, both passive inhalers, demonstrated 
better dispersion performance in the latter DPI [38]. Equally important is the method 
in which the kinetic energy from the flow rate is employed; in other words, the effi-
ciency of the powder de-agglomeration principle. However, the importance of 
device resistance is being diminished through the introduction of inhalers that no 
long rely solely on a brief, almost instantaneous interaction between the flow stream 
and powder (ACT, cyclones), and active DPIs providing external energy sources.

Studies comparing low and high resistance passive inhalers generally conclude that 
while low resistance devices allow a much wider range of flow rates, the performance 
of high resistance inhalers exceeds that of its low resistance counterparts [39, 40]. 
However, high resistance devices show significant flow rate dependence, and the 
amount of delivered drug varies widely across the spectrum of generated flow rates. In 
contrast, low resistance devices provide a more consistent dose across a wider range of 
inspiratory efforts. Additionally, a significant patient population, especially children 
and the elderly, have difficulty generating a sufficient flow rate through the higher 
resistance devices [41].

Closely related to resistance, is the flow rate through the device. While higher flow 
rates improve the kinetic energy levels imparted to the dose, increasing the flow rate 
through an inhaler does not improve performance ad infinitum. As shown in studies 
with the Aerolizer™ there is a flow rate where the fine particle fraction is maximized 
and throat deposition is minimal; increasing the flow rate beyond this point hinders 
performance as a larger fraction of the dose will be deposited in the throat and mouth 
[14]. Accordingly, while high flow streams are desirable when encountering the dose, 
they are counterproductive if the velocity is not dampened as it exits the inhaler. One 
strategy to accomplish this is to widen the flow path in the mouthpiece, which signifi-
cantly lowers the axial velocity of the flow stream as it exits the device, reducing 
throat and mouth deposition without comprising the turbulence levels [16]. 
Alternatively, other DPIs employ a coaxial sheath of air produced by flow bypass 
channels to form a buffer that surrounds the aerosol as it exits the device (Novolizer™), 
or incorporate baffles and curved paths to reduce flow velocity (Skyehaler™), although 
particle deposition may become problematic in these designs.

9.7  Meshes and Screens

Ubiquitous  to many commercial DPIs  is a mesh, or screen, situated between  the 
powder-holding chamber and the inhaler exit, commonly tasked with performing 
the often overlooked, yet vital role of preventing the escape of the capsule, and 
 capsule fragments, from the device during inhalation. However, it is also noted that 
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meshes are integral components of inhalers that do not employ capsules, but rather 
disperse powder from blisters packs or reservoirs. The presence of the mesh can 
influence the flow field generated within an inhaler, both upstream and downstream 
of its location, and accordingly impact the overall performance of the device.

A mesh can be thought of as a distributed resistance that can effect a change in the 
flow direction of a fluid stream, coupled with a reduction in pressure [42], and can act 
as both a suppressor and generator of turbulence. In its role as a suppressor, the turbu-
lence downstream of the mesh has been dampened in both scale and intensity subse-
quent to its passage through the mesh. In this case, the aim is obtaining a spatially 
uniform flow to both to avoid generating further turbulence, and to remove existing 
turbulence from the flow stream. Meshes can also serve  to  increase  the  turbulence 
downstream of their location up to 10% relative of the upstream value. In this case, the 
meshes are commonly coarse, with porosities exceeding 45% of the total area.

Reports in the literature examining the influence of meshes on inhaler performance 
are at odds with each other, casting meshes in the role of both spectator and active 
participant in affecting device performance. A study investigating the influence of a 
mesh on carrier particle dispersion concluded that no benefit to overall performance 
(as measured by the FPF

total
) was obtained when powder was passed through a mesh, 

compared to the absence of the mesh [26]. Any small improvement in particle de-
aggregation the mesh may have provided was offset by the drug retained on the mesh 
(» 5% of the nominal dose), resulting in no significant difference in performance. 
In contrast, Coates et al., examining the effect of the grid inside the Aerolizer™ DPI, 
concluded that the grid does significantly affect overall inhaler performance. For these 
studies, dispersion performance of the Aerolizer™ outfitted with three different grids 
(the original grid geometry and two grids of increasing porosity) was compared, 
showing that the original aerolizer grid yielded no significant differences in the fine 
particle fraction of the emitted dose. This implies that the mesh had no effect on drug 
de-aggregation, as noted in Voss and Finlay, but rather exerted its influence through 
reducing the number of impactions between the mouthpiece and the inhaler, as a 
 significantly higher fraction of drug deposits inside the inhaler mouthpiece with 
increasing grid voidage. In the Aerolizer™, the grid serves as a turbulence suppressor, 
straightening the flow by reducing the level of tangential flow generated in the device [12]. 
As the turbulence is suppressed downstream of the powder dispersion chamber, over-
all performance is unaffected. In reconciling these opposing views, the length of the 
inhaler downstream of the mesh becomes important, and the dispersion apparatus 
used by Voss and Finlay was not a commercial inhaler, but an experimental set up with 
an extended flow path downstream of the grid. In this case, the laminar flow created 
by the mesh may have degenerated into turbulence flow prior to exiting the device.

9.8  DPI Product Manufacturing

The  remaining  sections  in  this  chapter  focus  upon  considerations  of  DPI  device 
design and, particularly, dispersion mechanisms utilized in the creation of a powder 
aerosol. This section describes in general terms the end-to-end manufacturing  process 
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involved  to  create  a  finished  DPI  drug  product.  By  necessity,  the  precise 
manufacturing unit operations and process parameters will vary significantly accord-
ing to the formulation, device type, and device design, therefore only generic unit 
operations and some trade-offs are presented here. The discussion also focuses on 
manufacturing considerations that should be made during product development.

Typically, inhalation drug formulations and devices are manufactured as separate 
supply chains brought together either at the point of filling, final assembly or, in the 
case of capsule DPI designs, in packaging. The overall value stream is often divided 
into primary, or drug substance, and secondary, or drug product unit operations.
Primary manufacture has as its goal, the production of an active drug substance 

(active  pharmaceutical  ingredients  or  APIs)  with  defined  and  controlled  crystal 
form and habit and physicochemical properties. Key steps in primary manufacture 
from the perspective of a DPI product are the particle forming step and isolation of 
drug particles from solvents used in synthesis [43]. Traditionally, particles formed 
in  primary  manufacture  are  well  above  respirable  size.  Particle  engineering  for 
 inhalation has as its goal, the production of respirable size particles at the particle 
forming step [44]. Larger particles can be isolated by filter drying or centrifugation. 
Particle engineering of respirable size particles may require more complex isolation 
techniques such as spray drying or supercritical fluid evaporation as filtration may 
be inefficient or may result in the formation of strong aggregates [45].

For traditional small molecule products, micronization is typically the unit opera-
tion bridging primary and secondary manufacture. A number of particle size reduction 
techniques and equipment are available with air jet milling being widely used to 
achieve attrition of particles down to respirable size. Air jet milling relies on particle–
particle and particle–wall collisions to fracture particles. Air jet milling is a high energy 
process that can result in creation of surface amorphous content and high surface 
energy as well as triboelectrification [46]. To avoid downstream variability, control of 
these effects is often accomplished by relaxation through quarantine or active condi-
tioning [47]. Scale-up from development must take into account process changes that 
may occur due to build up of product on the surfaces of the micronizer during extended 
production batch runs as compared to smaller batches produced during development.

As inhalation drug substances are typically highly potent and bioavailable due to 
their size, often with therapeutic doses in the low microgram range, personnel pro-
tection must be factored into the manufacturing process and isolation can add sig-
nificantly to the capital cost. The most intensive exposure control is required at 
micronization and at dispensing since the product is aerosolized in its pure form at 
these steps. As dry products of small size, careful consideration of explosion control 
must also be taken [48].

For highly potent respirable compounds, process handling and device metering 
would  be  significantly  complicated  if  the API were  not  blended with  a  bulking 
agent. Therefore, production of the majority of DPI products entails physical mixing 
of the active drug substance with one or more excipients to form a homogeneous 
powder  blend.  Typically, micronized API  is mixed with  a  comparatively  coarse 
carrier (e.g., lactose) [49].

The most common types of blenders used in pharmaceutical production are  tumbling 
(low shear) and convective (high shear) blenders. With a low shear process, the  presence 
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of even mildly cohesive material can significantly complicate the motion patterns of 
the powder within the blender resulting in poor mixing  characteristics. Due to the 
 typically cohesive nature of DPI powders, they do not lend themselves easily to a low 
shear process [50]. The convective blender is composed of a stationary vessel and 
rotating impeller that moves and stirs the powder. The goal of all blending approaches 
is the production of a homogenous blend with adequate adhesion between the drug 
and excipient to avoid downstream segregation while still allowing drug and excipi-
ent  particles to be separated during aerosolization [51]. An approach to the scale-up 
of process parameters from development to manufacturing is equivalent blend energy 
which is a function of the blending speed, time, and blend size [50]. Triboelectrification 
may occur in the blending process and impact product performance. The degree of 
charging will be a function of the input materials, process humidity, and process 
equipment materials of construction [52]. These effects should be understood as 
equipment contact area, environmental controls and cleaning regimens may change 
during scale-up from the laboratory to a production environment [53]. Product shelf 
life will often begin at the point of blending so it is desirable to minimize all subse-
quent process times in order to maximize the saleable lifetime of the product.
Blended formulations must subsequently be filled either into the DPI metering 

system or into intermediate packages. Foil blisters and capsules are typical factory-
metered containment systems [4]. For multidose systems, significant trade-offs are 
made in the design of the containment system and blend strength where ease of 
handling and filling increase as the weight filled and size of container increases, but 
this comes at the expense of device size. Examples of powder metering principles 
used to fill DPI devices are vibration feeding, dosator, rotary drum, and immersion 
filling [54]. Compaction is utilized in many of these systems to increase fill weight 
control through elimination of voids but as compaction increases the energy required 
to aerosolize the dose also increases [55]. Filling systems will often be bespoke 
designs  matched  to  the  DPI  dose  package.  During  early  product  development, 
these systems are likely to also be in development. Therefore, scale-up will require 
the understanding of filling effects on product performance and the relationship 
between the development and full scale filling systems.

Assembly of the device and dose containment system may be complex depend-
ing on the number and interaction of components and the degree to which devices 
can be subassembled prior to the introduction of the drug containment. In any case, 
highly automated assembly is required for a high volume product. The device is 
likely to be the highest cost component of the drug product. Robust manufacturing 
process understanding and in-process testing of the unit operations prior to assem-
bly is highly desirable in order to minimize the risk of batch failure after committing 
the filled product to completed devices.

Since many inhalation actives as well as lactose are hygroscopic, product perfor-
mance may be impacted by storage conditions [56]. Moisture ingress protection is 
a consideration for these formulations and may be provided by the formulation con-
tainment materials, an overwrap or an included desiccant. Supply chain storage and 
in-use moisture protection must be considered also recognizing that many patients 
may store their inhalers in a high humidity location such as a bathroom [4].
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The typical DPI device will be fabricated of plastic components with manufacturing  
outsourced to a third party with molding expertise. Device design is discussed in 
subsequent chapters but it is worth stressing that while very complex designs can be 
fabricated in principle, these may not be practical to manufacture with the required 
consistency at volume and at a price that can be supported by the patient or formu-
lary. Materials of construction must be considered for their cost, potential for extract-
ables or leachables, and impact on device performance due to factors such as 
electrostatic attraction of API to the plastic [57, 58]. Consideration should also be 
given to sourcing and availability of materials. For even a large  volume DPI product, 
the market leverage in the overall materials market will be low. Suppliers may change 
or discontinue materials formulations. Security of supply and dual sourcing are 
important considerations particularly for performance critical and patient or drug 
contact materials. Device refilling carries complexities of hygiene and assurance of 
proper assembly so most DPI devices are disposable. This requirement dictates the 
value of componentry included in the DPI. For electronic device designs, waste elec-
tronics disposal regulations also must be considered [59].

A comprehensive review of manufacturing unit operations, process parameters, 
and materials of construction would be the subject of multiple specialty texts. This 
section has attempted to capture considerations and trade-offs common to many 
typical DPI products and to suggest early consideration of these during DPI product 
development.

9.9  Conclusion

A diverse array of technologies have been designed to address the challenges of 
effectively aerosolizing a dry powder formulation. Recent years have seen an increase 
in the number of active DPIs in development, although passive devices, with their 
low costs and simple designs, will undoubtedly remain an active area of 
inhaler research, as they are especially attractive as disposable platforms for dry 
powder vaccine delivery. However, while much effort has been devoted to improving 
the powder dispersion performance of inhalers, the ability of the device to optimize 
inhalation therapy must be placed into perspective, as no matter how cleverly designed 
and masterfully crafted an inhaler may be, it cannot overcome patient misuse or a 
poorly prepared formulation. Future developments in DPIs will benefit greatly from 
parallel advancements in patient education and powder formulation technology.

9.10  Appendix

9.10.1  Patents

US Patent No. 11,713,180
US Patent No. 6,889,690
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US Patent No. 6,138,673
US Patent No. 7,107,988
US Patent No. 6,237,591
US Patent No. 6,971,384
US Patent No. 5,655,523
US Patent No. 5,724,959
US Patent No. 5,775,320
US Patent No. 6,257,233
US Patent No. 6,182,655
US Patent No. 5,087,710
US Patent No. 6,328,033
US Patent No. 5,875,776
US Patent No. 7,334,577
US Patent No. 6,561,186
US Patent No. 6,026,809
US Patent No. 6,089,227
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Abstract Nebulizers were originally developed for and remain useful for particular 
clinical circumstances, and proof of concept trials. Recently however, due to consid-
erable improvements on dose delivery and portability, nebulizers may find broader 
application for different patient groups and disease states. In this chapter, traditional 
and newer nebulizer technologies are reviewed. In addition, practical aspects relat-
ing to formulation issues and performance of these different systems are presented. 
Increasing nebulizer efficiencies and the integration of new mechanisms of aero-
solization are included. With the ongoing advancement of nebulizer systems, we 
should see improvements in clinical outcomes and meet the needs of novel targeted 
therapies with precision-based, reproducible, and efficient nebulizer devices.

Keywords Nebulizer • Aerosol • Jet nebulizer • Ultrasonic nebulizer • Metered 
dose liquid inhaler • Adaptive aerosol delivery

10.1  Introduction

The first atomized inhaler was developed in France in 1858 by Sales-Girons, using 
pressure from a manual pump to draw liquid through a reservoir. This was followed 
closely in 1864, by a steam driven nebulizer, the Siegle Steam spray inhaler [60]. 
Complete portability was introduced in the 1950s with the advent of pMDI devices, 
since then nebulization therapy has been reserved mainly for a select subset of 
patients who are either too ill or too young to use pMDI or DPI devices effectively. 
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However, nebulizers play a critical role when used, they can deliver the large doses 
of therapeutic agent, such as antibiotics and mucolytics, necessary to treat severe 
infections in cystic fibrosis [32]. Such large doses would not be conveniently delivered 
via pMDI or DPI inhalers [25]. For example, Tobramycin used as a topical antibiotic 
for Pseudomonas endobronchial infections in cystic fibrosis is delivered in 300 mg 
unit doses [25, 33, 71]. Like Tobramycin, nebulization has been used to deliver a 
wide range of other locally acting medications such as gentamycin [35], albuterol 
[39], budesonide [1], saline [69], and more recently, dornase alpha (rhDNase) [34].

10.2  Nebulizer Uses, Advantages, and Limitations

The advantages of nebulizers set them apart from other classes of device. Unlike 
pMDIs, nebulizers do not require coordination of actuation and inhalation. 
Nebulization devices are quite intuitive to use, and as such, require little or no training 
in their use. Users of other devices, particularly pMDI devices, on the other hand, 
require initial training on the correct use of their inhaler, as well as regular retraining, 
to ensure optimal benefit is derived from their pMDI [65]. Also, unlike passive DPI 
devices that are flow-rate dependant, nebulizers require only tidal breathing to suf-
ficiently entrain droplets into the lungs. The phasing out of CFC use due to the 
Montreal Protocol induced a surge in research based around replacing existing 
CFC-based pMDI devices with less ozone-depleting HFA-pMDIs and looking for 
DPI devices for another avenue of aerosol formulation to fill the gap [59]. Despite 
this resurgence in aerosol formulation and device enhancement, the advancement of 
nebulization devices was largely neglected. However, technical complexities com-
monly associated with formulating active pharmaceutical ingredients for pMDI and 
DPI devices, and the costs involved [64], has led to an increased interest toward the 
development and advancement of nebulizer devices.

When screening and developing new APIs for topical or systemic delivery to the 
lungs, nebulization systems allow quicker realization of the product from “bench to 
bedside.” In the early stages of drug development, aerosolization through nebulization is 
the most straightforward route to realizing clinical outcome, primarily due to the ease 
with which a solution or suspension for nebulization can be formulated without the 
processing and formulation complexities inherent in pMDI and DPI development [64].

It is often the case that novel API’s will first be tested in investigative clinical 
trials using a nebulizer device, before assessing the benefits, if any, of reformulating 
the drug for another device. Many investigational studies have been conducted using 
nebulizers in early clinical trials of novel therapeutics directed at lung delivery for 
local or systemic effect [7, 8, 26, 43].

Despite their importance in inhalation therapy, nebulizers have certain disadvan-
tages associated with their use including: noise generation during operation (60 dB 
for jet nebulizers), bulky and cumbersome design, lengthy administration times, and 
lack of portability. In addition, performance efficiency of the available nebulizers is 
variable and depends on numerous factors, e.g., nebulizer gas flow for jet nebulizers, 
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fill volume of the nebulizer reservoir, as well as the physicochemical attributes of 
the drug under nebulization, such as viscosity for ultrasonic nebulizers [58]. It 
can be surmised, therefore that accurate predictions cannot be made on the drug 
available for lung deposition, unless that particular device has been studied with the 
drug undergoing nebulization [25].

Increasingly, formulation difficulties, inefficient dose delivery, and progressively 
complex device designs incumbent in pMDIs and DPIs have led aerosol researchers to 
seek out more cost-effective and efficient device solutions. The early nebulization 
devices are an attractive alternative to pMDIs and DPIs for a simple and immediate 
in vitro and in vivo study of liquid-based APIs; however, recent developments of novel 
expensive APIs require a delivery device that will (a) minimize drug loss, (b) increase 
dosing efficiency, and (c) facilitate optimal targeting to the desired regions of the air-
ways, for either local or systemic delivery. Early nebulization devices could not fulfill 
such criteria, but newer nebulization devices have addressed many of the issues tradi-
tionally associated with the early prototypes and are becoming an attractive route for 
aerosolization of novel therapeutics and optimizing the delivery of older therapeutics.

10.3  The Jet Nebulizer

The conventional jet nebulizer has been used for nearly a century and is a well-
established alternative for pMDI and DPI devices in the treatment of a particular 
patient population where the use of alternative devices would be inhibitive, or who 
require large bolus doses of a therapeutic agent. Jet nebulization occurs when com-
pressed air is forced through a narrow orifice within the nebulizer creating a negative 
pressure. This draws liquid upward through a feeder tube by the Bernoulli effect. 
Upon entering the air stream, the liquid is broken up by air turbulences within the jet, 
and also by impaction upon one or more baffles within the nebulizer. Small droplets 
leave the nebulizer in an aerosol cloud, while large droplets remain in the nebulizing 
chamber by way of inertial impaction or the baffle and will undergo renebulization 
[44]. This renebulization occurs to more than 90% of molecules nebulized [3, 15, 35]. 
Baffles facilitate the generation of a slow aerosol, which can be entrained into the 
inspiratory air flow and delivered to the lungs. Without this impaction mechanism, 
the velocity of the aerosol would be such that impaction in the throat would certainly 
occur [50]. This impaction of large droplets on baffles within the reservoir of the 
nebulizer as well as the recycling of liquid, help to control the size, velocity, and 
volume flow of the emerging droplets [50]. An example of a conventional jet nebu-
lizer device is the Acorn II® (Marquest, Englewood, CO, USA) (Fig. 10.1).

Certain variable factors can affect the performance of the jet nebulizer, such as 
the physical properties of the liquid, most notably its viscosity, the volume of liquid 
present in the reservoir, as well as external factors like temperature and humidity. 
Manufacturer’s specifications for particle size distribution are usually derived from 
nebulizing normal saline solution. However, it is has been shown that liquids of dif-
ferent viscosities can significantly affect the particle size of droplets produced. In a 
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study comparing the nebulization of Gentamicin solution and using four different 
jet nebulizers, to nebulized normal saline solution, the antibiotic solution was found 
to alter the particle size distribution. In addition, more than half of the drug remained 
in the nebulizer at the end of nebulization [47].

Generally, nebulizer devices will be operated until maximum output, i.e., until the 
reservoir runs dry, or the “dead volume” is reached and generation of an aerosol no 
longer occurs [12, 63]. Since jet nebulization relies on the interaction of the liquid and 
gas phase for aerosol generation, dramatically altering the proportion of one of these 
components will impact on the quality of the aerosol generated. This is often witnessed 
toward the end of aerosol generation when the liquid level falls below a certain thresh-
old in the reservoir, causing an inconsistent spray (sputtering) [40]. Changes in solution 
temperature and humidity of the dilution air during nebulization can influence the size 
and solute concentration of the aerosol droplets produced [40]. Cooling and concentra-
tion effects of jet nebulizers on the reservoir liquid are well known [55]. Heat loss 
occurs due to the evaporation of the nebulizer solution to saturate the gas used to gener-
ate the aerosol as well as cooling due to adiabatic expansion of the generating gas [45]. 
This in turn leads to increase in solute concentration and potential for precipitation.

A major concern associated with the use of jet nebulizers for aerosolizing expensive 
therapeutics is the high potential for waste in these devices. This occurs mainly due to 
the large portion of liquid that remains unavailable for nebulization, i.e., the “dead 
volume,” which can be as much as 2 mL. Liquid adhesion to reservoir surfaces is also 

Fig. 10.1 A schematic of a conventional nebulizer, the Acorn II® Jet Nebulizer
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a known issue for jet nebulizer output to the extent that physicians will routinely advise 
operators to “tap” the walls of the reservoir to detach the droplets [20]. For unvented 
jet nebulizers, drug is inhaled during inspiration and lost to the environment during 
expiration [11]. Loss of aerosol to the environment can lead not only to suboptimal 
dosing for the patient, but also involuntary exposure to care givers. In a study examin-
ing passive inhalation of Pentamidine by caregivers in a hospital, significant levels of 
Pentamidine were found in urine samples of the hospital staff [6]. Newer jet nebulizer 
designs have minimized such passive exposures by building a vent into the device 
which allows for maximized inspiratory delivery and minimized drug loss.

Jet nebulizer design has not significantly advanced over the years, although some 
of the principle shortcomings have been addressed. To reduce the accumulation of 
liquid droplets in the inner surfaces of the jet nebulizer reservoir, considerations 
have been made to alter the surface material used in their manufacture. Incorporating 
materials known to enhance wettability should reduce attachment of droplets to the 
device walls, allowing more liquid to become available for nebulization [50]. 
Reducing the internal surface area will also reduce the area available for attachment. 
Device dimensions have also been addressed to minimize the other issue of dead 
volume, and in so doing create aerosol-conserving reservoirs. For example, in the 
Pari IS-2 device an inverted cone is used to maximize the depth of the fluid close to 
the liquid feed jet [14, 37].

Implementation of breath-enhanced, or vented, nebulization in the newer jet 
nebulizer models, as mentioned previously, has improved aerosol output by entraining 
the patient’s inspiratory flow into the device, and minimizing loss of particles that 
would otherwise be expired [13]. This also allows for increased rate of output with 
increasing inspiratory flow, with output falling back to baseline during expiration 
when no flow is entrained, e.g., Pari LC® Star (Pari GmbH, Starnberg, Germany) [38]. 
Other jet nebulizer devices use breath-actuation technology, designed to produce an 
aerosol only upon inspiration, allowing for better drug conservation than the breath-
enhanced, e.g., the AeroEclipse II® BAN (Trudell Medical International, London, 
Canada). In a study comparing the rate and amount of deposition as well as consis-
tency of dose delivered, of breath-enhanced and breath-actuated jet nebulizers, Leung 
et al demonstrated high respirable fractions for both nebulizers, the rate of deposition 
was greatest for the breath-enhanced Pari LC Star®, while the AeroEclipse® was the 
least wasteful of the two [38].

The choice of nebulizer device depends on the formulation to be nebulized. Jet 
nebulization has been known to disrupt liposome carriers [28, 53] and also to desta-
bilize some macromolecular APIs [2]. In a study where the protein recombinant 
secretory leukocyte protease inhibitor (rSLPI) was encapsulated in liposomes, neb-
ulization using the Acorn II® jet nebulizer caused disruption of the liposomes to the 
extent that 41.1 ± 3.8% of the encapsulated protein leaked into the continuous phase 
due to the nebulization process [28]. However, no degradation of the protein was 
observed due to jet nebulization in this instance [28]. Concerns regarding jet nebu-
lization of proteins relates to the fact that more than 90% of the formulation is ulti-
mately refluxed, which can cause denaturation of the protein due to repeated stress 
and exposure of proteins to air–water interfaces [51]. However, proteins have been 
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nebulized successfully without detriment to the active moiety, e.g., rDNase [34]. 
Moreover, jet nebulization has been observed in some studies to be less likely than 
ultrasonic nebulizers to cause destabilization of proteins [62, 64].

10.4  The Ultrasonic Nebulizer

Jet nebulizer devices dominated the nebulizer market until the introduction of a 
novel and more portable device, the electronic ultrasonic wave nebulizer in 1964 
[60]. Ultrasonic nebulizers incorporate a piezoelectric crystal that vibrates at high 
frequencies (1–3 MHz) to generate a fine slow-moving mist of droplets. Unlike the 
jet nebulizer, these devices do not require a supply of compressed air and so are 
more portable; however, they still require a source of electricity for power. Oscillation 
of the piezo crystal induces the formation of waves or fountains in the liquid reser-
voir that propagates to the surface. Droplet formation occurs by capillary wave for-
mation and cavitation. Cavitation bubbles are formed at low frequencies while 
capillary wave formation occurs at higher frequencies. At low frequencies, the cavi-
tation theory proposes that the piezo crystal vibrates the liquid thus forming cavita-
tion bubbles. Cavitation bubbles are formed due to negative pressure produced by 
the sound waves which causes some vapor in the liquid to come out of the solution 
in the form of bubbles [23]. As the air bubbles rise to the surface the internal pres-
sure of the bubbles equilibrates with the atmosphere, causing implosion of the bub-
bles. As the bubbles collapse, part of the liquid breaks free and forms droplets. 
At high frequencies, the capillary wave theory proposes that the piezo oscillations 
produce small waves that interfere to form peaks at the air–liquid interface where 
they become unstable, break free, and form droplets [4].

Ultrasonic nebulizers have proven invaluable when delivering aerosols to patients 
under mechanical ventilation, as the delivered volumes are much less than that 
required for jet nebulization, particularly for the newer generation of vibrating mesh 
ultrasonic nebulizers which deliver as little as 0.5 mL. In addition, significant 
changes to ventilation circuits that are required when jet nebulizers are used are not 
necessary when using the ultrasonic nebulizer devices [10]. Ultrasonic nebulizers 
overcome many of the major disadvantages associated with jet nebulizers. In terms 
of aiding patient compliance and acceptability, these devices are less bulky, less 
cumbersome, length of treatment time is reduced, and nebulization is relatively 
quiet. The issue of product waste is surmounted; dead volume is not an issue for 
these devices, and the volumes of liquid nebulized are comparatively small, and can 
be as low as 0.5 mL. Also, the surface area within the reservoir is minimal, and this 
prevents large amount of liquid depositing on the surface walls. Ultrasonic nebuliz-
ers generally have a higher output rate, but this may be achieved with the production 
of larger median droplet diameters in older models [30, 58].

As with many other inhalation devices, various device design and formulation 
factors can influence the mass and particle size produced from the ultrasonic systems, 
such as the viscosity, density, vapor pressure, and surface tension of the liquid,  
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the frequency employed to activate the piezo crystal, the size and dimensions of the 
nebulizing chamber, and the presence or absence of baffles [30]. The effect of drug 
concentration and cooling, as is seen in jet nebulization, does not occur in ultrasonic 
nebulizers, although heating of the reservoir liquid has been shown to occur with 
temperatures rising up to 20°C above ambient temperature [15, 55, 58].

Due to the high frequencies employed in the operation of these devices and with 
that, the potential for heat generation, ultrasonic nebulization can degrade heat 
labile drugs, for example in the case of lactate dehydrogenase, which was rendered 
completely inactive after 20 min of nebulization using the DeVilbiss Aerosonic® 
nebulizer [52]. There is evidence to show, with respect to certain liposomal carrier-
mediated delivery systems, that ultrasonic nebulizers are less disruptive to the car-
rier compared with jet nebulization [56]; however, older ultrasonic nebulizers are 
not very efficient at aerosolizing viscous formulations [42] and depending on the 
liposome composition, may disrupt liposomes causing the active to leak out into the 
continuous phase [9]. Aerosolization of suspensions may also prove problematic in 
conventional ultrasonic nebulizers. In a study where two formulations, a budesonide 
suspension and a Terbutaline solution, were nebulized in two different nebulizers, 
the Spira Elektro 4® jet nebulizer (Respiratory Care Centre, Hämeenlinna, Finland) 
and the Spira Ultra® (Respiratory Care Centre, Hämeenlinna, Finland) ultrasonic 
nebulizer, it was concluded that due to the poor output of budesonide suspension 
from the ultrasonic nebulizer relative to the jet nebulizer, that budesonide suspen-
sion should not be nebulized using conventional ultrasonic nebulizers [49].

Recent developments in new generation ultrasonic nebulizers provide an alter-
nate strategy to improve the ultrasonic nebulizer’s ability to aerosolize suspensions 
and viscous liquids more effectively by generating the aerosol mechanically using a 
vibrating mesh [18, 19], e.g., Aeroneb® (Aerogen Ltd, Galway, Ireland) (Fig. 10.2), 
and PARI eFLOW®. These new generation ultrasonic nebulizers enable high respi-
rable fractions, low velocity aerosols by synchronizing a laser-bored mesh plate 
with the piezo crystal to produce fine mists of droplets [70]. The technology works 
by oscillations of the mesh plate, which in turn pumps fluid from a small volume 

Fig. 10.2 Schematic of the Aeroneb Pro® vibrating mesh nebulizer, insert shows fine mesh plate 
with vibrational element (schematic adapted from Ghazanfari et al. [27])
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reservoir through the tapered holes to generate droplets in the respirable size range. 
These nebulizers have been shown to effectively aerosolize sensitive classes of APIs 
and drug carriers such as recombinant proteins and liposomes [19, 70]. However, 
this class of nebulizer has also demonstrated a relationship between nebulization 
and formulation properties. Depending on the device used, the emitted dose may be 
lower, and the aerodynamic diameter of the aerosol droplet larger, than that obtained 
by jet nebulization [19, 27, 67]. The Omron MicroAir® VMT (Omron Healthcare, 
Bannockburn, IL, USA) generates droplets through passively vibrating mesh aper-
tures. The ultrasonic vibrations in this device are passively conducted via a thin 
layer of liquid to the mesh plate. Due to the lower vibratory energy employed, for-
mulation parameters such as liquid viscosity has a more profound effect on the 
operation of the vibration mechanism [27]. In a study by Ghazanfari et al., new 
generation ultrasonic devices were pushed to their limit in their ability to aerosolize 
viscous liquids. They demonstrated that at 2.75cP, the Omron® device ceased neb-
ulization entirely, while the Aeroneb® continued, but with discontinuous aerosol 
production [27]. As with other aerosol devices, it is clear that cognizance of the 
physicochemical nature of the liquid to be aerosolized as well as early integration 
of the aerosol device is essential to effective drug development with ultrasonic 
nebulizers.

10.5  Optimizing Nebulizer Delivery

The cost to benefit ratio for employing add-on intelligent technology in nebulizer 
devices for aerosolization of inexpensive drugs would not be reasonable, as the 
developers would in essence price themselves out of the market. Currently, the area 
of delivering low cost medications is filled by jet nebulizers, which are considered 
the inexpensive mainstay of nebulization through their cost-effective housing of 
injection-molded plastic, which is either autoclavable or disposable. The recent 
introduction of “intelligent” nebulizers into the ever-expanding portfolio of nebu-
lizer devices has consequently been born out of a need, not for optimizing delivery 
of preexisting nebulized formulations, but optimizing the accurate delivery of 
expensive therapeutic agents and those with narrow therapeutic windows.

As mentioned previously, earlier nebulization devices, such as jet nebulizers can 
be wasteful due to loss of drug arising from; environment losses upon exhalation; 
residual drug unavailable for nebulization in the reservoir “dead volume” or walls of 
the reservoir; as well as concentration effects of drug solutions and suspensions that 
can lead to clogging or the nebulizer systems over the duration of the nebulization 
process. The so-called “intelligent” nebulizers endeavor to maximize drug delivery 
and minimize drug loss. To achieve this, the Adaptive Aerosol Delivery AAD nebu-
lizers have been designed to continuously adapt to changes in the patient’s breathing 
pattern, to deliver the aerosol at the most appropriate periods during patient inspira-
tion when generation of the aerosol will be maximally delivered to the lungs. By 
monitoring and actively adapting to changes in patient’s breathing patterns, AAD 
devices enable more accurate and less variable delivery of drugs to the lungs [16].
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The I-neb™ AAD system (Philips Respironics, Murrysville, PA, USA) monitors 
the peak flow of the first three inhalations achieved by the patient and uses this 
information to determine the duration of aerosol production required to target the 
optimal time for delivery, i.e., the first half of an inspiratory breath (Fig. 10.3). This 
allows adequate time for the droplets to reach the site of deposition within the lungs. 
Any change in patient’s inspiration can be monitored and used to recalculate subse-
quent aerosolization timing, if required. Integration of a patient’s feedback interface 
within the device and the I-neb Insight® (web-based feedback system) further 
enhances adherence and compliance of patients to the treatment [17, 48]. The ben-
efit of this technology over nonadaptive devices has been demonstrated [38]. One 
study compared the accurate dosing capability of an AAD device, the HaloLite® 
(Medic-Aid Ltd, West Sussex, UK), and breath-enhanced and breath-actuated 
devices, the Pari® LC Star and the AeroEclipse®, respectively. The HaloLite® AAD 
device was shown to deliver more accurate amounts of drug due to its adaptive 
aerosol delivery technology [38]. An in vitro study comparing the performance of 
three generations of AAD systems, the HaloLite®, I-neb®, and Prodose® (Philips 
Respironics, Murrysville, PA, USA), showed comparable aerodynamic profiles and 
output of nebulized iloprost [66].

10.6  Metered Dose Liquid Inhalers

Novel inhaler devices that incorporate microprocessor technology into aerosol gen-
eration have been in development since the 1990s, of these, Respimat® Soft Mist™ 
Inhaler (SMI) (Boehringer Ingelheim, Ingelhein, Germany) is the first to receive 

Fig. 10.3 Breath tracing showing how the Adaptive Aerosol Devices monitor and use the peak 
flow of the first three inhalations, to determine the duration of aerosol production needed to target 
the beginning of a breath. The device will then pulse droplets during the first half of subsequent 
inspirations
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market approval [70]. The product Berodual® Respimat® SMI was launched in 
January 2004 incorporating the anticholinergic and b

2
 agonist combination therapy 

of ipatropium bromide/fenoterol hydrobromide for the treatment of asthma and 
COPD [36]. This product delivers lower doses of the active ingredients and has been 
shown to be as effective and as safe as the higher doses administered via conven-
tional pMDI [29]. Studies have also been conducted using Respimat SMI technol-
ogy to deliver Tiotropium [5] and Budesonide [57], demonstrating superior delivery 
efficiency in all cases.

The Aradigm AerX™ aerosol delivery system (Aradigm, Hayward, CA, USA) 
provides a multi-unit dose inhaler preprogrammed to actuate at certain levels of 
inspiratory flow rate and inhaled volume [61] (Fig. 10.4). Appropriate conditions of 
pressure, surface tension, and uniform pore diameter, enable the device to produce 
a fine slow moving mist [61]. The patient feedback system, which provides a green 
light to indicate to the patient when appropriate flow rate is achieved, allows for 
maximization of patient inhalatory effort.

By avoiding the incorporation of propellants into the mechanism of the device, 
the metered dose liquid inhalers (MDLI) systems generate a slower moving aerosol, 
thus minimizing the potential for oropharyngeal impaction commonly associated 
with high velocity propulsion [70]. Comparison studies carried out on the AerX 
system and a microprocessor-controlled pMDI (SmartMist®) demonstrated this fact. 
The AerX system resulted in just 6.9% deposition in the oropharynx and stomach 
compared with 42% for the SmartMist® pMDI [22]. Moreover, the MDLI has 
 obvious advantages from a formulatory point of view. The absence of a propellant in 
the MDLI device reduces the pMDI associated formulatory complications of com-
patibility, stability, and/or solubility issues of the API in a propellant-based system.

Fig. 10.4 A schematic of the Aradigm AerX™ Inhaler (adapted from Watts et al. [70])
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The AerX® system has been tested with various compounds, for local targeting 
in the lungs, such as rhDNase [24], as well as for systemic delivery of com-
pounds including insulin [21, 31, 46] and opioid analgesics morphine and fentanyl 
[41, 54]. In opioid analgesia, the AerX® system has been shown to be highly effec-
tive in its systemic delivery of inhaled morphine, with peak plasma concentrations 
occurring at just 2.7 min after administration [68]. A 12 week proof-of-concept trial 
was conducted on inhaled insulin using the AerX® insulin Diabetes Management 
System (iDMS) in collaboration with Novo Nordisk®. Relative to subcutaneous 
injection of insulin in type-2 diabetics, this study found no major hypoglycemic 
events between the two groups. In addition, there was no observed significant dif-
ference in patient’s lung function after standard lung function tests were performed 
on the patient groups [31]. Unfortunately in early 2008, Novo Nordisk pulled the 
AerX iDMS product, quoting an apparent lack of commercial potential due to the 
recent failure of Pfizer Inc.’s Exubera® product. However, the recent collaboration 
between Dance Pharma® and Aerogen®, in January 2011, suggests that the elusive 
inhaled insulin market may still be within reach.

10.7  Conclusions

Nebulizers were once considered only for use in particular clinical circumstances, 
and proof of concept trials. Recently however, due to considerable improvements on 
dose delivery and portability, nebulizers are peaking interest as select candidates for 
accurate, reproducible, and efficient drug delivery [15, 60]. The case may be made 
that newer generations of nebulizer devices, particularly the AAD systems, have 
diverged from the well-established and affordable conventional nebulizers, to 
become increasingly more complex and expensive and thus impractical for utiliza-
tion with standard therapies. A cost to benefit check should clearly be considered 
early on when evaluating the choice of nebulizer device for particular drug develop-
ment. The expenditure may be warranted, when formulating specialized, expensive 
APIs, and those with a narrow therapeutic window. The recent rapid evolution of the 
nebulizer device has overcome the shortcomings of conventional nebulizers and 
broadened the possibilities for a range of new inhaled therapeutics. Novel therapeu-
tics for local and systemic delivery are continuously under development. With the 
ongoing advancement of nebulizer systems we should see improvements in clinical 
outcomes and meet the needs of novel targeted therapies with precision-based, 
reproducible, and efficient nebulizer devices.
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Abstract Experimentally, there are a plethora of excipients used for pulmonary-
administered agents and formulations. However, far fewer have been tested in 
humans. The limited use of excipients is indicative of the difficulty of selecting an 
excipient that will not limit aerosolization performance, is safe with little-to-no 
immunogenicity, and is effective in sustaining drug release. These issues and topics 
are discussed in this chapter with a particular focus on modified release.

Keywords  Excipients • Inhalation • Sustained release 

11.1  Introduction

Modified, namely sustained, release of drugs is especially important in clinical 
practice. Medications that are typically administered via the pulmonary route fre-
quently need to be dosed multiple times a day, which increases the risk of nonadher-
ence to drug therapies. The development and application of sustained release 
pulmonary drug products could greatly benefit patients, at large, as described 
throughout this book. It reasons that the rate of release of drug molecules from sus-
tained release formulations will dictate the duration of activity: rapid release yields 
high absorption rate with relatively higher concentrations and a short duration of 
action while an overly slow release rate may result in nontherapeutic drug levels.

To modify the release of drugs, a variety of excipients can be used to either 
decrease the absorption rate or the clearance rate of drugs. Excipients are chemicals 
intentionally added to a drug formulation other than the active pharmaceutical 
ingredient. In this chapter, liposomes, polymers, cyclodextrins, and other excipients 
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that have favorable in vitro or in vivo release rate profiles are detailed. Sustained 
release via pulmonary delivery can be demonstrated by the following findings.

 1. Increased duration of drug that is present in bronchoalveolar lavage fluid.
 2. Longer time to achieve maximum concentration (T

max
).

 3. Lower maximum concentration of drug (C
max

) in serum.
 4. Longer presence of biomarkers in bronchoalveolar lavage fluid.
 5. Slower appearance of biomarker.
 6. Lower maximum concentration of biomarker in serum.
 7. Longer duration of pharmacodynamic activity.

The studies presented in this chapter will use these physiological findings to suggest 
the ability of given excipients to modify drug release.

11.2  Liposomes

11.2.1  What Are Liposomes?

As described in Chap. 14, liposomes are vesicles enclosing an aqueous environment 
with phospholipids that form bilayers or multilamellar structures. Since there are a 
variety of lipids that can be used, these excipients are versatile and can form lipo-
somes with a wide range of structural properties. The chemical structures of phos-
pholipids discussed in this chapter are listed in Fig. 11.1.

a) Phosphatidyl Moiety b) X-Groups
(headgroups)

c) R-Groups
(aliphatic chains)

i. choline

O
N+

 

i. lauroyl

(CH2)10CH3

ii. ethanolamine

O

NH3
+

ii. palmitoyl

(CH2)14CH3

P

O-
XO

O

O

R

O

O

R

O

iii. glycerol 

O OH

OH

iii. stearoyl

(CH2)16CH3

Fig. 11.1 General chemical structures of some phospholipids. Phospholipids used in liposomal 
formulations have a phosphatidyl moiety backbone with a specific head- and R-groups. At times, 
the R-group can simply be hydrogen atoms. The phospholipids discussed in this chapter include 
phosphatidylcholine (PC), dilauroylphosphatidylcholine (DLPC), dipalmitoylphosphatidylcholine 
(DPPC), distearoylphosphatidylcholine (DPPC), distearoylphosphatidylglycerol (DSPG), dipalm-
itoylphosphatidylethanolamine (DPPE), and distearoylphosphatidylethanolamine (DSPE)
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In general, phospholipids are considered to have low toxicity since they have 
been found to be biologically inert, with little antigenicity or pyrogenicity [50]. 
There have been no accounts of adverse effects on lung function. Changes in forced 
expiratory volume in 1 s or forced vital capacity as a function of different doses of 
lipids in humans up to 1-h post-inhalation were not observed by Schreier et al. [66]. 
This suggests that liposomal inhalation formulations may not cause increased 
 airway resistance or decreased lung compliance.

11.2.2  How Do Liposomes Function in Controlled Release?

A drug molecule encapsulated in a liposome must diffuse through at least one 
hydrophilic and lipophilic layers prior to release to the physiological environment 
for absorption by the body. The rate of release is modulated by all of the following: 
(a) liposome surface charge and size, (b) drug:lipid ratio, (c) the composition and 
chain length of the phospholipid, and (d) presence of cholesterol or other excipients 
that affect membrane fluidity [90]. Examples of these effects can be seen with 
dipalmitoyl phosphatidylglycerol (DPPG) imparting a negative charge which 
 facilitates the inclusion of certain drug molecules into liposomes and  cholesterol 
increasing the stability of liposomes [66]. Size also has an appreciable effect on a 
liposomal formulation’s sustained release potential. If the individual liposome is 
less than 0.1 mm in diameter, it is less readily opsonized than its larger counterparts, 
thus having longer residence time in the lung [66]. However, vesicles that are 
exceedingly small are easily exhaled and not delivered to the alveoli. Hence, 
 liposomes with a diameter of 50–200 nm are optimal for avoiding phagocytosis and 
trapping sufficient drug load and have relevant clinical applications [68]. The phase 
transition temperature (T

c
) of lipids also affects drug release rate [68]. If the tem-

perature of the environment is lower than the T
c
, the lipid will be in a well-ordered, 

gel phase with increased stability than if the temperature of the environment is 
higher than the T

c
. Using lipids with a T

c
 greater than physiological temperature will 

make the liposome less fluid and a better candidate for retaining the encapsulated 
drug for a longer period.

11.2.3  Examples of Common Liposomes Used

11.2.3.1  Comparing Liposomal and Solution Formulations

Several liposomal formulations have been evaluated for the potential to modify the 
release of drugs in the lung. These formulations are compared to solution formulations 
of the drug to establish the effect of the liposome on the release profile of a given drug. 
Table 11.1 provides a summary of studies that investigate the ability of drug-liposome 
encapsulation for modifying drug release. While the evidence in  utilizing dilauroyl 
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phosphatidylcholine (DLPC) for sustained release pulmonary formulations is limited, 
there are many studies that found that DLPC formulations did not pose safety concerns 
in mice or humans [36, 39, 78, 79]. In addition, it was found that DLPC formulations 
have the potential to specifically deliver medications to the lungs and limit systemic 
effects of drugs such as cyclosporine A [78]. As a naturally occurring phospholipid in 
lung surfactant, dipalmitoyl phosphatidylcholine (DPPC) has gained much attention in 
formulations delivered to the lung. It is speculated that DPPC liposomes have a mini-
mal adverse effect profile. There are many promising studies that suggest that it is a 
good excipient to modulate sustained release of drugs when formulated with choles-
terol [14, 52, 74]. Distearoyl phosphatidylcholine (DSPC) has been used in  formulation 
of drugs that are delivered to the lung. Namely, two prominent examples include using 
DSPC liposomes intratracheally to deliver detirelix, a luteinizing hormone releasing-
hormone antagonist, and triamcinolone acetonide phosphate, a corticosteroid [6, 71]. 
In both instances, the DSPC liposome also had distearoyl phosphatidylglycerol 
(DSPG), which imparted a negative surface charge. DSPG’s negative charge has been 
associated with enhancing pulmonary residence times of terbutaline in guinea pigs and 
increased bioavailability of 6-carboxy- fluorescein [6]. Due to favorable liposomal 
characteristics seen in previously published literature, it is likely that the inclusion of 
DSPG will prove to be favorable in pulmonary delivery of detirelix and triamcinolone. 
Finally, there are several studies that have looked at the effects of various phosphatidyl-
choline (PC) formulations, including soy and egg PC (ePC) along with other  excipients, to 
modulate the release rate of drug from liposomes [33, 67]. Based on these studies, it 
appears that there are many liposomal structures that can modulate the release rate of 
an encapsulated drug.

11.2.3.2  Comparing Liposomal Formulations to Each Other

Not all phospholipids function equally well, or even at all, for modifying release for 
every drug. Selecting an optimal liposomal composition largely depends on the 
interaction of the lipid with the drug molecule’s properties. A study that examined 
the release rate of liposomally encapsulated 3H-terbutaline in male guinea pigs by 
intratracheal administration demonstrates this relationship [23]. This experiment 
utilized formulations that contained varying combinations of DSPC, DPPC, DPPG, 
ePC, and partially hydrogenated egg PC (phPC) with or without cholesterol (see 
Table 11.2). The partial hydrogenation of phospholipids to an iodine value (IV) of 
40 increased half-life (t

1/2
) slightly, while unencapsulated drug and more complete 

hydrogenation of phospholipids to an IV of 1 produced a similar t
1/2

 as that observed 
with complete saturation. Increasing the carbon chain length from 16, in DPPC, to 
18, in DSPC, did not affect the kinetics of the drug. Moreover, the mere addition of 
cholesterol to the formulation increased t

1/2
 by tenfold. Granted all these results are 

specific to 3H-terbutaline, but the study presents how the composition of liposomes 
alters the sustained release profile and that liposomes prolong residence time of the 
bronchodilator in the lungs. In addition, this study demonstrates one way to test 
various liposomal formulations for in vivo sustained release effect.
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Liposomes can also be formulated to render multiple mechanisms for sustained 
release. For instance Huang et al. used hydrogenated PC, cholesterol, and PEGylated-
dipalmitoylphosphatidyl ethanolamine (PEG-DPPE) at molar ratios of 70:30 
PC:cholesterol or 70:30:1 PC:cholesterol:PEG-DPPE in mice to deliver insulin via the 
pulmonary system [32]. Increasing the ratio of cholesterol to PC decreased liposomal 
fluidity, thereby increasing formulation stability. Furthermore, PEG-DPPE formed a 
three-dimensional steric hindrance around the liposome that increased the liposome 
stability and decreased the rate of insulin release from the liposome compared to the 
PC-cholesterol formulation. The data supports that both formulations have a sustained 
release effect beyond that conferred with the physical mixture of insulin and blank 
liposomes over a period of 6 h. The safety of these formulations was evaluated by 
studying the types of leukocytes and morphology of cells in alveolar lavage fluid; there 
were no signs of virulence, inflammation, or immunoreaction in the lungs. Similar 
results related to sustained release can be seen with in vitro release of beclomethasone 
dipropionate from PEG-distearoyl phosphatidylethanolamine (DSPE) micelles [27]. 
The use of PEGylation is further discussed in this chapter under conjugate excipients.

11.3  Polymers

11.3.1  What Are Polymers?

Polymers are macromolecules that are composed of repeating structures, which are 
covalently bonded. They are among the most investigated systems for controlling 
the release of drugs via various routes of administration. Polymers can be attached 
to or encapsulate drugs to prolong the effects of drugs. The most widely used natu-
ral polymers are albumin, chitosan, and hyaluronic acid, and the most frequently 
used synthetic polymers are poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid) 
(PLA), and poly(ethylene glycol) (PEG) [50]. Of these polymers, PEG is frequently 
incorporated into sustained release formulations by covalently bonding PEG to the 
active drug to increase molecular weight, while all the other polymers mentioned 

Table 11.2 Composition, size, and pulmonary half-lives of liposome-encapsulated 
3H-terbutaline formulations administered by intratracheal instillation to guinea pigs

Lipid components Molar ratio Mean particle size (nm) Half-life (h)

Unencapsulated – – 1.3
DPPC:DPPG 95:5 207 1.4
ePC:ePG:CH 55:5:40 238 4.8
phPC (IV40):ePG:CH 55:5:40 270 5.4
phPC (IV1):ePG:CH 55:5:40 270 16.3
DPPC:DPPG:CH 55:5:40 243 17.5
DSPC:DSPG:CH 55:5:40 231 17.9

Abbreviations used in the table: egg phosphatidylglycerol (ePG); cholesterol (CH); for 
all other abbreviations, refer to the text above. Adapted from Fielding and Abra [23]
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above are generally used to encapsulate the drug particles. Polymers can  encapsulate 
drugs in nanoparticles, microspheres, and large porous particles. Chapter 12 further 
differentiates these formulations and provides a more detailed description of 
 polymers used for pulmonary drug delivery. This section is limited to polymers that 
modify drug release from the dosage form by encapsulating the agent; details about 
how PEG functions in controlling drug release can be found in Sect. 11.4.

11.3.2  How Do Polymers Function in Controlled Release?

Polymers can function in controlled release by three mechanisms that depend upon 
the properties of the polymer. Those mechanisms are by diffusion, swelling fol-
lowed by diffusion, and degradation. Drug diffusion from a polymer system requires 
drug to pass through the polymeric matrix to the external environment [8, 50]. The 
mechanism of drug release dependent upon swelling of the polymeric matrix fol-
lowed by drug diffusing is similar to diffusion-dependent drug release. Drug release 
by degradation occurs by hydrolysis or bulk erosion resulting in decreasing the 
molecular weight of the polymer until dissolution occurs. While these mechanisms 
are described briefly and discretely in this section, generally polymer erosion and 
channeling act in conjunction to alter the release of drugs.

11.3.3  Examples of Polymers Used for Sustained Release

Various polymers have been used in modifying drug release of pulmonary agents. 
These polymers are separated based on natural or synthetic origin and listed in 
Table 11.3. In addition, Table 11.4 presents a list of copolymers used in pulmonary 
delivery systems that have some ability to modify drug release. Pertaining studies 
are further discussed in Chap. 12 in this book.

11.4  Conjugate Excipients

11.4.1  What Are Conjugate Excipients?

Conjugation, in chemistry, is defined as a chemical compound that is formed by cova-
lently joining two or more compounds. The examples of conjugation reviewed in this 
chapter involve dextrans (DEX) and poly(ethylene glycol) (PEG). Both of these are 
hydrophilic macromolecules. DEX are branched polysaccharides made up of glucose 
molecules. Typically, DEX are used therapeutically to expand plasma volume. 
PEGylation is the act of covalently attaching PEG chains to other molecules; they can 
be used to decrease immunogenicity and increase duration of action of the drug [90]. 
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Table 11.4 Studies that present modified drug release for pulmonary delivery drugs using various 
copolymers

Copolymer References

Poly(lactic acid) – poly(ethylene glycol) – poly(lactic acid) 
(PLA-PEG-PLA)

[62, 84]

Poly(g-benzyl-l-glutamate) – poly(ethylene oxide) –  
poly(g-benzyl-l-glutamate) (PBLG-PEO-PBLG)

[58]

Poly(ethylene glycol) – sebacic acid (PEG-SA) [25, 26]
Poly(lactic-co-glycolic) acid (PLGA) [4, 35, 37, 44, 56, 65, 72, 82, 89]

The attachment of conjugates to a drug relies on modifying the drug  without sterically 
hindering the active site [68]. Specific examples of these drug conjugates are dis-
cussed below.

11.4.2  How Do Conjugate Excipients Function  
in Controlled Release?

Drug conjugation with DEX or PEG appears to delay drug absorption and prevents 
drug clearance. The predominant limiting factor for hydrophilic drug absorption 
though airway epithelium is molecular weight: conjugations increase molecular 
weight of the drug, which limits diffusion through the epithelial cells [90]. In addi-
tion, high molecular weight drugs are generally bulky, which limits their renal 
excretion and increases circulation time. For instance, PEGylation is associated 
with increased circulatory time; however, it also decreases the probability of enzy-
matic degradation of proteins [24, 77].

11.4.3  Examples of Excipient Conjugates

11.4.3.1  Dextran

While DEX has been used as excipients and therapeutic agents by various routes of 
administration, there are a limited number of studies supporting the use of DEX in 
controlling drug release for pulmonary agents. A study by Williams and Taylor 
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presents results of in vitro release of cromoglycate from a covalent complex of 
 cromoglycic acid (CGA) and DEX using a series of hydrolysis experiments [81]. 
It was found that the CGA-DEX complex that contained 0.8% CGA (w/w) released 
cromoglycate with a t

1/2
 of 39 min; however, with 40% CGA (w/w), the release t

1/2
 

was 290 min. It was determined that the t
1/2

 of release is related to the degree of 
substitution (i.e., percentage DEX in the CGA formulation): increasing the drug 
load increased t

1/2
 of release. Larsen et al. studied the release of benzoate esters with 

varying DEX content and found that DEX can modulate t
1/2

, but it was independent 
of the degree of substitution [81].

11.4.3.2  PEGylation

PEGylation has been used as an excipient conjugate in a formulation to sustained 
drug release. Initially, PEGylation was evaluated as an excipient in injectable 
formulations. For instance, Ho et al. developed and studied the effect of intrave-
nous PEGylated l-asparaginase in rabbits compared to the non-PEGylated 
enzyme [31]. They found that the t

1/2
 of the PEGylated protein was 144 h and 

significantly longer than that of the non-PEGylated version (t
1/2

 = 20 h). Similar 
results can be seen in the development of PEGylated insulin for pulmonary delivery. 
Monomethoxy-PEG-750-insulin has an in vitro t

1/2
 which is twice as long 

 compared to regular insulin when digested with chymotrypsin [9, 42]. This 
extensive t

1/2
 rationalized subsequent in vivo testing of inhaled PEGylated insulin 

in rats [41]. When administered intratracheally, PEG-750-insulin suppressed 
glucose for 12 h, which is twice as long as that observed with non-PEGylated 
insulin. These results suggest that PEGylation of proteins increases the duration 
of pharmacotherapeutic effect.

PEGylation is frequently used in conjunction with other excipients that further 
sustain drug effects. For instance, doxorubicin, antisense oligonucleotides, and 
small interfering RNA were administered intratracheally to mice with orthotopic 
human lung cancer using PEGylated liposomes [28]. The liposomes were com-
posed of ePC:cholesterol at a molar ratio of 51:44. Liposomes are readily elimi-
nated from the blood by the reticuloendothelial system; however, PEGylation avoids 
this problem. In vivo, the inhaled PEGylated liposomes provided higher peak con-
centrations and lung retention times than intravenous administration of the formula-
tion. Furthermore, intratracheal administration of calcium phosphate and PEGylated 
insulin has shown to increase the duration of pharmacodynamic effects in rats [29]. 
Insulin administered in this formulation had a longer t

1/2
 and mean residence time 

(MRT) than intratracheal administration of insulin solution. Pharmacodynamic 
analysis present that the calcium phosphate-PEG formulation had a statistically sig-
nificant larger area above the effect curve than that seen with insulin administration, 
suggesting that the pharmacodynamic effects are much greater with the calcium 
phosphate and PEGylated formulation than with insulin solution. Overall, the use of 
multiple excipients that prolong drug release is gaining much interest among phar-
maceutical scientists.
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11.5  Cyclodextrins

11.5.1  What Are Cyclodextrins?

Cyclodextrins (CD) are cyclic oligosaccharides with hydrophilic outer surfaces and 
hydrophobic central cavities. They form inclusion complexes with drugs, where the 
drug bonds noncovalently to the CD by partial or complete inclusion into the hydro-
phobic cavity (see Fig. 11.2). CD can be used to increase drug solubility and dis-
solution rate, decrease volatility, alter release rates, modify local irritation, and 
increase stability of drugs [20, 60].

There are three types of CDs used in pharmaceutical formulations: they are a-, b-, 
and g-CD. The nomenclature is based on the number of glycopyranose units in a 
given CD ring; a-, b-, and g-CD have six, seven, and eight units, respectively. 
Furthermore, the CD rings can be modified as seen in Fig. 11.3. In general, it has 
been found that drugs form favorable complexes with b-CD than a-CD, because the 
6 Å cavity diameter of the b-CD better accommodates aromatic groups found on 
most drug molecules [20]. In addition to the difference in size of the three CD rings, 

 α-Cyclodextrin β-Cyclodextrin γ-Cyclodextrin

Fig. 11.2 Schematic of complexes of a-, b-, and g-cyclodextrin base structures with decane (top 
row), naphthalene (second row), anthracene (third row), and pyrene (last row). Adapted from 
Yalkowksy [85]
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there is also a difference in their water solubilities. Under ambient conditions, the 
aqueous solubilities of a-, b-, and g-CDs are 13, 2, and 26% (w/w), respectively [20]. 
It is suggested that the decrease in the solubility of b-CD, despite a greater number 
of hydroxyl groups compared to that of a-CD, is due to the formation of internal 
hydrogen bond. There are multiple CDs that can be investigated for formulations. 
There are several FDA-approved products that contain CDs, including intravenous 
alprostadil (a-CD, Caverject®), oral and intravenous intraconazole (HP-b-CD, 
Sporanox®), and intramuscular ziprasidone maleate (SBE-b-CD, Geodon®).

The choice of which CD to include in a given formulation can be partly limited 
by its safety profile. CDs are eliminated renally without metabolism [60]. Generally, 
administration of high doses of CD is associated with nephrotoxicity. Specific mod-
ifications of CDs are also associated with specific toxicities [20]. For example, 
 sulfated-CDs exhibit a heparin-like effect that increases blood clotting times, which 
greatly limits its applicability in drug delivery. At high concentrations, b-CD can 
cause hemolysis of erythrocytes. There are also accounts of damage to nasal mucosa 
with various CDs including DM-b-CD, M-b-CD, HP-b-CD, HE-b-CD, and SBE-
b-CD, ranked from greatest to least potential for damage [20]. There is no record 
that CDs elicit an immune response in mammals.

O

ROH2C

O
OR

O
RO

nO
ROH2C

OR
O

CH2OR

RO

RO

O

OR

Cyclodextrin R n Abbreviation 
α-cyclodextrin H 4 α-CD
β-cyclodextrin H 5 β-CD
γ-cyclodextrin H 6 γ-CD
Dimethyl-β-cyclodextrin CH3 or H 5 DM-β-CD
Methyl-β-cyclodextrin CH3 or H 5 M-β-CD
Random methyl-β-cyclodextrin CH3 or H 5 RM-β-CD
Hydroxyethyl-β-cyclodextrin CH2CH2OH or H 5 HE-β-CD
Hydroxypropyl-β-cyclodextrin CH2CHOHCH3 or H 5 HP-β-CD
Sulfobutylether-β-cyclodextrin (CH2)4SO3Na or H 5 SBE-β-CD

Fig. 11.3 Chemical structures of various cyclodextrins. This is a general structure for cyclodextrin 
rings, with various R-groups and number of glycopyranose units. The abbreviations provided in 
this figure are used throughout the discussion of cyclodextrins within this chapter. Adapted from 
Rajewski and Stella [60]
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11.5.2  How Do Cyclodextrins Function in Controlled Release?

The mechanism by which CDs confer controlled release of a drug may vary. One 
postulation is that CDs retard drug release through dissolution-limited mechanisms 
[7]. Slowed dissolution of drugs could be achieved if the association constant, K

assoc
, 

is sufficiently high for a poorly water soluble drug (see Fig. 11.4). It is also suggested 
that CDs protect drugs from enzymatic degradation, thus allowing a sustained release 
effect [90]. Partly, the ambiguity in the mechanism of action arises from inconclusive 
results of using only CDs to confer sustained release; the use of CD with another 
mechanism to control the release of drugs in the pulmonary system appears to be 
more promising [50]. Alone, CDs do not offer reliable sustained release effects for 
all drugs or a particular class of drugs. However, as a function in polymer systems, 
CDs decrease drug diffusivity by increasing molecular weight with a complementary 

    Polymer Matrix
(hydrated or nonhydrated)

[

[Drug−CD]solidsolid

solution

Drug

Drug−CD]
solution

Kassoc/dissocCDDrug  →←+  

↔ ↔

Fig. 11.4 Drug release mechanism from cyclodextrin-drug complex encapsulated in a polymer matrix. 
This figure presents the possible mechanistic dynamics of drug and drug-cyclodextrin (Drug-CD) 
complex release from a polymer matrix. At equilibrium between the association and dissociation of 
the complex, drug in solution and complexed drug can diffuse out of the polymeric matrix. However, 
if the free drug concentration is below the saturation point, less drug-cyclodextrin complexes will form 
and the total drug release from the polymeric microsphere will be less, thereby sustaining drug release. 
Adapted from Bibby et al. [7]
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increase in complexation or cross-linking the polymer with the CD all of which may 
prolong the release of a drug from a dosage form [20]. Hence, the proceeding section 
reviews the use of CDs alone and with other excipients.

11.5.3  Evidence for the Use of Cyclodextrins in Controlled 
Release Formulations

11.5.3.1  Use of Cyclodextrins Only

There are no well-designed studies that present convincing evidence supporting the 
use of CDs alone in conferring sustained release of a given drug. Many of the stud-
ies present conflicting results, and it appears that the in vitro dissolution studies do 
not correlate well to the in vivo pharmacokinetics studies.

There are three notable studies that look at in vitro potential of using CDs in 
pulmonary delivery; a couple of these studies also look at short term in vivo toxicity 
[10, 34, 69]. In one study, CDs without drug were assessed for the feasibility of 
using them for pulmonary delivery [34]. It was found that HP-b-CD, g-CD, and 
RM-b-CD can be successfully aerosolized and that the resulting droplet size is com-
patible with deposition in the respirable fraction of the lung. In this study, lung and 
kidney histology, bronchial responsiveness to methacholine, and blood urea levels 
appeared to be normal for all CDs, except for an increase in lymphocyte count in the 
bronchoalveolar lavage fluid associated with administration of g-CD. A phase-solu-
bility study found that the solubility of salbutamol varies with the type of CD used; 
greatest solubility of CD-complexed salbutamol was seen with DM-b-CD compared 
to other CDs (DM-b-CD > b-CD > g-CD > a-CD) [10]. Larger stability constant val-
ues were found for DM-b-CD and b-CD indicating that salbutamol interacts more 
strongly with these CDs and that these CDs better accommodated salbutamol into 
the CD cavity. This study sets the precedence for the primary use of b-CD for salbu-
tamol formulations. In an in vitro study, salbutamol was formulated as a dry powder 
with either DM-b-CD or g-CD [69]. The formulation that contained g-CD enhanced 
drug delivery to lower stages of the twin-stage impinger with 65% deposition com-
pared to DM-b-CD (50%) or control formulation (40%). It was found that both 
formulations’ drug release rates were fast: greater than 70% release in first 5 min 
and nearly all drug released within first half-hour. This data does not support sus-
tained release properties of either of the CD studied. In addition, it was also found 
that DM-b-CD caused increase in blood urea nitrogen, creatinine, and hemolysis of 
red blood cells compared to g-CD or control formulations in a short term in vivo 
toxicology study. While CDs can be successfully aerosolized, the in vitro data sug-
gests that it cannot produce sustained release effects.

The in vivo findings relating to the efficacy of CD formulations in sustaining 
drug release for pulmonary delivered dosage forms remain ambiguous. A frequently 
cited study by Cabral Marques et al. presents the pharmacokinetics of three CDs 
and concludes that HP-b-CD is the only CD tested that had a decreased rate of 



254 P. Sheth and P.B. Myrdal

absorption from rabbit lungs after intratracheal administration; the other two CDs 
studied were b-CD and DM-b-CD [11]. The mean absorption time (MAT) for 
HP-b-CD was 113 vs. 26 and 21 min for b-CD and DM-b-CD. The MAT values 
also exhibited differences between HP-b-CD and the other b-CDs that were consis-
tent with controlled release kinetics. The T

max
 also varied greatly for HP-b-CD (113 

vs. 30 min for b-CD and 22 min for DM-b-CD). Based on these pharmacokinetic 
results, the research group concluded that HP-b-CD has some potential as a drug 
carrier for sustained pulmonary delivery. Subsequently, Marques and colleagues 
utilized the information they gathered about HP-b-CD in formulating salbutamol 
with CDs and administering it to rabbits via intratracheal instillation [13]. Most of 
the pharmacokinetic parameters of HP-b-CD-complexed salbutamol  suggest that 
there is some absorption rate-limitation effect, but the lack of a significant extended 
release profile indicates that while HP-b-CD has some potential in modifying the 
release of salbutamol, it may not be clinically substantial. Similar results were found 
in another study that complexed HP-b-CD with rolipram and testosterone for in vivo 
pulmonary delivery [80]. It was found through in vitro  studies that HP-b-CD can 
decrease the rate of rolipram release by half; however, in vivo the t

1/2
 of the drug was 

less than 60 s and the complexation with the CD did not alter rate of drug loss from 
the lungs. Since rolipram does not have high association strength with HP-b-CD, 
testosterone was also studied. Similar results were found with testosterone, suggest-
ing that the rate of drug release does not solely depend on the association strength 
of the drug with the CD. Based on the studies conducted by Cabral Marques et al. 
and Wall et al., it is accurate to conclude that the physical chemical properties asso-
ciated with the use of CD in sustained release formulation is not completely under-
stood and that the characteristics of the drug influence these formulations to a great 
extent.

11.5.3.2  Use of Cyclodextrins in Concert with Other Excipients  
to Control Drug Release

CDs have been used with polymers to alter the release of medication with more 
promising results than formulations utilizing only CD inclusion complexes. First, it 
is important to appreciate the mechanisms by which CDs function in polymer deliv-
ery systems (see Fig. 11.4). One mechanism is diffusion-limited release of drug [7]. 
The solid drug exists within the hydrated polymer matrix, and equilibrium is estab-
lished between free drug and CD complexes when the concentration of free drug is 
sufficiently above the saturation point. Thus, the presence of CD, in this case, does 
not decrease the concentration of free drug. Drug release, then, results from com-
bined diffusion of free drug and drug-CD complexes, and the total drug release would 
be greater than that attained by the inclusion of drug into polymer microspheres. 
However, if the free drug present is at a concentration below the saturation point, 
then the addition of CD would decrease free drug concentration within the micro-
sphere by complexation, which in turn would decrease drug diffusibility. Due to the 
decrease in the concentration gradient of free drug, there would be a decrease in total 
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drug released compared to formulations with drug encapsulated in polymeric 
 microspheres. Another mechanism by which polymers and CDs function in altering 
drug release is by functioning as channeling or wicking agents that promote erosion 
of the polymeric matrix. This hypothesis has been confirmed by microscopy, which 
presents erosion of the matrix by increased porosity. Moreover, both mechanisms can 
function simultaneously.

There are several examples of the use of PLGA and modified b-CD in promoting 
sustained release. In an in vitro study that sought to produce dry powder insulin 
formulation with PLGA and HP-b-CD, the CD was used as an absorption enhancer 
[76]. In formulations without HP-b-CD, a time lag of 3 days was seen prior to the 
start of insulin release. However, with the CD-PLGA formulation, an initial burst 
phase that released approximately 60% of the insulin was followed by a second 
slow release phase during which insulin was released from the microparticles up to 
45 days. The release mechanism, proposed by the researchers, is that CD alters the 
diffusion of insulin from the polymer and also facilitates polymeric erosion. Similar 
results were seen in an in vivo study that encapsulated insulin and DM-b-CD com-
plex with PLGA and administered to rats via intratracheal instillation [3]. It was 
found that the hypoglycemic response was efficient and prolonged compared to 
other formulations. Hence, PLGA may be used to confer sustained release of insulin 
complexed with CD via the pulmonary route.

Polymers, such as PLGA, are not the only excipient that can be combined with 
CDs to alter release profiles of various medications; liposomes can also be used. 
DSPC was utilized to deliver HP-b-CD complexes of dehydroepiandrosterone 
(DHEA), retinol, and dexamethasone by the intravenous route to rats [53]. Between 2 
and 60 min postadministration, there was more DHEA released than retinol and dex-
amethasone; furthermore, the amount of dexamethasone released was the least among 
the three agents. The amount of drug found in plasma with the use of CD-liposome 
formulation was less than liposomally entrapped drug: for instance, for DHEA, 6.2% 
was released with liposome-only formulation while 4.9% was released with 
CD-liposome formulation. A similar trend as that seen for DHEA was seen for retinol 
and for dexamethasone. The proposed mechanism for this sustained release system is 
that drug displacement from the CD is followed by drug accommodation into the lipid 
bilayer of the liposome, which increases liposomal fluidity thus increasing permeabil-
ity. Ultimately, these findings suggest that drug-CD delivery via liposomal systems 
can act as a means to control the release of a wide range of therapeutic agents. This 
study presents that this combination of liposome and CD has potential for sustaining 
the release of some drugs and may be explored via the pulmonary route.

11.6  Alternate Modalities to Sustain Drug Release

This section covers a class of miscellaneous excipients and modalities that con-
trol the release of drug based on limiting dissolution rate. In general, the formu-
lations discussed are in the solid state and primarily rely on decreasing absorption 
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rate of drugs by slowing dissolution of the drug from the dosage form [90]. 
Examples  discussed in this section include amorphous sugars, microcrystals, and 
suspensions.

Amorphous sugars are produced when a suitable viscous solution of carbohydrates 
cools very rapidly to below its glass transition temperature (T

g
), thereby not permitting 

sufficient time for the crystal lattice to form. For example, when sucrose is cooled 
slowly it results in crystalline sugar (i.e., hard candy), but when quickly cooled it can 
form cotton candy. Microcrystals are solid particles that comprise a collection of 
smaller crystalline drug particles, which can be seen under the microscope. Finally, 
suspensions are a heterogeneous mixture, where the particles suspended in the liquid 
form are solid and can be seen by the naked eye.

11.6.1  How Do These Modalities Function  
in Controlled Release?

As previously stated, modified release relies on the dissolution rate of the amor-
phous sugar, microcrystal, or solid particles in suspensions to control the release of 
drug from the dosage form and for absorption by the lung epithelium. Thus, proper-
ties of the excipient or drug that decrease dissolution rate at physiological and stor-
age conditions can potentially be used for sustaining drug release.

One of the amorphous sugars commonly used to achieve controlled release is 
trehalose. Trehalose is a disaccharide with a high T

g
 of 118°C [30]. It is used to 

stabilize proteins as solid solutions in amorphous sugars, since it is a nonreducing 
sugar that is not reactive with peptides. Most sugars cannot be used for this purpose, 
because they are readily water-soluble or have a T

g
 significantly lower than typical 

drug storage conditions. It was determined that in a highly humid environment, such 
as within the lung, these microparticles absorb water that cause them to lose relax-
ation energy and crystallize [19]. The delay in crystallization depends on the amount 
of water present, and the release of the drug is temporally linked to the crystalliza-
tion of the trehalose derivatives.

Microcrystals can be prepared by seed zone or conventional seeding methods to 
decrease the surface area to volume ratio of drugs, thus conferring sustained 
release. With reducing the surface area of protein crystals, decreased exposure to 
solvent is achieved, thus decreasing the overall solubilization rate. While this 
seems like an attractive mode for sustained drug release, large molecular weight 
and decreased flexibility of most proteins limit the application of microcrystalliza-
tion [68].

Suspensions, similar to microcrystals, depend on the resistance of the solid to 
dissolve. In general, the greater the crystallinity, the slower the dissolution and cor-
responding absorption rate. Suspension formulations are generally compared to 
solution formulations of drugs. Solutions can be formed by dissolving salts of the 
drug in an appropriate solvent or through the use of a cosolvent.
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11.6.2  Examples of Alternate Modalities

11.6.2.1  Amorphous Sugars

In the study described in Sect. 11.6.1 of this chapter relating to the release of drug 
from trehalose microparticles, sustained release of insulin was achieved [19]. 
Ester derivatives of trehalose were used to increase the lipophilicity of the 
microparticles, thus reducing the extent or rate of crystallization in hopes to 
achieve sustained release of insulin. It was found that insulin was detectable in rat 
plasma after 24 h post-intratracheal instillation at concentrations that are greater 
than that achieved with inhaled insulin solution. Based on these findings, it is 
evident that amorphous sugars, such as trehalose, can modify peptide release from 
an inhaled dosage form.

Chougule and colleagues compared spray dried tacrolimus with a liposomal for-
mulation of tacrolimus with lactose, sorbitol, or trehalose in vitro and in vivo by 
intratracheal instillation in rats [15]. The liposome was composed of hydrogenated 
PC and CH at a molar ratio of 8:2. It was found that of the three liposomal formula-
tions, the trehalose formulation was most favorable for forming low density parti-
cles with adequate flowability. The in vitro drug release profiles presented that 90% 
of the drug was released from the nonliposomal formulation within 6 h and from the 
liposomal formulations within 18 h. In vivo studies present that drug release was 
prolonged with the liposomal formulations (in order of drug release retardation: 
nonliposomal formulations sorbitol < lactose < trehalose). The terminal t

1/2
 of tac-

rolimus was 3.9, 16, and 11 h from the nonliposomal, liposomal with trehalose, and 
liposomal with lactose formulations, respectively. The difference in half-lives for 
the various amorphous sugars used in the formulation suggests that the choice of 
carbohydrate can also alter drug release rate.

11.6.2.2  Microcrystals

Pulmonary delivery of microcrystal formulations of insulin has shown some suc-
cess for both in vitro and in vivo studies [38]. Through in vitro analysis, it was 
found that the insulin microcrystals formed homogenous rhombohedral shapes 
with some rhombus forms without aggregates that are suitable for pulmonary 
delivery. In diabetic rats, it was found that intratracheal instillation of a micro-
crystal suspension reduced glucose levels and prolonged hypoglycemia over 13 h 
compared to insulin solution; the T

max
 of solution and suspension were 2 and 3 h, 

respectively. In this case, the zinc-insulin hexamer must dissociate from the 
microcrystal prior to being absorbed into the circulatory system via the alveolar 
epithelium. With the solution formulation, the dissociation step does not apply, 
thus the absorption rate is not limited by drug dissolution rate. Overall, a greater 
total reduction in blood glucose was seen in rats receiving the microcrystal for-
mulation vs. the insulin solution (34.4 vs. 25.0%). In addition, it was found that 
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with a challenge glucose bolus, the rats that received insulin solution  experienced 
an increase in blood glucose to 90% of the baseline glucose value, whereas those 
that received the microcrystal formulation only experienced an increase to 50% 
of baseline glucose value. However, the difference was not clinically significant 
to demonstrate the feasibility of using microcrystals in sustaining insulin release 
in the lungs.

11.6.2.3  Suspensions

The use of suspensions in prolonging drug release can be presented through an in 
situ study of rat lungs that were assayed for unabsorbed xanthone derivatives 
from a sodium salt solution and suspension formulations [16]. It was found that 
the suspension was absorbed three to four times slower than the solution formula-
tion. The t

1/2
 of absorption of the solution was found to be 13 min and that of the 

suspension was 61.7 min for one of the two derivatives tested. For the second 
derivative, a two-stage absorption pattern was seen that comprised an initial 
absorption of the suspension which was slower than that of the solution, but the 
terminal absorption rates were similar with an absorption t

1/2
 of 3 min. The deriv-

ative with the shorter absorption t
1/2

 has an octanol-water partition coefficient 
greater than that of the other derivative (2,493 vs. 59). The differences between 
the two xanthone derivatives’ octanol-water partition coefficient suggest that the 
increased lipid solubility increases the rate of absorption of the drug from sus-
pension. The dissolution of the xanthone derivatives is limited by the formula-
tion’s chemical properties. Once dissolved in the lungs, xanthones are absorbed 
by diffusion across the lipoidal region of the lung, and the absorption of the 
organic acid is primarily controlled by lipid solubility of the unionized species of 
the drug.

11.7  Conclusion

As presented throughout this chapter, there are a plethora of excipients used for 
experimental formulations of pulmonary-administered agents. There are several 
formulations such as the liposomal cisplatin, sodium cromoglycate, and fentanyl 
that have been tested in humans by inhalation delivery systems. The limited use of 
such excipients is indicative of the difficulty of selecting an excipient that will not 
limit aerosolization performance, is safe with little-to-no immunogenicity, and is 
effective in sustaining drug release. More about the regulatory requirements can be 
found in later chapters of this book. As standard testing methodologies are devel-
oped and a better understanding of the chemical interaction of the drug and excipi-
ent is understood, it is likely that the list of potential excipients will grow and more 
inhaled drug products that are sustained release will become available.
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Abstract One method by which to modify the release rate of a drug in the pulmonary 
tract, is through the use of polymeric systems. There are several natural and synthetic 
polymers that have been studied in vitro or in vivo in animals to assess pulmonary 
drug delivery and sustained release. This chapter focuses on some of the more com-
mon non-conjugated polymers utilized for inhalation drug delivery and draws exam-
ples from an array of pre-clinical findings.

Keywords  Inhalation • Polymers • Sustained release

12.1  What Are Polymers?

Polymers  are macromolecules  that  are  composed  of  covalently  bonded  repeating 
structures. Polymers can be attached to or encapsulate drugs to prolong the effects of 
drugs. Albumin, chitosan, and hyaluronic acid are the most widely used natural poly-
mers; while the most frequently used synthetic polymers are poly(lactic-co-glycolic 
acid)  (PLGA),  poly(lactic  acid)  (PLA),  and  poly(ethylene  glycol)  (PEG)  [28]. 
Of these polymers, PEG is frequently incorporated into sustained release formulations 
by covalently bonding PEG to the active drug to increase molecular weight; details 
about how PEG functions in controlling drug release can be found in Chap. 11 [16, 46]. 
The other polymers mentioned above are generally used to encapsulate drug particles 
and are further discussed in this chapter. Chapter 11 also contains a table with the 
chemical structure or description of the polymers described in this chapter.
Polymers can be used to make formulations that contain nanoparticles, micropar-

ticles, and large porous particles (LPP) for pulmonary drug delivery. In context of 
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inhalation drug delivery, particle size is an essential consideration to achieve pulmo-
nary deposition. While the probability of lung deposition varies as a function of particle 
size, the most respirable particles have aerodynamic diameters between 0.5 and 5 mm. 
This can be characterized as spherical microparticles having geometric medians 
between 0.5 and 5 mm with a unit density. As density changes, the aerodynamic diam-
eter will follow as a square root function of the density. For most polymers, the raw 
material densities will be greater than one (ca. 1.1–1.5 g/cm3). Nanoparticles are small 
colloidal particles  that have a geometric diameter of 1–1,000 nm [48]. Due to their 
small size, they can increase dissolution properties, enhance bioavailability of hydro-
phobic drugs, and deliver drugs intracellularly [5]. Disadvantages with nanoparticles 
include increased particle–particle interactions in the dosage form that decrease the 
functionality of aerosolization, and poor pulmonary drug delivery efficiency due to 
decreased inertia which does not permit deposition into the respirable fraction of the 
lung [48]. Decreased drug delivery efficiency occurs because individual nanoparticles 
do not follow classical deposition pathways: sedimentation takes greater time for 
smaller particles than larger particles and Brownian diffusion predominates. To over-
come these issues, microparticle composites are frequently used. Microparticle com-
posites are composed of nanoparticles, containing the drug, which are held together 
within a polymeric matrix; the nanoparticles may dissociate in vivo from the micropar-
ticle carrier, prior to drug dissolution and absorption. LPPs, having geometric diameters 
much greater than that of nanoparticles (5–30 mm for LPPs), also have low mass densi-
ties and as a result can have aerodynamic diameters less than 5 mm [12]. Since these 
particles have aerodynamic diameters comparable to smaller, nonporous particles, they 
can be deposited in the lungs with aerosolization because particle mass diameter dic-
tates aerosol deposition. LPPs are advantageous for pulmonary drug delivery because 
they decrease the tendency of drug agglomeration compared to small, nonporous par-
ticles and can escape phagocytotic clearance due to increased particle size [11].

12.2  How Do Polymers Function in Controlled Release?

Polymers can function in controlled release by a variety of mechanisms that depend 
upon the unique properties of the polymer-drug system. As illustrated in Fig. 12.1, 
three main mechanisms of modifying drug release are drug diffusion, polymer 
swelling (followed by drug diffusion), and polymer degradation. Drug diffusion 
from a polymer system requires drug to pass through the polymeric matrix to the 
external environment [6]. In this system, the polymer is stable in the physiologic 
environment and does not degrade or swell during the process; the drug molecules 
pass through the pores of the polymer structure. Due to the nature of diffusion 
dependency, the rate of drug diffusion decreases over time since the drug particles 
progressively have a longer distance to travel, which requires a greater time. The 
rate of release is controlled by concentration and solubility of the drug and the type, 
porosity, and tortuosity of the polymer matrix.

The mechanism of drug release dependent upon swelling of the polymeric matrix 
is similar to diffusion-dependent drug release since it generally requires drug to diffuse 
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away from the polymer system as polymer swelling progresses. When polymers 
that utilize this mechanism are placed in physiological environments, they can 
absorb fluid from the surrounding environment to initiate swelling. This increase in 
aqueous solvent content within the formulation and subsequent increase in pore size 
of the polymer matrix facilitates drug diffusion, especially for water soluble mole-
cules.  Environmental  changes  such  as  a  change  in  acidity,  temperature,  or  ionic 
strength can trigger polymeric swelling (see Table 12.1).

Drug release by degradation generally occurs by hydrolysis or bulk erosion, 
which results in decreasing the molecular weight of the polymer until dissolution 

Fig. 12.1  Mechanisms of 
drug delivery via polymeric 
systems. The three basic 
mechanisms of drug release 
from polymeric drug delivery 
systems include (a) diffusion, 
(b) matrix swelling, and 
(c) erosion and/or 
degradation. The shading 
in this figure represents 
relative concentrations; 
darker the color the greater 
the concentration

Table 12.1  Physiologic environment changes which stimulate hydrogel swelling
Stimulus Hydrogel Mechanism

pH Acidic or basic hydrogel Change in pH leads to swelling
Ionic strength Ionic hydrogel Change in ionic strength due to change in 

concentration of ion within the gel 
results in swelling

Chemical  
species

Hydrogel with electron- 
accepting groups

Electron-donating compounds and formation 
of charge/transfer complexes result in 
swelling

Thermal Thermoresponsive  
hydrogel (i.e., poly 
(N-isopropylacrylamide))

Change in temperature alters polymer– and 
water–polymer interactions which leads 
to swelling

Table adapted from Brannon-Peppas [6]
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occurs. For sustained release, the drug particles are either coated with slowly 
dissolving material or incorporated into a slowly dissolving matrix. The rate of 
release of the drug is then controlled by the size of drug particles, core particle for-
mulation, the type and thickness of the coating, or the matrix and the physiochemi-
cal environment where the drug is released [28]. There are two ways of degrading 
polymers to release drug particles: bulk degradation and surface erosion. Bulk deg-
radation disintegrates the drug delivery system in a fairly uniform manner through-
out the matrix. Surface erosion breaks down only the surface exposed to the solvent, 
resulting in a release rate that is proportional to the surface area of the drug delivery 
system  [6].  Most  microparticle  systems  release  drug  by  bulk  erosion;  however, 
polymeric systems with polyanhydrides or polyorthoesters utilize surface erosion. 
While these mechanisms were discussed independent of each other, the polymeric 
drug systems frequently degrade in vivo by combining two or more of the modali-
ties discussed above to release drug to the body for absorption.

12.3  Examples of Natural Polymers Used for Sustained Release

12.3.1  Albumin

Albumin refers to any protein that is moderately soluble in concentrated salt solutions 
and experiences heat coagulation. Albumin can be found in egg whites and in blood. 
Bovine serum albumin microspheres were used to develop a ciprofloxacin dry powder 
inhalation formulation [26]. The formulations tested include ciprofloxacin:albumin at 
molar ratios of 1:1, 1:2, and 1:4. It was found that the characteristics of the formula-
tion made it possible to deliver the drug via the pulmonary route. Furthermore, drug 
release can be retarded by thermal denaturation of the ciprofloxacin-loaded micro-
spheres. BSA microspheres can be stabilized by heat treatment, which induces the 
formation of cross-links that increase the hydrolytic resistance of the microspheres. 
With prolonging heat treatment and/or elevating temperature, the water solubility of 
the microspheres was decreased and the time for in vitro enzymatic degradation was 
prolonged. Overall, it was found that the release rate of ciprofloxacin from the 
microsphere formulations was slower than the dissolution rate of the pure drug.

12.3.2  Carrageenan

Carrageenans are naturally occurring sulfated polysaccharides that fill the void 
space in the cellulose backbone of certain species of red seaweed. There are three 
main commercial classes of carrageenans: kappa, iota, and lambda. Kappa is in the 
form of a rigid gel, while iota forms soft gels; lambda does not form a gel and is 
used as a thickening agent in dairy products. The difference between the three forms 
of carrageenan is mediated by the number and positions of ester sulfate groups on 
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the repeating galactose units (see Table 11.3). Theophylline- and fluticasone-loaded 
carrageenans were studied in vivo in rats to determine drug release profile after 
pulmonary administration [57, 58]. In these studies, the effects of gelatin, iota-, and 
kappa-carrageenans and sodium alginate were determined on the absorption of 
drugs. The sodium alginate formulation decreased the maximum plasma concentra-
tion (C

max
) values of the test drugs without prolonging the duration of detectable 

serum concentrations compared to control treatments. In addition, gelatin did not 
significantly affect pharmacokinetic parameters of theophylline or fluticasone. 
Theophylline release could be significantly regulated by 1% iota-carrageenan, 
which decreased C

max
 to one third of the control. Moreover, the 1% iota-carrageenan 

formulation prolonged the time to maximum plasma concentration (T
max

) and dou-
bled the area under the curve (AUC) of the theophylline plasma concentration-time 
plot. Fluticasone release, on the other hand, was best regulated with 0.5% kappa-
carrageenan. This formulation prolonged T

max
, decreased C

max
, and nearly doubled 

AUC compared to control. All of the formulations, except 1% lambda-carrageenan, 
appeared to have the same toxicities as phosphate-buffered saline in terms of an 
increase in neutrophils, total protein, and lactose dehydrogenase in bronchoalveolar 
lavage fluid at 24 h postadministration. One percent lambda-carrageenan appears to 
elicit an immune and inflammatory response in rats. Overall, Yamada et al. present 
that carrageenans can be used to modify drug release and different classes may 
preferentially modify the release of a certain drug.

12.3.3  Chitosan

Chitosan, along with polymers such as hydroxypropylcellulose and poly(hydroxyethyl-
methacrylate), is a mucoadhesive polymer that can prolong the residence time of 
drug carriers at the absorption site by preferential interactions with mucous mem-
branes  [36, 52]. Chitosan is a biocompatible and biodegradable polysaccharide 
derived by deacetylation of naturally occurring chitin [36]. With the use of mucoad-
hesive nanoparticles, one would expect to see improved drug absorption and poten-
tial  controlled  drug  release  [52]. In addition, these carriers may also protect the 
encapsulated drug from enzymatic degradation until the drug is released from the 
drug delivery system.

Chitosan microparticles and nanoparticles have been used in a number of in vitro 
studies to prolong drug release. In comparison to gelatin microparticles and LPPs, 
chitosan microparticles and LPPs exhibited  favorable extended  release of budes-
onide from a dry powder formulation [36]. With chitosan, drug release was extended 
over 4 h with high respirable fractions compared to only 10 min with gelatin. The 
half-life of drug release for each formulation was as follows: gelatin microsphere, 
4 min; gelatin LPP, 2 min; chitosan microsphere, 27 min; and chitosan LPP, 56 min. 
By monitoring drug content, content uniformity, and in vitro drug release,  it was 
determined that chitosan microparticles released drug by diffusion of the content 
through the matrix with zero-order kinetics. Formulations with chitosan along with 
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the aerosolization enhancer, leucine, have also been able to modify drug release of 
terbutaline sulfate, salbutamol, and beclomethasone dipropionate [23–25]. Similar 
extended drug release results can be seen when chitosan is used to modify PLGA 
nanospheres [51, 59]. Chitosan-modified PLGA nanospheres were used to improve 
pulmonary  delivery  of  elcatonin,  a  calcitonin  derivative  [59]. It was found that 
chitosan-modified PLGA nanospheres were eliminated more slowly and enhanced 
absorption of elcatonin from the lungs of guinea pigs than PLGA nanospheres. The 
elimination rate constant of the chitosan-modified PLGA formulation from the lung 
was approximately one third of the nonmodified PLGA nanospheres. In addition, 
serum calcium levels decreased to 80% of the baseline value and the effect was 
prolonged over 24 h with the administration of the chitosan-modified formulation, 
which  is  significantly  longer  than  that  of  the  PLGA  nanosphere  formulation. 
Yamamoto et al. suggest that the mucoadhesive property of chitosan prevented 
clearance of the nanosphere from the lungs. Furthermore, the results present that 
chitosan-modified PLGA reduce serum calcium levels by a greater extent during the 
initial phase than elcatonin solution or elcatonin-loaded PLGA nanospheres. Based 
on these findings, the authors suggest that chitosan functions in opening intracellular 
tight junctions, much like it does in the gastrointestinal system, to improve drug 
absorption. A recent study by the researchers that presented the effects of chitosan-
modified  PLGA  interestingly  shows  that  these  nanospheres  are  preferentially 
absorbed by human lung adenocarcinoma cells in an energy-dependent manner by 
clathrin-mediated endocytosis [51]. Through the comparison of chitosan to gelatin 
and PLGA formulations, it is evident that chitosan has some potential for sustaining 
drug release. Chitosan and hyaluronic acid (another natural polymer) nanosphere 
formulation is capable of modifying heparin release; this indicates that combining 
polymers in formulation, much like the PLGA example above, can further modify 
drug release [37].

12.3.4  Gelatin

Gelatin, another natural polymer, is an irreversible hydrolyzed form of collagen. It is 
a widely used biodegradable coating with good biocompatibility and harmless meta-
bolic products [29]. There are several in vitro accounts of the use of gelatin to decrease 
drug release rate. Carboplatin-loaded gelatin microspheres decreased the release rate 
of carboplatin; the half-life of carboplatin from gelatinous microspheres was 49.7 min 
and 92.04% of the drug load was released in the first 10 h, while 92.15% of pure drug 
was dissolved in the first half-hour [29]. The release kinetics of carboplatin from gela-
tin microspheres can be described as a biexponential model; initially, a mean of 
40.12% of drug was released in the first half-hour followed by a sustained drug release. 
Morimoto et al.  further present  that  the use of gelatin microspheres  for  sustaining 
drug release may be associated with the electrical charge on the microsphere [31]. In 
vitro drug release studies demonstrate that at pH 7.0, salmon calcitonin was released 
from the positively charged, basic gelatin microsphere (isoelectric point 9.0) in 2 h 
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with a cumulative release of 85%; however, only 40% of drug load was released from 
the negatively charged, acidic gelatin formulation (isoelectric point 5.0) over 2 h. 
The acidic formulation’s drug release leveled off at 2 h, indicating that the entire 
drug load was not released from the microsphere during the course of the study. 
It was found that the microspheres could be administered to rats via the pulmonary 
route and that both microsphere formulations conferred sustained pharmacologic 
effect compared to calcitonin solution when administered by intratracheal instilla-
tion. The calcitonin solution had decreased therapeutic effect on blood calcium levels 
and a shorter duration of effect compared to the microsphere formulations in rats. 
The in vitro data, supported by in vivo findings, presents the feasibility of adminis-
tering gelatin microspheres by injection or inhalation to prolong drug effect.

12.3.5  Hyaluronic Acid

Hyaluronic acid (HA), also known as hyaluronan, is a naturally occurring polymer 
composed of d-glucuronic acid and N-acetyl-d-glucosamine linked by b-1, 4 and 
b-1,  3  glycosidic  bonds.  It  is  an  amorphous material, which  slowly  dissolves  in 
water to form a highly viscous solution, even at low concentrations [50]. There are 
several reasons why HA is an attractive polymer for delivery of medications to the 
lungs as listed below [39]:

 1. It is endogenous to the pulmonary environment.
 2. It plays a function in various inflammatory mediators and agglutination of alveolar 

macrophages; inhibits phagocytosis.
 3.  It is bioadhesive: high molecular weight hyaluronan anchors associated proteins 

and enzymes, thereby preventing their removal by the mucociliary escalator.

There are some studies that examine the use of HA polymers to deliver drugs to the 
lungs. Overall, these studies present that these polymers can be used to deliver a 
variety  of  drugs  in  a  relatively  safe  and  efficacious  manner  [32, 39, 50]. For 
instance, Surendrakumar et al. presented that hyaluronic acid can be used to extend 
the release of insulin when administered as a dry powder formulation intratrache-
ally to canines [50]. The administration of pulmonary dry powder insulin was com-
pared to the administration of insulin with HA alone, HA with hydroxypropyl 
cellulose and HA with free zinc ions. It was found that in comparison to the insulin-
only formulation, the formulation with HA increased both mean residence time 
(MRT, mean of 91 vs. 29 min) and half-life (mean of 63 vs. 20 min). In addition, it 
was found that the HA hydroxypropyl cellulose increased MRT sevenfold, increased 
AUC/dose fivefold, and increased T

max
 threefold compared to insulin-only formula-

tion. Similar findings were associated with the HA-zinc formulation: ninefold 
increase in MRT, 2.5-fold increase in AUC/dose, and a threefold increase in T

max
 in 

comparison to insulin-only formulation. Characteristic plasma controlled release 
pharmacokinetics are seen with HA with or without hydroxypropyl cellulose or 
zinc as evidenced by an increase in half-life and delayed time to reach maximum 



272 P. Sheth and P.B. Myrdal

concentrations. Furthermore, hydroxypropyl cellulose has been shown to increase 
bioavailability and increase the protection of insulin against enzymatic peptidase 
activity prior to absorption. Zinc functions in a different manner to prolong the sus-
tained release effect associated with HA; zinc ions complex with HA to induce a 
conformational change from a helical structure to a globular structure and decreases 
insulin’s dissolution rate. Overall, it appears that HA is an attractive polymer for 
pulmonary drug delivery.

12.4  Examples of Synthetic Polymers Used  
for Sustained Release

12.4.1  Poly(Lactic Acid)

PLA, also known as polylactide, has been studied extensively through in vitro stud-
ies  as  drug  carriers  for  various  therapeutic  agents.  In  an  in  vitro  study  of  PLA, 
PLGA, and solid lipid nanoparticles with varying content of magnetite, an intrave-
nous contrast agent for magnetic resonance imaging, it was found that the degrada-
tion velocity of the PLA formulation decreased with increase in molecular weight 
of the polymer [34]. Both polymer formulations of magnetite degraded by hydroly-
sis fairly slowly compared to the solid lipid nanoparticle formulation. Incubation of 
low molecular weight PLA formulation with human granulocyte presented that the 
formulation led to a distinct reduction in viability with an increase in magnetite 
concentration from 0.1 to 0.3%. This cytotoxicity was shown to be relatively low 
and was attributed to the effect of the contrast medium and not the excipients. PLA 
has been used for a variety of medical applications including sutures, medical sta-
ples, screws, dressing, and orthopedic implants [3, 38]. Several studies present the 
use  of  PLA,  in  vitro,  for  inhalation  agents. One  such  study  loaded PLA micro-
spheres with either nedocromil sodium or beclomethasone dipropionate in the form 
of  a  dry powder  suitable  for  aerosolization  [13]. Nedocromil was released from 
PLA microspheres, in sink conditions, over 8 days with a burst effect that varied 
depending on particle size: for a 2.79 mm mass median diameter distribution, 27% 
of the drug load was immediately released and a greater release of drug during the 
first 5 min was seen with larger particles. For the beclomethasone formulation, the 
drug release was studied in nonsink conditions using 50% isopropanol dissolution 
medium. Sink conditions could not be used due to the low aqueous solubility of 
beclomethasone. Seventy-five percent of beclomethasone was released from the 
microspheres over the span of 120 h. Similar results were found with the in vitro 
and in vivo release of rifampicin from PLA particles in a pharmacokinetics study in 
rats; with 10% (w/w) PLA formulation, a decrease in C

max
 and an increase in T

max
 

were noted  [8]. The studies presented above demonstrate  that PLA formulations 
degrade by bulk erosion via hydrolysis and can be used to deliver a variety of 
agents.
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12.4.2  Oligo(Lactic Acid)

Recently, oligo(lactic acid) (OLA) polymers have emerged as potential excipients 
for sustained pulmonary drug release [21, 27]. OLAs, while similar to PLAs, have 
been differentiated through the modification of the terminal alcohol, most com-
monly through acetylation (see Fig. 12.2). In addition these OLA derivatives typi-
cally have shorter lengths, with lactic acid repeat units generally between 5 and 20. 
These attributes of OLAs yield excellent solubility in HFA 134a and 227 propel-
lants. As a result, OLAs can be used in solution formulations contained in metered 
dose inhalers, affording a means by which to produce polymer microspheres in situ, 
post-actuation. This is a significant cost benefit as it eliminates the need for the 
manufacture and qualification of preformed drug encapsulated microspheres [27]. 
OLAs  are  absorbed  and metabolized  relatively  rapidly  which  is  beneficial  with 
respect to lung accumulation; however, this can also limit sustained release. Leach 
et al. have offered evidence of OLAs providing sustained release of a steroid in a 
dog model. Modification of the head groups for the polymer system permits added 
diversity for controlled release properties. Li and Stefely illustrated through three 
undisclosed end groups attached  to OLA that  the end group functionality affects 
modified drug release. OLA modifications were even shown to provide sustained 
release for the water soluble albuterol, in vitro. In alignment with PLAs, OLAs have 
been found to be nontoxic in rats, guinea pigs, and dogs, with no bronchospastic 
evidence [21, 27]. In addition to sustained release, OLAs have been utilized as sus-
pension and solubilizing excipients in MDIs.

12.4.3  Poly(Vinyl Alcohol)

Poly(vinyl alcohol) (PVA) is generally used to produce poly(vinyl butyral), a resin 
used for laminated safety glass for automobile windshields or as a lubricant in hard 
contact lens rewetting solutions. However, it is being researched as an excipient that 
can sustain  release of drugs;  there are  several  in vitro accounts of using PVA  to 
modify release of small molecule and protein drugs. Research has shown that 1% 
PVA (w/w) can sustain the release of 5(6)-carboxyfluorescein when administered 
by inhalation to rats [1]. Additionally, Salama and colleagues evaluated the release 
of disodium cromoglycate from microparticles that were composed of various 
amounts of PVA using three different methods [43]. The methods most commonly 
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used to evaluate sustained release of inhaled products are generally the same as 
those used to evaluate oral medications. Recently, much discourse is centered on 
developing a comparable testing method to evaluate the in vitro drug release of 
inhalation formulations. It was found that the USP Apparatus 2 (dissolution model) 
and USP Apparatus 4 (flow through model) could only differentiate disodium cro-
moglycate release from formulations that contained PVA and those that did not; it 
was not sufficiently sensitive to detect the difference in concentration of PVA in the 
microspheres  [43]. There was no significant difference between the release rate 
studies of the two USP Apparatuses. The Franz-cell diffusion model, on the con-
trary, was able to detect difference in release rates of drug from various PVA micro-
spheres. The diffusion model treats the inhalation formulation analogous to a 
diffusion process, where the formulation is merely wetted and the drug will diffuse 
out into the surrounding media. The Franz-cell model of diffusion presented that 
with 0% PVA, a mean of 98% of the drug was released in 60 min and with 90% 
PVA, a mean of 45% of the drug was released in 60 min. The authors conclude that 
the diffusion model best presents the sustained release for this inhalation formula-
tion; however, this model can only be used for polymers that are known to control 
drug release by diffusion through the matrix. Salama et al. studied the release of 
bovine serum albumin from PVA microparticles using the Franz-cell model [41]. 
While increasing PVA content has a negative effect on aerosol performance in vitro, 
it was found that high PVA concentration in the formulation could effectively sus-
tain protein release. The PVA particles were biocompatible and noncytotoxic; they 
exhibited physiochemical properties that suggested that the formulation was suit-
able for dry powder inhalation. Microparticles with 90% PVA (w/w) released 50% 
bovine serum albumin in the first 6 h, which is considerably longer than micropar-
ticles that did not contain PVA (100% of the drug load was released in an hour). 
Similar results as the previous two studies were seen with 10% ciprofloxacin and/or 
doxycycline loaded into PVA microparticles [1]. With either antibiotic, it was found 
that less than 50% of the drug load was released in vitro over a period of 6 h com-
pared to greater than 90% released in a half-hour from microparticle formulations 
that did not contain PVA. The benefit of such sustained release is  that  the drugs, 
such as ciprofloxacin or doxycycline, can be delivered locally with increased local 
resident time, thus improving therapeutic efficacy. Through these studies, it is evident 
that PVA has definite ability to modify drug release by diffusion-limitation, but the 
in vivo effects of this polymer remain unknown.

12.4.4  Acrylic Acid Derivatives

There are various types of carbomers, which are high molecular weight polymers of 
acrylic acid  that can be cross-linked with allylsucrose or allylpentaerythritol  [2]. 
Traditionally, they have been used in pharmaceutical and cosmetic formulations 
for suspensions or increasing viscosity. Alhusban and Seville studied the use of 
carbomers 971P and 974P to prepare dry powder inhalation formulations of albuterol 
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20–50% (w/w) [2]. Carbomer 971P has a fishnet structure with a low level of cross-
linking, allowing it to rapidly swell upon hydration; carbomer 974P, on the contrary, 
has a fuzzball-like structure with a high degree of cross-linking that does not permit 
it to swell as rapidly. It was found that the dissolution of albuterol from the control 
formulation released 100% of the drug within 45 min. In comparison, the carbomer 
formulations exhibited sustained drug release; 90% of the drug load was released in 
an average of 12.76 h with 50% carbomer 971P and 41.78 h with 50% carbomer 
974P. In the dry state, albuterol was entrapped within a glassy core of the carbomer 
matrix; however, following hydration, a gelatinous layer was formed with drug dis-
persed in discrete microgels composed of individual polymers. The osmotic pressure 
within the hydrogel disrupts the structure, permitting albuterol to diffuse through the 
gel layer and enter the surrounding solution. Hence, the molecular structure of the 
polymer, as evidenced by the different rate of release of albuterol from the formula-
tions, can affect the ability of the polymer to sustain drug release. Another acrylic 
derivative, polybutylcyanoacrylate, is also known to sustain drug release, in vitro 
[61]. Insulin release from such polymeric nanoparticles was modeled by a burst 
effect followed by a biexponential drug release function. In vivo testing in rats pre-
sented a minimum blood glucose level of 46.9, 30.4, and 13.6% of baseline values 
after pulmonary delivery of 5, 10, and 20 IU/kg, respectively. In addition, these doses 
had durations of effect for 4, 4, and 8 h, respectively. The duration of blood glucose 
level below 80% of baseline was much longer for the polybutylcyanoacrylate formu-
lation than for insulin solutions, and a dose-dependent increase in duration of glucose 
level below 80% of baseline was seen for the insulin-loaded nanoparticles. Similar 
sustained release potential has been seen with the use of hydroxyterminated PEG-
acrylate and dithiothreitol hydrogel loaded with N-acetyl cystine and rhodamine B 
[10]. In vitro and in vivo studies present that acrylic acid derivatives can be success-
fully used in sustaining release and pulmonary delivery of medications.

12.5  Examples of Copolymers Used in Sustained Release

12.5.1  Introduction to Copolymers

Copolymers, sometimes referred to as block polymers, are polymers consisting of 
two or more different monomers. The combinations of various monomers offer 
greater flexibility and large variety for pharmaceutical formulations.

12.5.2  Review of Poly(Lactic-Co-Glycolide Acid) (PLGA)

Poly(lactic-co-glycolide acid) is one of the most widely studied copolymers in phar-
maceutics and is composed of the monomers of lactic (LA) and glycolic acids (GA). 
PLGA, along with its monomers, degrades by bulk erosion: PLGA is hydrolyzed to 
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polylactides and polyglycolides, which are further broken down to lactic and glycolic 
acids,  in vivo. Lactic and glycolic acids can enter  the Kreb’s cycle  to be decom-
posed to carbon dioxide and water. In general, the polymer’s properties, such as 
amount of water-uptake, degradation time, polymer end-groups, ratio of lactic to 
glycolic acids, and crystallinity of PLA, affect the ability for PLGA formulations to 
sustain drug  release  [55]. As long as 4–6 weeks duration of drug release can be 
achieved by 50:50 LA:GA with  low  to medium molecular weight polymers. Even 
slower release can be achieved by increasing the LA content in comparison to the GA 
content.  For  instance,  incorporation  of  lactic  acid  oligomers  into  PLGA  increases 
initial mass loss and extent of water absorption; however, it extends the lag phase until 
onset of polymer erosion, thus decreasing the overall rate of release of the drug [44]. 
As the example above suggests, PLGA drug release is triphasic. The burst release is 
associated with drug adhered to the surface of the formulation; the lag time depends 
on molecular weight and end-capping of the polymer. The lag time is followed by a 
slow or absent diffusion-controlled release that finally ends in drug release due to 
polymer erosion.
There are several studies that present the application of PLGA in modifying drug 

release for various drugs for pulmonary delivery. Hickey et al. provided preliminary 
studies on the use of PLGA microspheres with rifampicin for treating tuberculosis 
in a guinea pig model [17]. Sung and colleagues have investigated rifampicin-loaded 
PLGA as a dry powder porous particle formulation [49]. In vitro, the drug release 
could be characterized by an initial burst followed by the remainder of the load 
gradually releasing from the formulation over a span of 8 h. When administered to 
guinea pigs by intratracheal insufflation, rifampicin was detectable up to 6–8 h in 
the plasma and remained detectable in lung tissue and cells beyond 8 h. Moreover, 
the formulation was prepared as aggregates of porous nanoparticles, such that the 
aggregate once delivered into the body can deposit in the lungs as a dry form, thus 
acting as a Trojan delivery system for the nanoparticles. In all porous nanoparticle-
aggregate  particle  (PNAP)  formulations,  the  serum  concentration  of  rifampicin 
remained elevated compared to intravenous, oral, and porous particle formulation 
with l-leucine. Half-life of the 80% drug load, PLGA PNAP was 3.79 ± 2.37 h and 
was longer than that of the porous particle formulation without PLGA (2.26 ± 1.63 h). 
There are several other studies that explore the in vitro utility of PLGA loaded with 
either rifampicin as treatment or tuberculosis antigen as a vaccine for tuberculosis 
by the pulmonary route [30, 45, 47]. Recently, Wang and coworkers have utilized 
PLGA microparticles loaded with muramyl dipeptide and/or trehalose debehenate 
to study administration of tuberculosis vaccine via the pulmonary route [55]. It was 
found that there were statistically elevated indicators of biochemical response in 
THP-1  cells, which may  indicate  toxicity  to  human alveolar macrophages. Such 
research highlights the need for corresponding in vivo experiments to evaluate cyto-
toxic potential of PLGA drug delivery systems.
Many drugs, other than antituberculosis agents, have been studied with PLGA. A 

significant difference between control and test formulation of insulin was seen with the 
PLGA nanosphere composition of 75:25 LA:GA [19]. An in vivo study of insulin-
loaded PLGA nanospheres  in guinea pigs  following 20 min nebulization presented 
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significant hypoglycemia that was prolonged over 48 h compared to only 6 h for 
intratracheal administration of insulin solution. Similar results are seen with deslorelin-
 loaded PLGA LPP administration to male rats [20]. At the end of 7 days postdose 
administration, the plasma concentration for rats that received the LPP formulation 
was 120 and 2.5-fold greater than that of those who received deslorelin powder or 
small conventional deslorelin-loaded PLGA particles, respectively. In addition to the 
studies described above, PLGA formulations have been used successfully, in vitro, to 
modify the release of beclomethasone dipropionate, doxorubicin, TAS-103 (a topoi-
somerase inhibitor), and ciprofloxacin [4, 22, 53, 60]. Overall, PLGA appears to be 
effective in sustaining the release of a variety of drugs including antibiotics, hor-
mones, hormone agonists, and chemotherapeutics. In addition, there were no overt 
toxicities to healthy human lung macrophages noted with a microparticle PLGA for-
mulation and no signs of pulmonary inflammation noted in mice [49].
As with other excipients described in this chapter and Chap. 11, PLGA can be 

combined with l-a-dipalmitoyl phosphatidylcholine (DPPC), cholesterol, PVA, or 
gelatin  to further extend the release of paclitaxel from PLGA microspheres [33]. 
It was found that paclitaxel  released most  rapidly from PLGA-only formulations 
and reached 50% in vitro drug release in 110 days; the addition of PVA to the for-
mulation resulted in a slightly slower release (41% in 110 days). Gelatin retarded 
drug release such that only 35% of  the paclitaxel  load was released in 110 days. 
Formulations  with  excipients  in  addition  to  PLGA  increased  the  encapsulating 
efficacy of  the PLGA microspheres. Without  these emulsifiers,  the encap sulating 
efficiency during the formulating process is 61.1%; however, with the addition of 
the emulsifiers the encapsulating efficiency increases to 63.1% with 2% PVA and to 
84.1% with 2% DPPC.  It  is postulated  that  the drug  release  is  retarded with  the 
 addition of  these excipients  to  the PLGA microsphere by decreasing  the particle 
porosity due to the strong interaction between the hydrophobic nature of the  excipi-
ent and the drug. This example serves to present that the characteristic of the drug 
molecule and addition of excipients may affect the sustained release properties of 
the formulation.

12.5.3  Review of Miscellaneous Copolymers

The studies that relate to copolymers’ potential to modify the release of drugs are 
limited to in vitro release-kinetics studies. One such study incorporated various 
amounts of paclitaxel into poly(lactic acid)-poly(ethylene glycol)-poly(lactic acid) 
(PLA-PEG-PLA) in hopes to improve paclitaxel release rate compared to paclitaxel-
loaded PLGA [40]. Since paclitaxel  is extremely hydrophobic and PLGA is also 
hydrophobic, the release of paclitaxel was extremely slow with only 50% of drug 
released within 3 months. The use of PLA-PEG-PLA copolymer was postulated to 
improve release of paclitaxel due to the incorporation of hydrophilic PEG into the 
hydrophobic PLA chain. The incorporation of hydrophilic PEG would, also, increase 
biocompatibility since biocompatibility is highly correlated with hydrophilicity of 
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an exogenous surface. It was found that the PLA-PEG-PLA microsphere formulation 
resulted  in  faster  drug  release  than  PLGA, with  approximately  49.6%  sustained 
release of paclitaxel within 1 month. The increased drug release with the copolymer 
formulation can partially be explained by the increased porous morphology in addi-
tion to the incorporation of hydrophilic PEG: the addition of acetone into the organic 
solvent during formulation increased microsphere porosity. Higher drug load 
resulted in decreased drug release rate from the microspheres. Another study using 
PLA-PEG-PLA block polymers to deliver salbutamol base presented that the overall 
concentration, molecular weight, surfactant tail length, and ratio between PLA and 
PEG affected the drug’s cohesiveness and aerosolizability [56].

Similar results were seen with clonazepam in an in vitro release-kinetics study 
utilizing copolymers as release modifiers [35]. The copolymer nanoparticle formu-
lation was based on poly(g-benzyl-l-glutamate)  (PBLG) as  the hydrophobic part 
and  poly(ethylene  oxide)  (PEO)  as  the  hydrophilic  part  to  form  the  triblock  of 
PBLG-PEO-PBLG. The rate of drug release decreased with increased drug content 
and was affected by the solvents used during the formulation process: it was found 
that the release rate of clonazepam was decreased with 1,4-dioxane and tetrahydro-
furan compared to that with dimethylformamide, dimethylacetamide, and dimethyl 
sulfoxide. The release of drug was extended over 2–3 days and modeled by zero-
order kinetics.

Copolymer formulations for sustained drug release can include polyether-
anhydride formulations that contain hydrophobic sebacic acid (SA) and hydrophilic 
PEG monomers [15]. Fu et al. showed that an increase in PEG content was associ-
ated with an increase in degradation rate of the polymer, thus demonstrating that the 
in vitro release from such polymers is greatly associated with the relative PEG con-
tent. The researchers suggest that the change in degradation rate is associated with 
the increased hydrophilicity of the microsphere with increased concentration of 
PEG; increased hydrophilicity would lead to greater aqueous solubility of the dos-
age form. In an in vitro study evaluating the release of plasmid DNA from such 
microspheres, it was found that while the microspheres degraded within hours, plas-
mid DNA was released up to 6 days and that the DNA’s interaction with the mono-
mers influenced sustained release properties to a greater extent than that with the 
copolymer. Similar sustained release properties were seen with salbutamol acetonide 
loaded into solid lipid microparticles composed of Poloxamer 188, a block polymer 
of poly(propylene oxide) (PPO) and PEO, with glyceryl behenate [18]. While the 
in vitro data clearly suggests that sustained drug release can be achieved by various 
copolymer formulations, it may not translate to be true in vivo.
In addition to the polymers described above, PEG and SA have been used in a 

triblock  formulation  with  1,3-bis(carboxyphenoxy)propane  (CPP)  to  produce 
drug carrier particles suitable for  injection or  inhalation [14]. It was found that 
CPP-SA  copolymers  erode  from  the  surface  and  are  hydrophobic.  LPPs  with 
PEG-CPP-SA could be efficiently aerosolized as a dry powder formulation into 
the deep  lungs. The density of  the LPP could be decreased by  increasing PEG 
content.  The  PEG-CPP-SA  LPPs  were  loaded  with  rhodamine  B  base.  The 
increase  in  hydrophobicity  by  increasing  SA  or  CPP  content  decreased  drug 
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release rate such that 10:90 PEG:SA released 60% of the agent in 4 h, SA-only 
polymers released 60% drug in 18 h, and 10:70:20 PEG:SA:CPP released 60% of 
the  drug  load  in  2.5  days. Similar  results were  seen when PEG-CPP-SA LPPs 
were  loaded with LacZ plasmid DNA [14]. Hydrophilic LPPs  released  the  test 
agent at a greater rate than hydrophobic formulations.

12.6  Limitations and Safety Concerns

There are various natural and synthetic polymers studied for pulmonary drug delivery; 
however, safety concerns limit their applicability. The effect of polymers on cell 
viability and the potential for bioaccumulation has affected their clinical use. It was 
found that PLA and PLGA polymer formulations decrease viability of cells, increase 
airway inflammation, increase neutrophil count, and increase incidence of hemor-
rhage [7, 9]. Greater cell toxicity is seen with PLGA than with sodium hyaluronate 
and chitosan [42]. Other than cytotoxicity, long residence time of polymer-drug for-
mulations may be associated with pulmonary accumulation due to the slow degrada-
tion  of  the  system  [7]. Such concerns need to be further investigated prior to 
conducting extensive clinical trials with inhaled polymeric drug delivery systems.

References

  1. Adi H, Young PM, Chan H, Salama R, Traini D (2010) Controlled release antibiotics for dry 
powder lung delivery. Drug Dev Ind Pharm 36:119–126

  2. Alhusban  FA,  Seville  PC  (2009) Carbomer-modified  spray-dried  respirable  powders  for 
pulmonary delivery of salbutamol sulfate. J Microencapsul 26:444–455

  3. Amecke B, Bendix D, Entenmann G (1992) Resorbable polyesters: composition, properties, 
and applications. Clin Mater 10:47–50

  4. Arnold MM, Gorman EM, Schieber LJ, Munson EJ, Berkland C (2007) NanoCipro encapsula-
tion in monodisperse large porous PLGA microparticle. J Control Release 121:100–109

  5. Bailey MM, Berkland CJ (2009) Nanoparticle formulations in pulmonary drug delivery. Med 
Res Rev 29:196–212

  6. Brannon-Peppas L (1997) Polymers in controlled drug delivery. Med Plast Biomater 4:34–44
  7. Cook RO, Pannu RK, Kellaway IW (2005) Novel sustained release microspheres for pulmonary 

drug delivery. J Control Release 104:79–90
  8. Coowanitwong  I,  Arya  V,  Kulvanich  P,  Hochhaus  G  (2008)  Slow  release  formulations  of 
inhaled rifampin. AAPS J 10:342–348

  9. Courrier HM, Butz N, Vandamme TF (2002) Pulmonary drug delivery systems: recent devel-
opment and prospectives. Crit Rev Therap Drug Carrier Syst 19:425–498

 10. Donovan M, McGill S, Smyth H (2008) Swellable particles for sustained release drug delivery 
to the lungs. Respir Drug Deliv 3:857–860

 11. Edwards DA, Ben-Jebria A, Langer R (1998) Recent advances  in pulmonary drug delivery 
using large, porous inhaled particles. J Appl Physiol 85:379–385

 12. Edwards DA, Hanes J, Caponetti G, Hrkach K, Ben-Jebria A, Eskew ML, Mintzes J, Deaver D, 
Lotan  N,  Langer  R  (1997)  Large  porous  particles  for  pulmonary  drug  delivery.  Science 
276:1868–1871



280 P. Sheth and P.B. Myrdal

 13. El-Baseir MM, Kellaway  IW  (1998)  Poly(L-lactic  acid) microspheres  for  pulmonary  drug 
delivery: release kinetics and aerosolization studies.  Int J Pharm 175:135–145

 14. Fu J, Fiegel J, Hanes J (2004) Synthesis and characterization of PEG-based ether anhydride 
terpolymers: novel polymers for controlled drug release. Macromolecules 37:7174–7180

 15. Fu J, Fiegel J, Krauland E, Hanes J (2002) New polymeric carriers for controlled drug delivery 
following inhalation or injection. Biomaterials 23:4425–4433

 16. Garcia-Contreras L, Morçöl T, Bell SJD, Hickey AJ (2003) Evaluation of novel particles as 
pulmonary delivery systems for insulin in rats. AAPS Pharm Sci 5(2):article 9

 17. Hickey AJ, Suarez S, Bhat M, O’Hara P, Lalor CB, Atkins K, Hopfer R, McMurry DN (1998) 
Efficacy of rifampicin-poly(lactide-co-glycolide) microspheres in treating tuberculosis. Respir 
Drug Deliv VI 1:201–209

 18. Jaspart S, Bertholet P, Piel G, Dogné J, Delattre L, Evrard B (2007) Solid lipid microparticles 
as  a  sustained  release  system  for  pulmonary  drug  delivery.  Eur  J  Pharm  Biopharm  65: 
47–56

 19. Kawashima Y, Yamamoto H, Takeuchi H, Fujioka S, Hino T (1999) Pulmonary delivery of 
insulin with nebulized DL-lactide/glycolide copolymer (PLGA) nanospheres to prolong hypo-
glycemic effect. J Control Release 62:279–287

 20. Koushik K, Dhanda DS, Cheruvu NPS, Kompella UB (2004) Pulmonary delivery of deslorelin: 
large-porous PLGA particles and HPbCD complexes. Pharm Res 21:1119–1126

 21. Leach CL, Mameister WM, Tomai MA, Hammerbeck DM, Stefely JS (2000) Oligolactic acid 
(OLA) biomatricies  for  sustained  release of asthma  therapeutics. Respir Drug Deliv VII 2: 
291–294

 22. Learoyd TP, Burrows JL, French E, Seville PC (2006) Leucine-modified PLGA-based respi-
rable spray-dried powders for sustained drug delivery. Respir Drug Deliv 2:437–440

 23. Learoyd TP, Burrows JL, French E, Seville PC (2006) Sustained drug delivery from chitosan-
based respirable spray-dried powders. Respir Drug Deliv 2:441–443

 24. Learoyd TP, Burrows JL, French E, Seville PC (2008) Chitosan-based spray-dried respirable 
powders for sustained delivery of terbutaline sulfate. Eur J Pharm Biopharm 68:224–234

 25. Learoyd TP, Burrows JL, French E, Seville PC (2009) Sustained delivery by leucine modified 
chitosan spray-dried respirable powders. Int J Pharm 372:97–104

 26. Li FQ, Hu JH, Lu B, Yao H, Zhang WG (2001) Ciprofloxacin-loaded bovine serum albumin 
microspheres: Preparation and drug-release in vitro. J Microencapsul 18:825–829

 27. Li Z, Stefely JS (2004) Aerosol sustained release formulations with oligolactic acid (OLA). 
Respir Drug Deliv IX 2:321–324

 28. Louey MD, Garcia-Contreras L (2004) Controlled release products for respiratory delivery. 
Am Pharm Rev 7:82–87

 29. Lu  B,  Zhang  Q,  Yang  H  (2003)  Lung-targeting microspheres  of  carboplatin.  Int  J  Pharm 
265:1–11

 30. Lu D, Garcia-Contreras L, Xu D, Kurtz SL, Liu J, Braunstein M, McMurray DN, Hickey AJ 
(2007) Poly (lactide-c-glycolide) microspheres in respirable sizes enhance an in vitro T cell 
response to Mycobacterium tuberculosis antigen 85B. Pharm Res 24:1834–1843

 31. Morimoto K, Katsumata H, Yabuta T, Iwanaga K, Kakemi M, Tabata Y, Ikada Y (2002) Gelatin 
microsphere as a pulmonary delivery system: evaluation of salmon calcitonin absorption.  
J Pharm Pharmacol 52:611–617

 32. Morimoto K, Metsugi K, Katsumata H, Iwanaga K, Kakemi M (2001) Effects of low-viscosity 
sodium hyaluronate preparation on pulmonary absorption of rh-insulin in rats. Drug Dev Ind 
Pharm 27:365–371

 33. Mu L, Feng SS (2001) Fabrication, characterization and in vitro release of paclitaxel (Taxol®) 
loaded poly (lactic-co-glycolic acid) microspheres prepared by pray drying technique with 
lipid/cholesterol emulsifiers. J Control Release 76:239–254

 34. Müller RH, Maaben S, Wayhers H, Specht F, Lucks  JS  (1996) Cyctotoxcity of magnetite-
loaded polylactide, polylactide/glycolide particles and solid lipid nanoparticles. Int J Pharm 
138:85–94



28112  Polymers for Pulmonary Drug Delivery

 35. Nah J, Jeong Y, Cho C, Kim S (2000) Drug-delivery system based on core-shell type nanopar-
ticles composed of poly(g-benzyl-L-glutamate) and poly(ethylene oxide). J Appl Polym Sci 
75:1115–1126

 36. Naikwade S, Bajaj A  (2009) Preparation and  in vitro evaluation of budesonide spray dried 
microparticles for pulmonary delivery. Sci Pharm 77:419–441

 37. Oyarzun-Ampuero FA, Brea J, Loza MI, Torres D, Alonso MJ (2009) Chitosan hyaluronic 
acid nanoparticles loaded with heparin for the treatment of asthma. Int J Pharm 381:122–129

 38. Pulapura S, Kohn J (1992) Trends in the development of bioresorbable polymers for medical 
applications. J Biomater Appl 6:215–250

 39. Rouse JJ, Whateley TL, Thomas M, Ecclecston GM (2007) Controlled drug delivery to the 
lungs: Influence of hyaluronic acid solution conformation on its adsorption to hydrophobic 
drug particles. Int J Pharm 330:175–182

 40. Ruan G, Feng S  (2003) Preparation  and characterization of poly(lactic  acid) poly(ethylene 
glycol)-poly(lactic acid) (PLA-PEG-PLA) microspheres for controlled release of paclitaxel. 
Biomaterials 24:5037–5044

 41. Salama RO, Traini D, Chan H, Sung A, Ammit AJ, Young PM (2009) Preparation and evaluation 
of controlled release microparticles for respiratory protein therapy. J Pharm Sci 98:2709–2717

 42. Salama R, Traini D, Chan H, Young PM (2009) Recent advances in controlled release pulmonary 
therapy. Curr Drug Deliv 6:404–414

 43. Salama RO, Traini D, Chan H, Young PM (2008) Preparation and characterisation of controlled 
release co-spray dried drug-polymer microparticles for inhalation 2: evaluation of in vitro 
release  profiling  methodologies  for  controlled  release  respiratory  aerosols.  Eur  J  Pharm 
Biopharm 70:145–152

 44. Schliecker G, Schmidt G, Fusch S, Wombacher R, Kissel T (2003) Hydrolytic degradation of 
poly(lactide-co-glycolide) films: effect of oligomers on degradation rate and crystallinity. Int 
J Pharm 266:39–49

 45. Shi S, Hickey AJ (2010) PLGA microparticles in respirable sizes enhance an in vitro T cell 
response to recombinant Mycobacterium tuberculosis  antigen  TB10.4-Ag58B.  Pharm  Res 
27:350–360

 46. Shoyele SA (2008) Controlling the release of proteins/peptides via the pulmonary route. Drug 
Deliv Syst 437:141–148

 47. Suarez S, O’Hara P, Kazantseva M, Newcomer CE, Hopfer R, McMurray DN, Hickey AJ 
(2001) Respirable PLGA microspheres containing rifampicin for the treatment of tuberculosis: 
screening in an infectious disease model. Pharm Res 18:1315–1319

 48. Sung JC, Pulliam BL, Edwards DA (2007) Nanoparticles for drug delivery to the lungs. Trends 
Biotechnol 25:563–570

 49. Sung JC, Padilla DJ, Garcia-Contreras L, VerBerkmoes JL, Durbin D, Peloquin CA, Elbert KJ, 
Hickey AJ, Edwards DA (2009) Formulation and pharmacokinetics of self-assembled rifampicin 
nanoparticle systems for pulmonary delivery. Pharm Res 26:1847–1855

 50. Surendrakumar K, Martyn GP, Hodgers ECM, Jansen M, Blair JA (2003) Sustained release of 
insulin from sodium hyaluronate based dry powder formulations after pulmonary delivery of 
beagle dogs. J Control Release 91:385–394

 51. Tahara K, Sakai T, Yamamoto H, Takeuchi H, Hirashima N, Kawashima Y (2009) Improved 
cellular  update  of  chitosan-modified  PLGA  nanospheres  by  A549  cells.  Int  J  Pharm  382: 
198–204

 52. Takeuchi H, Yamamoto H, Kawashima Y (2001) Mucoadhesive nanoparticulate systems for 
peptide drug delivery. Adv Drug Deliv Rev 47:39–54

 53. Tomoda K, Ohkoshi T, Hirota K, Sonavane GS, Nakajima T, Terada H, Komuro M, Kitazota K, 
Makino K (2009) Preparation and properties of inhalable nanocomposite particles for treat-
ment of lung cancer. Colloids Surf B Biointerfaces 17:177–182

 54. Wang C, Muttil P, Lu D, Beltran-Torres AA, Garcia-Contreras L, Hickey AJ (2009) Screening 
for potential adjuvants administered by the pulmonary route for tuberculosis vaccines. AAPS 
J 11:139147



282 P. Sheth and P.B. Myrdal

 55. Wischke  C,  Schwendeman  SP  (2008)  Principles  of  encapsulating  hydrophobic  drugs  in 
PLA/PLGA microparticles. Int J Pharm 364:298–327

 56. Wu  L,  da  Rocha  SRP  (2007)  Biocompatible  and  biodegradable  copolymer  stabilizers  for 
hydrofluoroalkane  dispersions:  a  colloidal  probe  microscopy  investigation.  Langmuir  23: 
12104–12110

 57. Yamada K, Kamada N, Odomi M, Okada N, Nabe T, Fujita T, Kohno S, Yamamoto A (2005) 
Carrageenans can regulate the pulmonary absorption of antiasthmatic drugs and their retention 
in the rat lung tissues without any membrane damage. Int J Pharm 293:63–72

 58. Yamada K (2007) Control of pulmonary absorption of drugs by various pharmaceutical 
excipients. Yakugaku Zasshi 127:631–641

 59. Yamamoto H, Kuno Y, Sugimoto S, Takeuchi H, Kawashima Y (2005) Surface modified 
PLGA nanosphere with chitosan improved pulmonary delivery of calcitonin in mucoadhesion 
and opening of the intracellular tight space. J Control Release 102:373–381

 60. Yang Y, Bajaj N, Xu P, Ohn K, Tsifansky MD, Yeo Y (2009) Development of highly porous 
large PLGA microparticles for pulmonary drug delivery. Biomaterials 30:1947–1953

 61. Zhang Q, Shen Z, Nagai T (2001) Prolonged hypoglycemic effect of insulin-loaded polybutyl-
cyanoacrylate nanoparticles after pulmonary administration to normal rats. Int J Pharm 218: 
75–80



283H.D.C. Smyth and A.J. Hickey (eds.), Controlled Pulmonary Drug Delivery, 
Advances in Delivery Science and Technology, DOI 10.1007/978-1-4419-9745-6_13, 
© Controlled Release Society 2011

Abstract Particle engineering has seen many applications in the field of  pulmonary 
drug delivery due to the intimate relationship between particle physicochemistry and 
aerosol product performance. In this chapter, the science behind established and 
emerging particle engineering technologies is reviewed. Fundamental principles of 
particle engineering will be introduced. Following a discussion of how aerosol delivery 
technologies integrate with particle engineering, a detailed review of particle synthesis 
methods is included. This encompasses micronization and other top–down methods, 
spraying methods, precipitation technologies, and other emerging processes that may 
advance the field of pulmonary drug delivery.

Keywords Aerosols • Nanotechnology • Particle engineering

13.1  Introduction

Advancing the field of pulmonary drug delivery requires continued development of 
particle engineering technologies. These technologies range from traditional pro-
cessing techniques such as spray drying and milling to more advanced techniques 
such as encapsulating drugs within engineered microparticles with controllable 
geometries. Nanoparticle-based formulations have also emerged. Improvements in 
particle engineering could lead to greater control over aerodynamic particle size, 
which may lead to more accurate and precise pulmonary dosing. This could enable 
physicians to better treat local lung diseases such as asthma and chronic obstructive 
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pulmonary disease (COPD) as well as systemic diseases. Particle-engineering 
 technologies that are commonly used in industry are reviewed. More advanced 
 techniques that are under development are also discussed as a means to enhance the 
effectiveness of pulmonary drug formulations.

13.2  Pulmonary Physiology and Drug Delivery

The functions of the lungs are to facilitate gas exchange between the blood and the 
external environment and to maintain homeostatic systemic pH [1]. The conducting  
airways are composed of the trachea, which bifurcates into the bronchi. The  bronchi 
branch into smaller bronchioles, and ultimately the terminal bronchi, which termi-
nate with the alveolar sac. There are approximately 300 million alveoli in the lungs, 
with a combined surface area greater than 100 m2, and with an alveolar epithelial 
layer as thin as 0.1 mm [2, 3]. This large surface area, combined with a thin barrier 
between the pulmonary lumen and the bloodstream, creates conditions that are 
well suited for efficient mass transfer, offering a potential conduit for systemic 
drug delivery.

The surface of the alveoli is composed primarily of type I pneumocytes, which 
share a basement membrane with the pulmonary capillaries. Type II pneumocytes 
are also present, which secrete lung surfactant, as well as alveolar macrophages, 
which engulf large particles [4]. The conducting airways are lined with ciliated 
cells, which are covered with a thin layer of mucus. These cilia beat in a coordi-
nated, rhythmic fashion that constantly move the mucus layer toward the proxi-
mal airways, where it is either expectorated or swallowed [1]. This process, known 
as mucociliary clearance, presents a major physical barrier to pulmonary drug 
delivery [5].

Pulmonary drug formulations currently exist for many local lung diseases such 
as asthma, COPD, and cystic fibrosis [3]. Many other local lung diseases are prime 
candidates for inhalation therapy, including pulmonary hypertension and cancer. 
Treating these diseases locally is advantageous because the drug avoids first-pass 
metabolism and deposits directly at the disease site, thereby mitigating undesirable 
systemic side effects and facilitating higher local dose [1].

Recently, there have been many advances in systemic drug delivery through the 
lungs. Systemic delivery may ultimately require particles that are designed with 
suitable properties for delivery to the alveolar region. Once deposited, particles 
must dissolve or release their contents before they are engulfed and cleared by alve-
olar macrophages. Additionally, drug molecules, particularly macromolecules such 
as small peptides, proteins, and nucleic acids, are subject to enzymatic degradation 
in this region. After being released into solution, the drug must diffuse or actively 
transport through the epithelial barrier, basement membrane, and endothelium to 
access the blood. Systemic drug delivery through the lungs has been reported to 
have many advantages, including rapid onset of action and an increased  bioavailability 
over oral dosage forms [1].
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13.3  Particle Engineering Fundamentals

Mechanisms of particle deposition in the lungs are shown in Fig. 13.1. Inertial 
impaction typically occurs in the oropharyngeal region, where a large particle will 
impact the back of the throat as the direction of the air stream changes. Sedimentation 
often occurs in the bronchial region, where the air velocity diminishes and particles 
settle and deposit by gravity. Finally, diffusion occurs in the alveolar region, where 
particles  with d

a
 << 1 mm may remain in the air due to Brownian motion [6].

The goal of particle engineering is to design particles with desirable attributes for 
optimal delivery to the lungs, as well as maximal bioavailability. These attributes 
include a narrow size distribution, drug stability, high dispersibility, and the ability 
to control drug release kinetics [7]. On a practical level, a desirable particle 
 engineering process should reduce manufacturing complexity, lower costs, and 
minimize environmental impact.

Fig. 13.1 Schematic showing mechanisms of particle deposition in the lungs. The lines represent 
streamlines of the inhaled air, and the arrows show the path taken by the particle. (a) Inertial 
impaction commonly occurs in the oropharyngeal region, where a large particle will impact the 
back of the throat and not be carried further by the air stream. (b) Sedimentation often occurs in 
the bronchial region, where the air velocity diminishes and particles settle by gravity and are 
deposited. (c) Diffusion is anticipated in the alveolar region, where very small particles (d

a
 < 1 mm) 

diffuse due to Brownian motion
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The fundamental parameter used in defining how a particle will deposit in the 
respiratory system is the aerodynamic diameter (d

a
). The aerodynamic diameter is 

defined as the diameter of a sphere of geometric diameter d
a
 and density r that 

reaches the same settling velocity as a nonspherical particle. The aerodynamic 
diameter is given below [1, 6–11]:

 a v
o

,d d
r
.c r

=  (13.1)

where d
v
 is the geometric diameter, r

o
 is the reference density (usually that of water), 

c is the shape factor (1 for a sphere, but changes as shape deviates from spherical), 
and r is the particle density [7]. The aerodynamic diameter determines how far a 
particle will travel into the respiratory tract. For instance, large particles (d

a
 >10 mm) 

will deposit in the oropharyngeal region by means of inertial impaction, or will 
deposit via sedimentation in the oropharyngeal or bronchial region. At the other 
extreme, very small particles (d

a
 << 1 mm) are likely to reach the alveolar region, but 

may not settle [1, 12]. Particles with d
a
 between 1 and 5 mm have an increased 

 probability of depositing in the terminal bronchial and alveolar regions. This particle  
size range is ideal for many indications in pulmonary drug delivery, since a  portion 
of the material will still deposit in the upper airways as well [13].

Numerous forces affect the deposition of particles in the pulmonary tract, 
including  gravity, the drag force of air, and inertial forces acting on the particle [8]. 
The aerodynamic diameter (d

a
) given in (13.1) allows one to parameterize these 

forces so that the deposition behavior of particles with different shapes and densities 
can be compared. The shape factor (c) given in (13.1) is defined as the ratio of the 
drag force acting on a nonspherical particle to the drag force acting on a sphere of 
the same volume and velocity. For aerosols, the inertial effects of air are negligible 
compared to viscosity effects; therefore, Stoke’s law applies for the drag force [8]. 
Based on this, the shape factor (c) can be expressed as:

 
a

v

,
3

F

V d
c . . . .p h

=  (13.2)

where F
a
 is the resistance force acting on the particle, h is the dynamic viscosity of 

the fluid (air), and V is the particle velocity relative to that of air [8]. Empirically, 
the shape factor acts as a parameter that quantifies nonsphericity.

The aerodynamic diameters of aerosolized particles (specifically the mass median 
aerodynamic diameter, or MMAD) are typically measured using a cascade impactor 
(Fig. 13.2). The cascade impactor is an inertial separation device that functions by 
separating the particles into aerodynamic size fractions upon actuation of the inhaler 
or delivery device. The cascade impactor is divided into stages, where each stage has 
a different orifice size. Each stage acts like a filter that catches any particles that fail to 
make it through the holes. The orifice size of each stage is correlated to a particle 
diameter range via the Stoke’s number, which is the ratio of the particle stopping 
distance to the characteristic length of the obstacle (in this case, the orifice size) [8]. 
The Stoke’s number is:
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where d
a
 is the aerodynamic diameter of the particle, C

c
 is the Cunningham  correction 

factor for slip flow (a correction to the drag coefficient for small particles), r is the 
density of the particle, U is the velocity of the particle at the hole exit, and h is 
the kinematic viscosity of air [8]. The Cunningham correction factor is [14]:
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where d
a
 is the particle aerodynamic diameter, l is the mean free path of the particle, 

and A
n
 are experimentally determined coefficients dependent on the identity of the 

fluid [14]. The Stoke’s number determines if a particle will move with the stream-
line as it flows around the obstacle, or if it will continue on its trajectory and deposit 

Fig. 13.2 Diagram of a cascade impactor, which is used to measure the mass mean aerodynamic 
diameter (MMAD) of particles by inertial separation. A vacuum is drawn at (A), and the inhaler 
device is attached at (B). Upon actuation of the inhaler, the dose is entrained through the different 
stages (C), where individual particles will either travel through the stage nozzle or deposit on the 
stage, depending on their Stokes number (i.e., aerodynamic diameter). Each stage represents a dif-
ferent aerodynamic diameter range, with the larger particles being deposited at the top and the 
smaller particles at the bottom. The mass of particles deposited on the stages is then determined 
and divided by the total dose to give the particle fraction for that particular size range
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on the stage. If Stk >1, the particle will continue in a straight line (i.e., impact the 
stage) as the fluid moves around the obstacle, and if Stk <1, then the particle will 
follow the fluid streamline around the obstacle.

The fine particle fraction (FPF) of a pulmonary drug formulation is defined as the 
fraction of particles smaller than a certain aerodynamic diameter (typically ~5 mm) 
[15]. It is determined by measuring the mass of particles impacted within each stage 
of the cascade impactor representative of the “fine” particles and dividing by the 
total mass of the dose. The sum of mass fractions for all stages with characteristic 
aerodynamic diameters equal to or smaller than the specified aerodynamic diameter 
is equal to the FPF. Mathematically, this is (13.5):
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where FPF
5
 is the fine particle fraction (defined as d

a
 less than 5 mm), m

i
 is the mass of 

stage i, M is the total mass of the dose released upon inhaler actuation, and n is the num-
ber of stages with characteristic aerodynamic diameters less than or equal to 5 mm.

13.4  Aerosol Drug Delivery Approaches

Formulation of inhaled aerosols is particularly challenging because it engages both the 
fabrication of an aerosol and the selection of a device for aerosol dispersion. Several 
types of inhalation devices are used for liquid solutions, suspensions, emulsions, or 
micronized dry powders formulated for pulmonary drug delivery. The most common 
types of inhalation devices are nebulizers, metered dose inhalers  (MDIs), and dry 
 powder inhalers (DPIs). Each Inhaler has unique strengths and weaknesses [16].

A pulmonary nebulizer machine or “nebulizer” is an electronic device that trans-
forms liquid into a very fine mist, which is then inhaled deeply into the lungs. There 
are different types of nebulizers, although the most common are jet nebulizers 
(atomizers) and ultrasonic nebulizers. Jet nebulizers are connected by tubing to a 
compressed air source that causes air or oxygen to flow at high velocity through a 
liquid to turn it into an aerosol, which is then inhaled by the patient. Air jet nebuliz-
ers can generate both smaller particles having MMAD ~2–5 mm and coarse aero-
sols. Nebulizers, however, tend to deposit large amount of drug in the oropharyngeal 
cavity and often require long exposure times.

Ultrasonic nebulizers are electrically driven and do not require compressed gas. 
These devices use high frequency vibration caused by a piezoelectric crystal trans-
ducer to break up surface water into droplets. The resulting dense mist can penetrate 
smaller airways when inhaled by the patient. In particular, greater aerosol delivery 
can be achieved from a large capacity ultrasonic nebulizer when compared to a jet 
nebulizer during mechanical ventilation in vitro. Ultrasonic nebulizers have another 
advantage in that delivery is completed more rapidly than jet nebulizers [17]. 
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Generally, nebulizers are suitable for drugs with high dose requiring little patient 
coordination or skill; however, treatment using nebulizers is time consuming, less 
efficient, and less convenient. For these reasons, nebulizers are typically limited to 
home or hospital use and are not convenient for chronic disease management.

An MDI is a pressurized, hand-held device with a metering valve. Upon actuation 
of the valve, it releases a measured dose of drug dissolved or suspended in  liquefied 
propellants (typically hydrofluoroalkanes) with other excipients. Medication is 
delivered  to the lungs as a short burst of aerosolized medicine that is inhaled by the 
patient. It has been reported that engineered particles composed of lipid-coated 
budesonide microcrystals may provide an acceptable alternative formulation tech-
nology for MDIs in new hydrofluoroalkane propellants [18]. MDIs have also been 
used for aerosol delivery of polar low molecular weight molecules and macromole-
cules (such as peptides) to the lungs by the solubilization of polar compounds into 
dimethyl ether (DME) and DME/propane utilizing lecithin inverse microemulsions. 
Water-in-propellant DME/lecithin and DME/propane/lecithin microemulsions were 
shown to produce aerosols with particle size distributions suitable for pulmonary 
delivery [19, 20]. MDIs also have some disadvantages such as oropharyngeal depo-
sition of drugs due to the high velocity of propellants and the requirement of proper 
technique for correct use (coordinating the peak of inspiration with the actuation of 
the inhaler). In addition, implications that chlorofluorocarbons (CFCs) and now 
HFAs damaged the ozone layer drove down the development of MDIs [11].

A DPI is a breath-activated, nonpressurized device that delivers medication to 
the lungs in the form of a dry powder. DPI systems offer an efficient and environ-
mentally friendly delivery system. These devices eliminate the need for propellants, 
and are less dependent on coordination of inhalation and device actuation. DPIs are 
generally formulated as one-phase, solid particle blends. Dry powders tend to reduce 
the rate of chemical degradation and the possibility of reaction with contact surfaces 
compared to wet formulations. Other advantages of dry powder systems include the 
potential for delivering a small or large mass of drug per breath, and their applicabil-
ity to both soluble and insoluble drugs [21, 22].

Difficulties can arise in producing sufficient air flow through the device to entrain 
the drug and subsequently break up the powder into aerosol particles that are small 
enough to reach the lungs. Insufficient patient inhalation flow rates may lead to 
reduced dose delivery and incomplete deaggregation of the powder, resulting in 
unsatisfactory device performance. Furthermore, fine powder particles often have a 
tendency to stick to each other. These agglomerates can be difficult to break apart 
into breathable particles. Currently, devices with restricted flow and tortuous paths 
are used to disaggregate powders. A key to efficient aerosol delivery is the formulation 
of readily dispersible powders with small particle size by particle engineering. 
Advanced particles would enable the use of small, cheap, and user-friendly devices 
to generate efficient dispersion and dissemination of the drug aerosol, even at low 
inspiration flow rates common for compromised pediatric or geriatric patients [23].

DPIs can be categorized into three types based on design (Fig. 13.3). The first 
group comprises single unit dose systems (usually employing a capsule). The second 
type is a multiple unit dose dispensing system and the third class of DPI consists of 
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devices that contain multiple doses. The use of a capsule as a unit container is 
convenient and often does not lead to a marked loss of drug through residual drug 
remaining in the capsule after activation. Moisture retention by gelatin capsules or 
the drug powder may cause a problem with stability of the drugs and ease of powder 
dispersion. Hence, the subsequent generation of multiple unit dose devices has 
emerged to solve such problems by protecting the drug from moisture until the point 
of administration. In some newer devices, the FPF is often not improved. The dose 
uniformity in some multiple dose systems can be poor and may therefore have to be 
filled with more drug than is needed to maintain dose uniformity [25, 26].

In general, formulators usually face many challenges that make designing an 
inhaled aerosol device quite difficult. An important challenge is the efficient 
 production of drug particles that have a very small size from a device that can be 
used easily. Another challenge is that individuals tend to inhale in different ways 
and as a result, an inhaled aerosol is subjected to a variable air velocity and duration. 
A third challenge is the anatomical variation in the geometry of mouth–throat  airway 
passages. The differing effects of device mouthpieces on mouth–throat geometry, 
their effect on the fluid mechanics in the mouth–throat, and the differences in the 
lung geometry between individuals are important considerations. Finally, different 
disease states can result in further differences in anatomy and breathing patters, 
which affect the spatial distribution of drug particles.

13.5  Particle Engineering Technologies for Pulmonary Delivery

The restrictions associated with MDI have encouraged the investigation of dry  powder 
systems. Consequently, a variety of novel DPIs has emerged and a number of them 
have been introduced in the market. Currently, all marketed dry powder inhalation 
products are delivered from passive DPIs that depend on the patient’s inspiratory effort 
as the only source of energy for particle dispersion. However, despite improvement in 
device design, the efficiency of DPIs is still poor mainly due to significant powder 
dispersion problems resulting in poor lung deposition and high dose variability. This 
has led to a further shift of focus toward engineering particle properties as a means of 
improving powder dispersion and ultimately DPI performance [27]. To obtain particles 

Fig. 13.3 Design decisions affecting the development of dry powder inhalers (Taylor et al. [24], 
used with permission)
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appropriately sized for inhalation, methods for size reduction have been required. 
Common techniques used in the pharmaceutical  industry include milling, spray drying, 
precipitation from solution, and more recently nanoparticle-based formulations.

13.5.1  Milling Technology

Milling is the mechanical process of reducing large particles to a powder of  
micro- or nano-size (Fig. 13.4). Milling can be achieved by jet milling and ball  milling 
on a wet or dry basis. Both techniques can produce particles less than 5 mm in diam-
eter; however, the energy input for each of the techniques is different. The physical 
properties of powders may differ depending on the milling technique used, which can 
have a significant impact on aerosolization. Dry milling has been known to create 
partially amorphous materials with surface charge, possibly resulting in particle 
agglomeration. This problem can be eliminated by specialized milling methods such 
as fluid energy milling at elevated humidity and wet milling technology [28].

13.5.1.1  Fluid Energy Milling

Fluid energy or jet mills create particles under 25 mm through particle impaction in 
high velocity air. Compressed air produces a high-speed jet stream that passes the 
feed funnel and draws powder into a grinding chamber. Pulverizing nozzles 
are installed around the grinding chamber and inject additional high-speed air into 
the grinding chamber in a rotational direction. The centrifugal air flow accelerates 

Fig. 13.4 The particle size distribution profile of naproxen crystals before and after milling. 
Before milling, the drug crystals had a mean particle size of 24.2 mm. After being processed for 
30 min in a media mill, the mean particle size of the nanocrystalline dispersion was 0.147 mm with 
D

50
 = 0.205 mm (adapted from Merisko-Liversidge et al. [30], used with permission)
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particles and reduces particle size by particle-to-particle impaction. The air flow 
drives large particles toward the perimeter, but small particles move toward the 
center where they exit through the outlet [29].

For decreasing the amorphous content in powders produced by milling, fluid 
energy milling can be carried out at elevated humidity to enhance in situ crystalliza-
tion. It has been reported that the milled products are mostly crystalline with particle 
size distributions similar to those produced by the conventional milling process. 
The system entails control of the relative humidity (e.g., 30–70%) of the milling 
chamber by humidifying the feed gas (e.g., by superheated steam to minimize con-
densation) used for milling the powder [30, 31].

Narrow size distributions of jet-milled and spray-dried mannitol particles have 
been produced in the respirable (1–10 mm) range. A previous report indicated that 
the particle size (d

50
) and particle morphology differed between the jet-milled and 

spray-dried particles, whereas similarities were noted in other physicochemical 
properties. Significant differences were observed between the aerosol dispersion of 
the angular jet-milled particles and spherical spray-dried particles. MMAD for both 
technologies ranged from 3.8 to 6 mm. Higher MMADs were obtained with increas-
ing d

50
 for both jet-milled and spray-dried particles, which was attributed to the ratio 

between aerodynamic and geometric diameters. Spray-dried particles produced 
higher values of FPF compared with jet-milled particles, but differences between 
jet-milled and spray-dried particles were not observed in emitted dose (ED), 
MMAD, or geometric standard deviation (GSD) [32].

13.5.1.2  Wet Milling Technology

Wet milling is an aqueous milling process capable of reducing the particle size to 
nanoparticles [33]. Fine-ball mills are popular because of their simplicity and scal-
ability. Since the particles are produced in water, amorphous regions in the particles 
may undergo recrystallization. Thus, the wet-milled powder is anticipated to be 
crystalline and more stable to moisture than powders produced by dry milling [34]. 
Nanoparticle-based aerosols produced by this technique are reviewed in Sect. 5.7.

13.5.2  High-Pressure Homogenization

High-pressure homogenization is another mechanical process used to reduce the 
particle size of poorly soluble compounds. This approach includes several technolo-
gies depending on the homogenization equipment and conditions.

13.5.2.1  Microfluidizer Technology

Particles can be produced by a high-shear process using jet-steam homogenizers, 
such as microfluidizers. Particle collision, shear forces, and cavitation forces are 
created as a result of a frontal collision of two fluid streams under pressures up to 
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1,700 bar, which can lead to particle size reduction to the nanometer range. 
Surfactants are typically necessary to stabilize the desired particle size. In many 
cases, 50–100 passes are needed for sufficient particle size reduction. This principle 
has been applied by SkyePharma, Inc. for its IDD-P™ technology [35].

13.5.2.2  Piston-Gap Homogenization

Particle engineering in this process is based on cavitation forces created in high-
pressure homogenizers. The suspension of a drug and surfactant is forced through a 
very small gap of the homogenizer under pressure of approximately 1,500 bar, usu-
ally using 3–20 homogenization cycles. Due to the small gap, the high streaming 
velocity of the suspension and the increased dynamic fluid pressure (according to 
Bernoulli’s law) are compensated by the reduction in the static pressure on the fluid 
below the boiling point of water at room temperature. Consequently, water starts 
boiling at room temperature and gas bubbles are formed that collapse when the fluid 
leaves the homogenization gap. These cause cavitation-induced shock waves, 
thereby shearing the particles [36, 37]. Budesonide nanosuspensions have been suc-
cessfully formulated using a piston-gap homogenizer depending on the processing 
pressure, and number of cycles applied [38, 39].

DissoCubes™ technology is another example of this process developed by 
Müller et al. in 1994, which was recently released as a patent owned by SkyePharm 
PLC. Enhanced dissolution behavior and the cubic shape of the resulting nanocrys-
tals were reported [40]. Scholer et al. prepared atovaquone nanosuspensions using 
DissoCubes™ technology with a mean diameter of 279 nm ± 7 and mean polydis-
persity index of 0.18 ± 0.001 [41].

NanoPure® technology is another approach using the piston-gap homogenizer, 
owned and developed by PharmaSol GmbH in Berlin. This technology exploits 
dispersion media with a low vapor pressure and optional homogenization at low 
temperatures. The cavitation in the homogenization gap is reported to be very little 
or nonexistent. The remaining shear forces, particle collisions, and turbulence are 
enough to attain particle size reduction. The possible low temperatures while 
homogenizing permit the processing of thermally labile drugs. It is feasible to apply 
the process to nonaqueous media to protect drugs from hydrolysis [42]. NanoEdge™ 
technology, owned by Baxter Company, uses a precipitation step with subsequent 
attrition by applying high shear and/or thermal energy [43]. Nanopure XP technol-
ogy, owned by PharmaSol GmbH, is a combination method using a pretreatment 
step followed by homogenization to create particles below 100 nm. It allows the 
extension of the performance of Nanopure technology to very hard and crystalline 
materials [44].

Homogenization processes are advantageously used to engineer particles for many 
reasons. High-pressure homogenizers are available with various capacities ranging 
from a few hundred to a few thousand liters per hour, allowing large-scale production 
of a drug delivery system. Drug crystallinity has been reported to be changed by high-
pressure homogenization processes. A portion of poorly water soluble drugs in the 
particles was amorphous in some cases, while the drugs were wholly amorphous in 



294 N. El-Gendy et al.

other cases. In addition, homogenization may be exploited after rapid precipitation to 
further decrease particle size. A possible disadvantage of high- pressure homogeniza-
tion processes includes the amorphous fraction produced in some cases, since this can 
be a challenge with respect to pharmaceutical stability [38].

13.5.3  Spray Drying Technology

Spray drying was the breakthrough technology that was explored in the 1940s as a 
promising alternative method of fabricating nanoparticles and microparticles with 
desirable flow and dispersion characteristics for pulmonary administration, perhaps, 
without the need for coarse carriers. Spray drying has been shown to be a scalable, 
robust, and pharmaceutically viable process for powder production. The first 
 pharmaceutical product targeting systemic treatment through the pulmonary delivery  
route was inhaled insulin Exubera™. This dry powder was formulated by a spray 
drying process to engineer homogeneous particles containing an accurate amount of 
drug and excipients [45].

Anti-asthmatic drugs such as salbutamol sulfate, terbutaline sulfate, isoprenaline 
sulfate, and sodium cromoglycate have been formulated using this technology. 
In addition to drug production, spray drying has been used to produce carrier parti-
cles. For example, spherical lactose carrier particles containing budesonide have 
been prepared by this method. Spray drying is not limited to aqueous solutions. 
Nonaqueous systems have also been used to prepare porous particles suitable for 
aerosol delivery [46–48]. This technology has attracted much attention to respira-
tory drug delivery as a result of its potential application to the formulation of thera-
peutic proteins and peptides for systemic delivery via the lungs. There have been 
numerous studies illustrating the possibility of engineering protein particles with 
the desired physical characteristics for inhalation. In general, the MMAD of the 
particles generated by this technique is in the range of 1.5–4.0 mm, as observed for 
insulin, parathyroid hormone, human calcitonin, a-1 antitrypsin, b-interferon [49–51], 
influenza vaccine [52] as well as nucleic acid drugs, DNA/lipid vectors, viral  vectors, 
and vesicle structures [53].

A typical spray drying process consists of three steps: (a) spraying of dissolved 
drug and excipient solution through an atomization nozzle; (b) drying of sprayed 
droplets at elevated temperatures; and (c) separation of dried product from the air 
(Fig. 13.5). For each of these operating steps, a wide variety of process designs are 
available, depending on specific needs or applications. The particle size of the dried 
particles is directly affected by the atomizer performance. There are various types 
of atomizers used in industrial spray drying applications, depending on the droplet 
size required. These include rotary atomizers, pressure nozzles, two-fluid nozzles, 
ultrasonic atomizers, and more recently four-fluid nozzles with in-line mixing. 
The later has been developed for the production of composite particles [28, 54].

Although the drying air temperature can be relatively high (>100°C), the actual 
temperature of the evaporating droplets is considerably lower due to cooling by the 
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latent heat of vaporization. Thus, thermal degradation of the active ingredient may 
not be as great of a concern as it first appears. The system can also be tailored for 
better product recovery and larger scale production, especially for thermally sensi-
tive materials such as proteins and peptides. For example, by replacing the bag-filter 
unit with a vacuum system, the drying airflow resistance can be reduced, thus 
allowing  the protein product to be dried at a lower inlet air temperature. Design of 
high-efficiency cyclone separator is also essential for this technology to be 
 economically acceptable on an industrial scale [55].

Spray drying technology has been used for fabrication of low-density particles. 
Particles of low density (r) are advantageous for aerosol drug delivery because of 
their relatively large volume diameter (d

v
) and small aerodynamic diameter (d

a
) lead-

ing to better dispersibility and more efficient deep lung deposition. FPF reaching  
65–95% has been reported [50]. Furthermore, large porous particles produced in this 
manner were proposed to escape from the natural phagocytic clearance in the lungs, 
which may enhance bioavailability. Currently, low-density particles can be engi-
neered by the PulmoSphere™ process, involving spraying an emulsion of fluorocarbon 
in water stabilized by phospholipid, where the drug is dissolved or dispersed in the 
external aqueous phase containing excipients such as hydroxyl ethyl starch. The fluo-
rocarbon acts as a blowing agent at high temperature to produce foam-like porous or 
hollow structures with a tapped density <0.1 g/cm3 (Fig. 13.6) [56].

PulmoSpheres™ were originally developed as ultrasound contrast media [57] and 
have been administered to the lung by liquid instillation. [58] They have been used for 
pulmonary delivery of several small molecules and peptides [59, 60] and have been 
recommended for vaccination applications [61], modulation of immune responses, 

Fig. 13.5 Schematic 
diagram of the spray drying 
process. Drug and excipient 
solution enter the drying 
chamber (b) through the 
nozzle (a), where it is 
carried by a hot air flow and 
the solvent is evaporated 
(c). The droplets that form 
then enter a cyclone 
separation chamber (d), 
where the solvent is 
evaporated, particles are 
collected (e), and exhaust is 
expelled (f) (adapted from 
Chan et al. [28])
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[62] or immunoglobulin delivery [63]. The efficacy of these advanced particles in 
DPIs [59] or MDIs has been shown to exceed that of conventional dosage forms. It has 
been reported that the pulmonary delivery of tobramycin using PulmoSpheres™ was 
9 times as efficient as delivery by a nebulizer [64]. A study on budesonide reported a 
twofold efficiency advantage relative to a conventional powder formulation [59].

Alternatively, a particulate form incorporating nanoparticles into micron-scale hol-
low or porous structures has been engineered to overcome the issues of storing and 
delivering nanoparticle suspensions to the lungs. This process was developed by 
Tsapis et al. and is referred to as “porous nanoparticle-aggregate particles” (PNAPs) 
[65]. These porous particles can be prepared by cospray drying of drugs, such as insu-
lin, albuterol, or estradiol dissolved in an ethanolic solution, with simple sugars and/
or polysaccharides (e.g., lactose) and additives such as human serum albumin and 
dipalmitoyl phosphatidylcholine (DPPC) [66, 67]. During spray drying, such mix-
tures may produce walled hollow particles, which collapse into a crumpled paper-like 
capsule structure. Similar to prior spray drying approaches, the size, density, and 
morphology of the resulting particles can all be controlled by varying the concentra-
tions of DPPC and lactose [67]. The matrix of the carrier microparticle can consist 
of only nanoparticles or additional inert pharmaceutical excipients, such as amino 
acids, sugars, or phospholipids. Upon exposure to water the matrix of the PNAPs 
dissolves and readily releases the nanoparticles.

The formation of PNAPs during the drying process can be characterized by the 
Péclet number (Pé), a dimensionless mass transport number that compares the times 
for droplet drying and nanoparticle diffusion, and is defined by the equation 6:

 

2

d

,
R

P
D

=
t

é
 

(13.6)

where R is the radius of the droplet, t
d
 is the time required for a droplet to dry, and 

D is the solute (or nanoparticle) diffusion coefficient. A porous particle is formed 

Fig. 13.6 Pulmo-
Spheres™ solid foam 
particles (Vehring [66], 
used with permission)
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when the droplet dries quickly and solutes or nanoparticles diffuse slowly and thus 
stay at the surface of the drying droplet without enough time to diffuse to the center 
(Pé >1). The solutes and nanoparticles accumulated at the evaporating front of the 
droplet form a shell that dries to become the hollow microparticle. The nanoparti-
cles are held together in this form by both physical forces (e.g., van der Waals force) 
and the continuous matrix of excipients. PNAP characteristics can be controlled by 
manipulating variables such as nanoparticle size, nanoparticle composition, excipi-
ents used to form the PNAP matrix, solution solids concentration, and nanoparticle 
concentration in the final particle. The drug release from PNAP can be influenced 
by the drug concentration in both the nanoparticles and carrier particles [11].

13.5.3.1  Spray Freeze Drying

Spray freeze drying (SFD) has been explored for pharmaceutical applications since 
the early 1990s. This process involves spraying an aqueous drug solution via a two-
fluid or an ultrasonic nozzle into a spray chamber filled with a cryogenic liquid 
(liquid nitrogen or refrigerant such as CFC or fluorocarbon) followed by ventilation 
or lyophilization to obtain dry, free-flowing micronized powders. The spraying pro-
cess can be performed directly into (spray freezing into liquid; SFL) or above the 
surface of the cryogenic liquid, depending on the position of the nozzle [68, 69]. 
Atomization into the nitrogen vapor above the liquid gas leads to gradual agglom-
eration and solidification of the solution droplets that pass through the vapor phase 
and then settle to the surface of the cryogenic liquid. As a result, broad particle size 
distributions and nonmicronized dry powders may result. To circumvent these prob-
lems, spray freezing into liquid (SFL) was developed and this process was patented 
by The University of Texas at Austin in 2001 [70] and commercialized by Dow 
Chemical Company. The SFL process can achieve intense atomization and rapid 
freezing rates. The ultra-rapid freezing rates avoid the phase separation of solutes 
within the feed solution and induce formation of amorphous structures with high 
surface areas, enhanced wetting, and significantly enhanced dissolution rates [68]. 
It has been reported that the SFL process can use organic solvents such as ace-
tonitrile as the solution source solvent in addition to an aqueous solution or water/
organic cosolvent such as water and tetrahydrofuran (THF). The SFL acetonitrile 
system offers several advantages, including increasing the drug loading in the SFL 
feed solution and decreasing the drying time for lyophilization following the SFL 
process. A recent study also demonstrated that rapidly dissolving SFL micronized 
powders have been produced by SFL with an organic solvent mixture [71].

Compared to spray drying, SFD produces light and porous particles with 
enhanced aerosol performance and the production yield is almost 100%. The method 
has been applied to prepare rhDNase and anti-IgE antibody [72] particles for inhala-
tion and can also be used for anti-asthmatic compounds. However, SFD methods are 
not as well established and widely utilized as spray drying due to higher complexity, 
scale-up, and expense. Despite these encumbrances, with the introduction of new 
large-scale spraying techniques and enhancing drying cycles, SFD has become a 
viable alternative to spray drying that is not limited to aqueous solutions [71].
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13.5.3.2  Controlled Evaporation of Droplets

Like spray drying, controlled evaporation of droplets is a single-step continuous 
process; however, this method achieves better control over the temperature and resi-
dence time of droplets. In this process, the drug solution is atomized into a carrier 
gas for drying using an ultrasonic nebulizer. The droplets suspended in a carrier gas 
are then fed into a tubular flow reactor housed in a constant temperature oven for 
evaporation. Since the feed rate and temperature are adjustable, the temperature and 
residence time of the droplets can be controlled. The method has the potential to 
control particle morphology and drug polymorphic form and has been used to pro-
duce beclomethasone dipropionate particles [73].

13.5.3.3  Evaporation of Low-Boiling-Point Solutions

Evaporation of low-boiling-point solutions entails simply the dissolution of the 
active pharmaceutical ingredient in a low-boiling-point organic solvent, followed 
by atomization and evaporation of the resulting droplets to produce dry particles. 
This concept is somewhat similar to both spray drying and supercritical fluid (SCF) 
expansion [28].

13.5.4  Precipitation Technology

Precipitation technology is one of the oldest methods for the production of micropar-
ticles and nanoparticles. The first application of this technique was known as hydro-
sol technology that was developed by List and Sucker and owned by Sandoz (now 
Novartis) [74]. In general, the drug is dissolved in a solvent and subsequently added 
to an antisolvent, leading to the precipitation of finely dispersed drug particles.

13.5.4.1  Direct Controlled Crystallization

Controlled crystallization of hydrophobic drugs in the respirable size range can be 
obtained by an antisolvent precipitation technique using growth-retarding stabiliz-
ing additives such as hydroxypropylmethylcellulose (HPMC). It has been reported 
that precipitated drug particles such as budesonide, predonsiolone, fluticasone, and 
disodium cromoglycate have a higher FPF than jet-milled samples. These particles 
often have lower amorphous content than that of the mechanically treated micron-
ized materials. This technology has been used for engineering Zinc-free insulin 
crystals in the inhalable size range of 0.2–5 mm. These crystals were found to be 
more stable than powders of essentially the same composition prepared by spray 
drying, freeze drying, vacuum drying, or oven drying [75–77].
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An antisolvent precipitation approach for preparing ultra-fine budesonide 
 particles suitable for dry powder inhalation produced particles with controlled 
shape. Crystals of rectangular shape were obtained from an acetone–water system 
while elliptical particles were obtained from a methanol–water system. Both were 
no more than 5 mm in length and 300 nm in thickness, and formed agglomerates. 
When stabilizers such as hydroxypropyl cellulose and tyloxapol were present, uni-
form spindle or ellipsoidal particles less than 5 mm in diameter could be prepared 
(Fig. 13.7). All the prepared particles had the same crystalline structure as the com-
mercial budesonide product, as assessed by X-ray diffraction. Higher FPF (~69%) 
values were observed from the agglomerates formed from flaky particles compared 
to spindle or ellipsoidal particles [78].

13.5.4.2  Direct Crystallization of Spherical Agglomerates

Another approach used for pulmonary formulations involves antisolvent precipita-
tion of drug solution in a water-miscible organic solvent, followed by addition of a 

Fig. 13.7 SEM micrographs of various budesonide particles: (a) prepared using an acetone–water 
system; (b) prepared using a methanol–water system; (c) prepared by the methanol–water system 
in the presence of HPC (0.07%, g/mL); (d) prepared using a methanol–water system in the pres-
ence of Tyloxapol (0.16%, g/mL)
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bridging solvent, which is immiscible or partially miscible with water. For instance, 
incorporation of ethyl acetate into the water/acetone crystallization medium led to 
the fabrication of spherical agglomerates (200–300 mm) composed of primary 
 crystals in the respirable range (MMAD = 1.3–2.7 mm) [7]. Deagglomeration was 
achieved by mixing the agglomerated particles with a lactose carrier for 2 min or 
more, and the attached primary particles could then be easily separated from the 
lactose during inhalation. Spherical crystallization can also be attained by quench-
ing a hot organic or aqueous organic solution of the drug with a cold organic or 
aqueous organic solvent. The quench solvent should be miscible with the drug 
 solvent, for example, to produce spherical accretions of salmeterol xinafoate micro-
crystals. The resulting agglomerates were free-flowing, friable, and readily 
micronizable to a material suitable for inhalation delivery [7].

The challenge in all precipitation processes is that the drug needs to be soluble in 
at least one solvent, which creates problems for newly developed drugs that are 
insoluble in both aqueous and mild organic media. Another problem associated with 
this technology is that the formed nanoparticles need to be stabilized to avoid growth 
into micrometer crystals. As a result, it can be difficult to reproducibly generate 
particles in the micron range for aerosol delivery [79–81].

13.5.4.3  Sono-Crystallization

Ultrasound has been applied to control the precipitation process. The particle size 
can be altered by the ultrasound-induced mixing and the effect of cavitation on super-
saturation and nucleation, which may provide more uniform particles. Fluticasone 
propionate and salmeterol xinafoate are anti-asthmatic drugs successfully prepared 
using this technique. Furthermore, lowering the mean particle size can be achieved 
by adding high concentrations of growth-retarding or stabilizing excipients [28].

13.5.4.4  Microprecipitation by Opposing Liquid Jets

Excessive turbulence and intense mixing during precipitation can be achieved using 
a jet of drug solution opposing a jet of antisolvent coming through two opposing 
nozzles mounted in a small chamber. The crucial process parameters include the 
speed of the liquid jets and concentration of the drug solution. A high jet stream 
speed or a high drug concentration was found to give finer particles but at higher 
residual solvent level. The volume ratio of drug solution to antisolvent is also antici-
pated to influence the precipitation process [28].

13.5.4.5  Evaporative Precipitation into Aqueous Solution Process (EPAS)

The EPAS process uses rapid phase separation to nucleate and grow nanoparticles and 
microparticles of poorly water soluble drugs. The drug is first dissolved in a low boiling 
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liquid organic solvent. Then, this solution is pumped through a tube where it is heated 
under pressure to a temperature above the solvent’s normal boiling point and then 
sprayed through a fine atomizing nozzle into a heated aqueous solution. The nozzle is 
immersed into the aqueous solution to ensure that the nucleating drug particles contact 
the nonsolvent with hydrophilic surfactant rapidly, thus, inhibiting crystallization and 
growth of the drug particles. The stable aqueous drug suspension is then dried by one 
of several techniques including ultra rapid freezing in conjunction with lyophilization 
or spray drying. The rapid evaporation of the heated organic solution in EPAS seems to 
result in fast nucleation leading to amorphous nanoparticle suspensions [82].

13.5.5  Supercritical Fluid (SCF) Technology

An SCF processes offer an alternative approach for engineering microparticles and 
nanoparticles directly from drug solutions. SCFs have gaseous and liquid properties 
at the temperature and pressure above their critical point (T

c
, critical temperature; P

c
, 

critical pressure; Fig. 13.8). CO
2
 is the most commonly used SCF for pharmaceutical 

applications because it has a low T
c
 (31.2°C) and P

c
 (7.4 MPa), is nonflammable, 

nontoxic, and inexpensive. SCF can serve as a solvent or an antisolvent [83, 84]. 
Early SCF processes demonstrated limited ability to engineer particles in the 
 respirable size range; however, SCF technologies are rapidly developing [85–93].

Rapid expansion of supercritical solutions (RESS) atomizes a high-pressure 
solution of the drug substance in an SCF into a low-pressure vessel, where it under-
goes expansion through an orifice to create extremely high supersaturation. This 
phenomenon can drive homogeneous nucleation and subsequent particle formation 
in the precipitation unit. This process is limited only for substances with high SCF 
solubility  (³10-3 kg/kg). Fluids such as DME may be necessary when processing 
polar  molecules; however, DME is flammable and difficult to recycle. RESS can be 
 optimized to achieve a relatively narrow particle size distribution and can also be 

Pressure
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Supercritical 
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Vapor

Temperature 
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Fig. 13.8 Typical phase 
diagram showing the 
supercritical fluid region
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used for the coating of micron-sized particles with CO
2
-soluble polymers or waxes. 

Also, the addition of an organic solvent miscible with CO
2
 can improve the 

 solubility of the drug; however, efficient removal of this solvent is required after 
expansion [94].

Johnston et al. developed a process based on Rapid expansion from Supercritical 
to Aqueous Solution (RESAS) to produce stable nanosuspensions of poorly water 
soluble drugs. This process includes the induction of rapid nucleation of the SCF-
dissolved drugs in the presence of surface modifying agents resulting in particle 
formation with a desirable size distribution in a very short time [95, 96]. Another 
modification is Rapid Expansion of Liquefied-Gas Solution and Homogenization 
(RELGSH), which was a combination of RESAS with high-pressure homogeniza-
tion developed by Pace et al. to create a stable and high-payload drug delivery sys-
tem. The microparticle or nanoparticle suspensions were formed by rapid expansion 
into an aqueous medium of a compressed solution of the compound. Surface modi-
fiers were added in a liquefied gas, and the resulting aqueous suspension was 
homogenized with a high-pressure homogenizer [97, 98].

In other SCF processes, referred to as Supercritical Anti-Solvent (SAS), the fun-
damental particle formation mechanism is based on rapid precipitation when a drug 
solution is brought into contact with an SCF. For instance, Solution-Enhanced 
Dispersion by Supercritical Fluids (SEDS) involves rapid dispersion and mixing of 
the drug solution with the SCF (typically in a coaxial spray arrangement) and extrac-
tion of the solvent into the SCF [7]. SEDS technology is able to produce crystalline 
powders of small molecules with a low amount of residual solvents and may offer 
direct fabrication of respirable drug particles. Additional advantages include the 
ability of supercritical solvents to be competently separated by decompression from 
organic cosolvents and solid powders, facilitating a single-step, clean and solvent 
recyclable process [83, 99].

As most of the drugs have very limited or no solubility in CO
2
, these SAS pro-

cesses have attracted much attention because they offer a direct means for engineer-
ing micron-sized dry powders, such as budesonide and fluticasone [100, 101]. A 
number of pure and coated (with lecithin) particulate products that are suitable for 
formulation into pMDIs have been obtained with this technology. Coated particles 
produced with SAS processes showed a significant increase in FPF when compared 
with jet-milled products. Production of dry powders of salmeterol xinafoate, 
albuterol sulfate, terbutaline sulfate, and fenoterol hydrobromide have been investi-
gated and compared with micronized powders [7].

Supercritical Fluid Extraction of Emulsions (SFEE) is a novel process based on 
extraction of the organic phase in oil-in-water or multiple emulsions using SC CO

2
 

[102, 103]. This process has been shown to yield dramatically different crystal when 
compared to SAS (Fig. 13.9) [102]. Another method developed by Kompella et al. 
involves exposure of microparticles prepared by an emulsion solvent evaporation to 
SC CO

2
, resulting in a similar type of particle as prepared by SFEE, with particle 

porosity manipulated by adjusting the suspension depressurization rate. PLGA 
large-porous particles containing Deslorelin, a gonadotropin-releasing hormone 
super-agonist, were made using this method [104].
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13.5.6  Porous Microparticle Fabrication Techniques

An interesting design motif often employed in engineering pulmonary drug 
 formulations is that of large, porous microparticles. Porous particles may be ideal for 
pulmonary drug delivery because of their low density and large surface area. Most 
commonly, large porous particles have been produced by spray drying as  discussed 
earlier; however, multiple emulsion techniques, which includes a porogen in the 
organic phase, have also been reported [105, 106]. In general, water with a surfactant 
or another pore-forming agent is then emulsified into a volatile organic phase (W/O 
emulsion) containing the matrix-forming excipient (with or without porogen). This 
emulsion is then emulsified again into another water phase containing a surfactant 
(W/O/W emulsion). As the organic phase evaporates, the encapsulant (e.g., polymer) 
hardens into microparticles. The porogen can then be washed away or dissolved, 
revealing a porous microparticle structure that can have very diverse geometries 
depending on the polymer and porogen used (Table 13.1) [105–107].

Fig. 13.9 (a) Morphology 
of griseofulvin (GF) 
crystals produced using the 
SFEE method (volume-
weighted diameter 
(VMD) = 978 nm, 
number-weighted mean 
diameter (NMD) = 784 nm) 
in comparison to (b) 
crystals produced using 
supercritical antisolvent 
precipitation under the 
same conditions of 
pressure, temperature, and 
solution flow rate
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Table 13.1 Porous microparticle fabrication techniques

Drug Encapsulant Porogen Technique

Size 
(MMAD) 
(mm) Reference

BSA (model 
drug)

PLGA Cyclodextrin 
derivative

W/O/W emulsion 3.0 [105]

Plasmid DNA PLGA None W/O/W emulsion 3.8 [106]
Ciprofloxacin PLGA Canola oil or 

silicon oil
Precision particle 

fabrication
4.0 [107]

MMAD mas median aerodynamic diameter

Although multiple emulsion techniques have generated promising results, they 
do not offer great control over the variability in the particle size distribution [108]. 
To overcome this limitation, several studies have aimed to develop a Precision 
Particle Fabrication technique that sprays a drug and porogen-containing polymer 
solution through a nozzle under acoustic excitation to produce uniform droplets 
[107–109]. In one study, the authors used either canola oil or silicon oil as a  porogen. 
They found that the canola oil formed particles with a porous, web-like interior, 
while silicon oil formed particles with a solid exterior and hollow interior (Fig. 13.10) 
[107]. Particle morphology could be controlled by selecting oil porogens that were 
partially miscible or completely phase separated from matrix-forming polymer. The 
diffusive transport of the porogen (oil droplets) compared to the boundary velocity 
of the decreasing droplet radius (Pé number), was also a factor dictating particle 
appearance.

13.5.7  Nanoparticle-Based Formulations

In addition to the aerodynamic properties of particles, it is advantageous to consider 
how particle engineering will affect the rate of drug release. For instance, nanopar-
ticle-based formulations (defined here as d

v
 <1 mm) are gaining considerable inter-

est because of their enhanced release kinetics. Nanoparticle drug formulations 
possess very unique physical properties due to their small size [1]. For instance, the 
saturation solubility of drugs formulated as very small nanoparticles can be greater 
than that of bulk drug, as described by:

 ∞
 =   

m2
( ) exp

V
c r c

r R T

g. .
.

. .  (13.7)

where g is the interfacial surface tension between the particle surface and the 
 surrounding medium, V

m
 is the molar volume of the drug, r is the radius of the 

 particle, R is the gas constant, and T is the absolute temperature [110]. In addition 
to enhanced thermodynamic properties like saturation solubility, nanoparticles also 



30513 Particle Engineering Technologies for Pulmonary Drug Delivery

demonstrate enhanced mass transfer properties due to their large total surface area 
and high surface curvature [6]. This principle is generically captured by the Noyes-
Whitney equation [102].

 ( )
.

. .= −
+

d s
0

d s

d

( dt)

k km
s c c

m k k
 (13.8)

where dm/(m dt) is the fraction of mass dissolved in time, s is the surface area, c is 
the concentration of drug in the bulk, and c

0
 is the saturation solubility of the drug. 

The coefficients k
d
 and k

s
 are the diffusion and the surface kinetic components of the 

mass transfer coefficient [7, 102]. Typically, k
d
 is dependent on the stirring regime 

of the system, and k
s
 is dependent on the solution thermodynamics [102].

One approach that has been investigated as a means to deliver nanoparticles to 
the lungs without compromising their aerodynamic properties is to engineer 
microparticle–nanoparticle composite particles. Particles less than 1 mm in aerody-
namic diameter generally reach the alveolar region but may fail to deposit due to 

Fig. 13.10 Scanning electron micrographs of large porous particles using various porogens, as 
 demonstrated by Arnold, et al. (a) Surface morphology and (b) interior morphology of particles pre-
pared with canola oil as a porogen. (c) Surface morphology and (d) interior morphology of particles 
prepared using silicon oil as a porogen. The scale bars represent 10 mm (courtesy Arnold et al. [107])
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diffusional effects that prevent them from settling in the alveolar lumen. Developing 
particles that have the properties currently desired for optimal deposition in the 
lungs (1 mm < d

a
 < 5 mm), but retain the enhanced pharmacokinetic properties of 

nanoparticles has been a challenge [1].
PNAPS represent one possible approach; however, nanoparticles have also been 

incorporated into micron-sized carrier particles using a technique such as spray dry-
ing or SFD [111, 112]. Typically, nanoparticles are synthesized using a precipitation 
technique. After purification, the particles are mixed into an aqueous solution con-
taining dissolved lactose (or other appropriate matrix material), which is then spray 
dried to produce nanoparticle-containing lactose particles [111, 112]. Presumably, 
after inhalation and deposition into the alveolar region of the lungs, the lactose will 
dissolve, leaving behind their therapeutically active nanoparticle cargo. This tech-
nique has been investigated as a means to formulate the antineoplastic agent doxo-
rubicin [111] and human insulin [113].

Another technique used to synthesize nanoparticles for pulmonary delivery is 
wet milling nanotechnology, which is capable of reducing particle size to smaller 
than 400 nm. This approach has been led by Elan Pharmaceuticals [33]. Milling is 
often conducted using yttrium-stabilized zirconium oxide beads or highly cross-
linked plastic beads, such as hard polystyrene, or glass beads, ranging from 0.05 to 
3 mm, in a media mill. Impact and shear forces between the moving balls grind 
suspended solid particles. Mixing intensity and the number of contact points are the 
main factors that determine the size-milled particles. Grinding media of 1 mm or 
less in size is preferred to be effective in attrition [71, 114]. Milling time can range 
from minutes to days depending on the energy input and the brittleness of the drug 
particles. Milling can be conducted under refrigeration to minimize the thermal 
degradation of the active ingredient. Osatrander and coworkers reported budesonide 
milled to particle size of 166 nm, which was then spray dried to produce powder 
with a mean particle size of 1.35 mm. A surface modifier (such as polyvinyl pyrroli-
done (PVP), lecithin, and/or cellulose  derivatives) was added during or after milling 
to prevent agglomeration of the nanoparticles. This milled budesonide was used for 
nebulized delivery to the lungs [115].

Another possible method to overcome the challenge of imbuing nanoparticles 
with the aerodynamics of small microparticles is to engineer a cluster of drug nano-
particles that can be aerosolized and efficiently delivered to the lungs [116]. Recently, 
El-Gendy et al. have reported a NanoCluster SN™ process that is being commercial-
ized by Savara Pharmaceuticals [9, 117]. Typically, nanoparticles may first be syn-
thesized using a precipitation or other appropriate technique. Pure nanoparticle 
suspensions of hydrophobic drugs naturally agglomerate through via water exclusion 
or ‘hydrophobic’ interactions if stabilizers (e.g., surfactants) are not included. More 
stable nanoparticle suspensions may be flocculated by disrupting the colloidal stability 
of the nanoparticles. For example, electrostatic nanoparticle stability may be inter-
rupted by salting out using an amino acid or sodium chloride [116]. NanoCluster-SN™ 
assembly of nanoparticles in solution has been investigated as a means to formulate 
nifedipine [10], human insulin [6], a combination of paclitaxel and cisplatin [117], 
and budesonide among others (Fig. 13.11) [9].
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13.6  Summary

Current research in pulmonary drug formulations has shown that many diverse tech-
nologies have been used to manufacture drug-containing particles for pulmonary 
delivery. These technologies range from traditional techniques such as milling and 
spray drying to the more recent SCF techniques and nanotechnology. Technologies 
for engineering particle shape, density, and size will continue to be honed to enhance 
the effectiveness of pulmonary drug formulations. Continued development of sim-
ple engineering approaches may enable more drugs to be delivered through this 
route for local treatment of lung diseases or systemic therapy.
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Abstract Liposomes have been widely used in pulmonary drug delivery for  multiple 
applications including solubilization, sustained release, cellular and intracellular 
 targeting, minimization of toxicity, and facilitation of absorption. In this chapter, 
formulation aspects, aerosolization, and an extensive overview of the use of pulmo-
nary drug delivery of liposomes for disease and drug classes are provided. 
Specifically, this chapter examines liposomes from in vitro work to clinical studies.

Keywords Controlled release • Drug targeting • Gene delivery • Nebulization

14.1  Liposomes

Liposomes are concentric bilayered vesicles in which an aqueous volume is entirely 
enclosed by a membranous lipid bilayer composed mainly of natural or synthetic 
phospholipids. The structure of a liposome vesicle is shown in Fig. 14.1. Liposomes 
are the commonly used lipid-based drug delivery systems, other lipid carriers being 
solid lipid nanoparticles (SLN), oily suspensions, submicron lipid emulsions, lipid 
implants, lipid microtubules, and lipid microspheres [1].

14.1.1  Classification of Liposomes

Liposomes can be classified based on various parameters as shown in Table 14.1

 (I) According to their size and lamellarity [2] (Liposome classification based on size 
and lamellarity is explained in the Table 14.2 and is represented in Fig. 14.2)
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 (II) According to the method of their preparation [2–5] (e.g., preparation by 
 solvent-free or solvent-containing procedures)

 (III) According to their surface properties [6–9] (e.g., conventional liposomes, 
sterically stabilized liposomes, or immunoliposomes)

 (IV) According to their application [10, 11] (e.g., diagnostic liposomes or thera-
peutic liposomes)

Hydrophilic head

Hydrophobic tail

Aqueous interior

Phospholipid 
molecule

Structure of an unilamellar liposome

Fig. 14.1 Liposome structure

Table 14.1 Classification of liposomes

(I) According to size and lamellarity
1. Unilamellar vesicles
2. Oligolamellar vesicles
3. Multilamellar vesicles
4. Multivesicular vesicles

(II) According to method of preparation
1. Liposomes prepared by solvent-free procedures

(a) Dry-film or thin-film hydration
(b) Lipid partitioning of hydrophobic peptides
(c) Lipid surfactants
(d) Polymorphic lipid
(e) Freeze–thaw liposomes
(f) Freeze-dehydration liposomes
(g) Osmotically dried vesicles

2. Liposomes prepared by solvent free procedures
(a) Reversed-phase evaporation technique
(b) Stable plurilamellar vesicle procedure
(c) Ethanol injection technique

(III) According to surface properties
1. Conventional liposomes
2. Sterically stabilized or stealth liposomes

(IV) According to application
1. Diagnostic liposomes
2. Therapeutic liposomes
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Fig. 14.2 Classification of liposomes according to size and lamellarity

Table 14.2 Classification of liposomes according to size and lamellarity

Vesicle type Abbreviation Diameter size Number of lipid bilayers

1. Unilamellar vesicles UV 20 nm–1 mm One
(a) Small unilamellar 

vesicle
SUV 20–100 nm One

(b) Large unilamellar 
vesicle

LUV More than 100 nm One

(c) Giant unilamellar 
vesicle

GUV More than 1 mm One

2. Oligolamellar Vesicle OLV 0.1–1.0 mm Approximately 5
3. Multilamellar Vesicle MLV More than 0.5 mm 5–25
4. Multivesicular Vesicle MV More than 1 mm Multicompartmental structure

14.2  Liposomes for Pulmonary Drug Delivery

In spite of availability of other advanced drug delivery systems such as microparti-
cles and nanoparticles, liposomes are considered to be promising candidates for 
pulmonary drug delivery [12] due to the following reasons:

 1. Ability to solubilize poorly soluble drugs
 2. Capacity to provide a reservoir for sustained release, prolonging local and sys-

temic therapeutic levels
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 3. Facilitation of intracellular delivery of drugs especially to alveolar macrophages
 4. Avoidance of local irritation of lung tissue
 5. Ability to target specific cell populations using surface-bound ligands or antibodies
 6. Potential to be absorbed across the epithelium intact to reach the systemic 

circulation

Another reason for their choice is the chemical similarity of liposome formulations 
with lung surfactant. Human pulmonary surfactant is a mixture of lipids and proteins, 
of which the lipids account for nearly 20% of total tissue dry weight. The lipid pool 
comprises about 80% phospholipids, principally dipalmitoylphosphatidylcholine 
(DPPC), and 8% neutral lipids (cholesterol and free fatty acids). Other phospholipid 
components of surfactant are phosphatidyl glycerol (PG) and phosphatidyl inositol 
(PI). The four surfactant proteins (SPs), SP-A, SP-B, SP-C, and SP-D, account for 
12% of the surfactant content. Of these, SP-A and SP-D are large, glycosylated water-
soluble molecules, whereas SP-B and SP-C are highly hydrophobic small peptides.

Some early studies performed by various scientists suggest the safety and efficacy 
of liposomes as pulmonary drug delivery systems. Geiger et al. [13] reported the 
rapid uptake of radiolabelled DPPC liposomes in phosphate-buffered saline by 
alveolar type I and II cells and slower uptake of the same by macrophages. Oyarzun 
et al. [14]; Oyarzun and Clements [15] and Pre et al. [16] reported on the safety of 
radiolabelled liposomes composed of d- and l-isomers of DPPC and DPPC:DPPG 
instilled into rabbit lungs. No untoward pulmonary responses (i.e., arterial blood 
gases, pH, lung appearance, lavage fluid lactate dehydrogenase activity, protein 
content, and cell consistency) were observed following liposome instillation, which 
suggested safety of liposomes as drug carriers. It was clear from the results of the 
studies that liposomes comprising DPPC or DPPC:DPPG when delivered to the 
lung associate rapidly with the alveolar surfactant and enter the surfactant pool 
without disturbing normal metabolic activity or stimulating alveolar macrophage 
activity [17, 18].

Juliano and Mc Cullough [19] demonstrated that the half-life of cytosine arabi-
noside encapsulated in liposomes was 12 times longer than the same compound 
administered in solution. Mizushima et al. [20] successfully prepared aerosols of 
lipid-prostaglandin E1, a potent bronchodilator with irritating properties that 
 precludes it use in man. He also demonstrated the effectiveness of the aerosol in 
protecting guinea pigs from histamine-induced dyspnea [17].

14.3  Factors to Be Considered in Formulating  
Liposomes for Pulmonary Delivery

14.3.1  Particle Size and Surface Charge

One of the most important formulation parameter for pulmonary delivery is 
the particle size. Owing to the well-defined branching architecture of the 
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 tracheobronchial tree leading to progressive narrowing of its airways at succeeding 
bifurcations, size of liposomal vesicle becomes a critical property in formulation 
development. Larger particles (4–7 mm) tend to deposit in the airways, while par-
ticles between 1 and 3 mm and those in submicron range (<1 mm) reach the lower 
airways and deeper lung. When delivering aerosolized liposomes, the liposomal 
particles become a part of the aerosol droplet, and pulmonary deposition is consid-
ered a function of aerosol droplet size rather than of liposomal vesicle size, which 
was elegantly demonstrated by Farr et al. [17, 21, 22].

Surface charge refers to the net charge of the liposomal surface (z-potential). The 
z-potential of liposomes can be amended by incorporating charged lipids (positive 
and negative) in the formulation. Liposomes bearing net positive or negative charge 
are known to accumulate to a greater extent in the lung in comparison to uncharged/
neutral vesicles [17]. However, even liposomes prepared from neutral lipids possess 
nonzero z-potentials over a wide range of ionic strengths. This is due to the fact that 
zwitterionic head group of neutral lipids absorbs anions or cations, leading to 
slightly negative or positive z-potentials [17, 23].

14.3.2  Rigidity and Stability of Liposomes  
in Bronchoalveolar Lavage Fluid (BAL)

The rigidity of liposomal membranes constitutes yet another important formulation 
property, especially, during nebulization of liposomes or assessment of liposomal 
stability in BAL. Rigidity can be brought about by the use of rigid phospholipids or 
incorporation of cholesterol. The factor is also known to have an influence on the 
leakage of encapsulated drugs particularly when the temperatures during nebuliza-
tion are higher than the phase transition temperature (Tc) of the lipid mixture. Stability 
in BAL is also enhanced with increasing transition temperature of the lipid mixture.

It was observed by Niven and coworkers that nebulization of liposomes above 
Tc of the phospholipids resulted in increased release of encapsulated carboxy-
fluorescein. Bridges et al. [24] studied the influence of rigidity using air-jet and 
ultrasonic nebulizers. They concluded a greater disruption of fluid egg-PC lipo-
somes and increased resistance of DPPC:Chol liposomes with both nebulizer 
types [24]. Zaru et al. [25] reported better encapsulation and retention of ripam-
picin after nebulization with rigid liposomes in comparison to fluid ones. 
Moreover, the retention was found better with increasing rigidity or higher Tc. In 
other words DSPC:Chol liposomes were more resistant to nebulization compared 
to DPPC:Chol and PC:Chol liposomes [25]. Shek et al. [22] demonstrated 
increased stability of liposomes in BAL with increasing Tc in the order 
DMPC<DPPC<DSPC encapsulating glutathione. Incorporation of cholesterol 
had a positive effect toward membrane stability in DPPC and DMPC liposomes, 
whereas it caused membrane fluidization and increased glutathione release from 
DSPC liposomes [22].
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14.3.3  Liposomal Dry-Powder Inhalers

Conventional DPIs are formulated either as loose agglomerates of micronized drug 
particles with particle size less than 5 mm or as carrier–drug mixtures of micronized 
drug particles adhered onto surface of large lactose carriers (see Chap. 9 of this book 
for more). However, current trends in DPI formulation include the preparation of lipo-
somal suspensions, which are then converted into dry liposomal powders after the 
addition of cryoprotectants, carriers, additives, and antiadherents (alone or in combi-
nation) by lyophilization, spray drying, spray freeze-drying, or supercritical fluid 
technology. To the liposomal dry powder obtained coarse carriers, lubricants and anti-
adherents are added and sieved to obtain the final liposomal dry-powder formulation.

Recent studies have suggested the success of DPI technology for pulmonary 
delivery of liposomal drugs. Bi et al. [26] demonstrated the hypoglycemic ability of 
spray-freeze-dried insulin-loaded liposomes in rats delivered by DPI. Insulin lipo-
somes were prepared by reversed-phase evaporation technique, and the liposomal 
suspension thus obtained was spray-freeze-dried. On administration to rats by intra-
tracheal instillation, insulin-loaded liposomes reduced the blood glucose level in 
rats. This effect lasted markedly longer in comparison to that obtained by treatment 
with insulin solution [26].

Shahiwala et al. [27] reported the effectiveness of therapy with levonorgesterol 
in comparison to oral administration of the same. Liposomes of levonorgesterol 
were prepared by reversed-phase evaporation technique, and the liposomal suspen-
sion was subjected to freeze-drying. On intratracheal instillation, the bioavailability 
of the formulations decreased in the following order: liposomal formulation of the 
drug > physical mixture of drug and liposomal constituents > plain drug formula-
tion > oral administration of the drug. Moreover, the orally administered formula-
tion showed a high initial C

max
 followed by subtherapeutic concentrations, whereas 

formulations after pulmonary administration showed a lesser initial C
max

 followed 
by maintenance of effective plasma concentration up to 60 h [27].

The biggest disadvantage of liposomal dry-powder formulation is leakage of 
encapsulated drug during lyophilization and jet milling. Desai et al. [28] suggested 
a novel approach to overcome these deleterious effects; using lactose as cryopro-
tectant during lyophilization, they proved 90% drug retention in liposomes after 
reconstitution, which was reduced to 40% on jet milling. They then tried prepara-
tion of a phospholipid-based dry powder formulation that does not require a lyo-
philization step. This was made possible by blending phospholipids, drug, and 
cryoprotectant in powder form and micronizing them. The micronized powder was 
stored at room temperature (in contrast to liposomal suspensions that need to be 
refrigerated), which on reconstitution gave MLVs [28].

14.3.4  Nebulization of Liposomes

Nebulization is most common approach in pulmonary delivery of liposomes (see 
Chap. 10 of this book for more detail on nebulizers).
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Several studies have been performed on the mentioned nebulizers to assess their 
efficiency and compatibility in liposomal drug delivery. Factors to be considered 
during nebulization include the aerosol droplet size, rate of aerosol output, tempera-
ture of the drug solution reservoir, viscosity of the drug solution, lipid concentra-
tion, rigidity of liposome composition, and PEGylation-related effects.

Steckel et al. [29] reported the factors affecting aerosol performance during neb-
ulization with jet (Pariboy) and ultrasonic (Multisonic) nebulizers. They published 
the series of changes occurring to the drug solution in the reservoir over 10 min of 
nebulization time. The Pariboy device was characterized by an initial drastic 
decrease in temperature, leading to decreased saturated vapor pressure, increased 
viscosity and aerosol droplet size. Later, the particle size decreased due to increased 
solute concentration in the reservoir and decrease in surface tension. In the multi-
sonic nebulizer, they observed a drastic increase in temperature initially, leading to 
increase in saturated vapor pressure, decrease in viscosity, increased solute concen-
tration, reduced surface tension, and reduced aerosol droplet size. Later, with 
decrease in temperature, the particle size increased [29].

Bridges et al. [24, 30] demonstrated the factors influencing jet nebulization of 
liposomes using three different nebulizers. An increase in aerosol droplet size and 
viscosity was noted with an increase in lipid concentration from 5 to 80 mg/ml, 
which was more pronounced with Pari (Pari LC) and Cirrus, but not Sidestream. 
The aerosol output in general decreased with increasing lipid concentrations, which 
was, however, the least with the Sidestream. They reported a relationship between 
the mean liposome size and residual lipid concentration in the nebulization reser-
voir. An increase in mean liposome size beyond 2.5 mm led to increased retention of 
the same in the chamber due to reduced ability to be included in the aerosol. This 
group also reported an inverse relationship between the size of air-jet orifice and 
aerosol droplet size, which may be explained as an increase in size of air-jet orifice, 
leading to reduced pressure of driving gas and shear energy for droplet formulation 
contributing to increased droplet size [24, 30].

Elhissi et al. [31] compared liposome nebulization via jet (Pari LC plus) and 
vibrating mesh (Aeroneb Pro) nebulizers. Size of liposomes reduced following neb-
ulization with both nebulizers; however, the reduction was more pronounced with 
the Pari, which is thought to damage the liposomes to a greater extent. Entrapped 
drug losses accounted for 88% with the Pari and 44% for the Aeroneb device. It was 
also concluded that extrusion of liposomes through 1-mm membrane filter enhanced 
stability to nebulization and reduced drug loss. The Aeroneb device had shorter neb-
ulization time and produced higher mass output rates compared to the Pari, whereas 
the latter one produced smaller droplets, higher mass, and drug outputs [31].

Leung et al. [32] studied the stability of liposomes of different composition (Egg 
PC and Egg PC:Chol 1:1) to ultrasonic nebulization using a Medix ultrasonic nebu-
lizer. They published a linear relationship between lipid concentration and viscosity. 
They also reported less marked size reduction of liposomal vesicles in the nebulizer 
reservoir on inclusion of 50 mol% cholesterol. Cholesterol imparts rigidity to the 
bilayer, making it more resistant to disruptive forces during nebulization [32].

Recently, Gaspar et al. [33] have assessed the potential of a vibrating mesh 
 nebulizer (Aeroneb Pro) and an intratracheal nebulization catheter (AeroProbe) to 
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aerosolize liposomal suspensions. A small size reduction of nonextruded liposomes 
following nebulization was reported, which was not observed with extruded formu-
lations: These data confirm Elhissi’s results (2007). Other physicochemical param-
eters such as z-potential and phospholipid content did not change significantly 
following nebulization. Hence, both nebulizers were deemed suitable for pulmo-
nary delivery of liposomal formulations with the additional advantage of AeroProbe, 
that is, allows targeted delivery into select lung regions [33].

Rau et al. [34] compared the performance of five nebulizer models of three types-
constant output (Misty-Neb and Sidestream), breath-enhanced (Pari LCD) and 
breath-actuated (Circulaire and AeroEclipse) in terms of inhaled drug, exhaled 
drug, drug lost to deposition in the apparatus and drug left in dose bottle. Drug 
inhaled or deposited in the breathing simulator was highest with the AeroEclipse 
(38.7 ± 1.3%) and lowest with the Pari LCD (15.2 ± 4.2%). Drug exhaled or lost to 
ambient to air was least with the AeroEclipse (6.6 ± 3.3%) and most with the Misty-
Neb (26.8 ± 0.7%). Percentage of drug lost due to deposition in the apparatus was 
highest with the Circulaire (75.8 ± 0.5%) and lowest with the AeroEclipse 
(51 ± 2.1%). The duration of nebulization was shortest with the Circulaire and lon-
gest with the AeroEclipse [34].

Leung et al. [35] investigated the rate, consistency, and efficiency of drug deliv-
ery with breath-enhanced (Pari LC Star), breath-actuated (Halolite), and breath-
enhanced breath-actuated (AeroEclipse) nebulizers. The nebulizers were tested for 
their in vitro performance and the respiratory pattern of seven cystic fibrosis 
patients. The rate of drug deposition was highest for the Pari LC star and lowest for 
the Halolite device. The rate of deposition was independent of the respiratory pat-
tern for the Pari LC Star and the AeroEclipse, but was dependent on respiratory rate 
for the Halolite. The AeroEclipse had least amount of drug wastage. They finally 
concluded that the Pari LC Star would be the nebulizer of choice to achieve mini-
mum treatment time, that the AeroEclipse would be preferred to minimize drug 
wastage, and that the Halolite would be the best to accurately deliver a specific 
drug dose [35].

Nerbrink et al. [36] demonstrated the effect of humidity in entrained air on con-
stant output (Micro-Neb) and breath-enhanced (Pari LC+) nebulizers. Their results 
indicated an increase in aerosol size with increasing rH with the Micro-Neb, whereas 
the Pari LC+ did not show any change in aerosol droplet size. The results could be 
explained as follows: In the Micro-Neb, the entrained air mixes with small amount 
of cool high-humidity aerosol in the T-tube, during which the temperature of 
entrained air decreases and that of aerosol-laden air increases. Evaporation is 
thought to occur, the extent of which depends on temperature difference between 
entrained air and aerosol laden air. If the rH of the ambient air is high, indicating a 
low water holding capacity, the aerosol droplets absorb the humidity and grow in 
size and vice versa. By contrast, the Pari LC+ does not have a T-tube allowing the 
mixing of entrained air and aerosol. The entrained air, however, is brought in con-
tact with aerosol at the aerosol generation point, where humidification occurs. No 
change in aerosol droplet size is noticed even with low rH of entrained air due to 
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vast surface area and massive production of droplets which at any time ensures a 
high water-vapor potential [36].

Addition of PEG molecules provides stealth effect to liposomes prolonging 
their circulation time (Fig. 14.3) [37]. When considering pulmonary delivery, sta-
bility of PEGylated liposomes to nebulization becomes an important assessment 
factor. Anabousi et al. [70] demonstrated the effect of nebulization on liposomes 
and their stability in lung surfactant. PEGylated and non-PEGylated liposomes of 
different rigidity (DSPC and DPPC) were used. On nebulization through air-jet 
(Pari LC star) and ultrasonic (Aeroneb Rro) nebulizers, PEGylated liposomes 
showed marginal size and zeta potential changes, in comparison to non- PEGylated 
liposomes. When stability was assessed in commercial lung surfactant (Alveofact), 
PEGylated preparations (DSPC > DPPC) were more stable than non-PEGylated 
ones. The effect of temperature on stability in Alveofact was also determined, 
and the stability was better at 4°C than at 37°C, based on drug retention 
data [38].

In a related study Kleemann et al. [39] reported the stability of rigid PEGylated 
and non-PEGylated to nebulization using three different nebulizers: vibrating mesh 
(Aeroneb Pro), ultrasonic (Optineb), and air-jet (Pari LC). A significant decrease in 
hydrodynamic diameter was observed for those nebulized through the Pari LC and 
Optineb, whereas no change was observed on nebulization through the Aeroneb, 
suggesting less damage caused by the nebulizer. Drug retention post nebulization, 
was about 70% for non-PEGylated preparation and between 39 and 47% for the 
PEGylated liposomes [39].

Lipid bilayer

Drug molecules

Opsonins

Hydrophilic
molecules

Conventional 
liposome

Stealth
liposome

Fig. 14.3 STEALTH liposome
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14.4  Experiences from In Vitro, Preclinical, and Clinical 
Studies Using Pulmonary Liposomes

14.4.1  Treatment of Pulmonary Infections

Treatment of pulmonary infections caused by a variety of pathogens is a challeng-
ing task despite the fact of improved technology. This is because of solubility of 
drug (most of the therapeutic agents used in treatment of pulmonary infections are 
hydrophobic), toxicity due to the drug (insoluble drug deposits in the lung causing 
toxicity), and pulmonary localization (targeting specific areas of the lung) prob-
lems. It was thought to use liposome as drug carrier to overcome these problems. 
Several studies were performed to test the safety and efficacy of using liposomes as 
drug delivery agents or drug carriers [40].

Pulmonary tuberculosis remains one of the most complicated to manage forms 
of bacterial infection in the lung and the use of liposomes for pulmonary delivery of 
antitubercular drugs provides an alternative therapy for the disease. The classical 
treatment protocols are long-lasting; drugs reach the mycobacteria-infected mac-
rophages in low amounts and do not persist long enough to develop the desired 
antimycobacterial effect [41, 42]. Chimote and Banerjee [43] demonstrated prepa-
ration of DPPC liposomes with antitubercular drugs, isoniazid (INH), rifampicin 
(RFM), and ethambutol (ETH). Entrapment efficiencies were 30.04 ± 2.05%, 
18.85 ± 2.92%, and 61.47 ± 3.32% for INH, RFM, and ETH, respectively. In vitro 
deposition using a twin impinger showed 12.06 ± 1.87% of INH, 43.30 ± 0.87% of 
RFM, and 22.07 ± 2.02% of ETH deposited in the alveolar chamber upon nebuliza-
tion for a minute using a jet nebulizer (Micelfluss F400). The formulation was stable 
even after a month when stored at 4°C [43].

Ciprofloxacin is a potent broad-spectrum antibiotic with good activity against most 
gram-negative bacteria and gram-positive cocci. Owing to failure of oral and iv ther-
apy in treating infections of the lung (caused by M. tuberculosis, M. avium, M. intra-
cellulare, H. influenza, P. aeruginosa, and N. meningitidis), liposome-encapsulated 
ciprofloxacin was tested. Conley et al. [44] reported efficacious treatment of Francisella 
tularensis infection in mice using ciprofloxacin encapsulated PC:Chol liposomes 
delivered by jet nebulization. Twelve commercially available nebulizers used in the 
study were A1800 (ARS Vital Aire), DVB7427 and DVB5601 (Devilbiss), Microcirrus 
(DHD Medical Products), Hosp3753 and Hosp952 (Hospitak), HudTU, HudUD2, 
and HudMM (Hudson RCI), Int1112220E (Intertech), Marq (Marquest Medical 
Products), and PurRD Raindrop (Puritan-Bennett). All mice treated with aerosolized 
liposome-encapsulated ciprofloxacin survived the infection caused with 10 times the 
50% lethal dose of F. tularensis, while those treated with free nonencapsulated cipro-
floxacin and control mice succumbed to the infection [44]. In a related study, Wong 
et al. [45] noticed significantly higher levels of drug deposition and prolonged drug 
retention in the lower respiratory tract after aerosol administration of liposome- 
encapsulated ciprofloxacin in comparison to intravenous injection of the same. They 
also concluded that ciprofloxacin given in free form was ineffective [45].
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Enviroxime is an antiviral agent that inhibits the replication of all rhinoviruses 
and enteroviruses at concentrations as low as 10–100 ng/ml. Marked hydrophobic-
ity and water insolubility of this compound make it a good candidate for liposome 
encapsulation. Gilbert et al. [46] succeeded in encapsulating enviroxime in lipo-
somes (LE) and generated aerosols of the same using a Puritan-Bennett nebulizer. 
A study was conducted with five human volunteers who were exposed to LE for 1 h. 
One hour post treatment, a large quantity of enviroxime was still present in nasal 
wash, and no side effects were noted following LE administration [46]. Wyde et al. 
[47] tested the antirhinovirus activity and toxicity of LE in a cell culture model and 
its administration as small-particle aerosol in mice. Free enviroxime and LE had 
equivalent efficacies; however, LE was 10-fold safer or 50-fold less toxic than free 
enviroxime. Moreover, free enviroxime could not be delivered by small-particle 
aerosol due to its hydrophobic nature. In vivo studies with mice revealed significant 
amounts of the drug in lungs and nose, 20 min post treatment [47]. Knight et al. also 
reported the undiminished efficacy and reduced cellular toxicity on using LE, in 
comparison to free enviroxime [48].

Amphotericin B is an antifungal agent used in the treatment of systemic fungal 
infection caused by Cryptococcus and Candida species. Gavalda et al. [49] studied 
the efficacy of nebulized liposomal Amphotericin B (AmB) in an immune-suppressed 
murine model of invasive pulmonary aspergillosis. Mice treated with liposomal AmB 
showed improved survival rate when compared to the control group [49]. Previously, 
Gilbert et al. [50] had demonstrated the efficacy of small-particle aerosols containing 
liposomal AmB against Candida in mice. After 2-h, twice weekly administration for 
1, 2, or 3 weeks, the mean time and percent of survival increased [50]. Ruijgork et al. 
[51] compared the efficacy of pulmonary aspergillosis treatment using aerosolized 
nonliposomal AmB (Fungizone) and liposomal AmB (AmBisome). They concluded 
similar efficacy with both preparations in all aspects [51].

Gilbert et al. [52] reported the suitability of treatment of Cryptococcus infections 
in the lung and brain using aerosols of AmB liposomes (AmB-L). Following intra-
nasal inoculation of Cryptococcus, pulmonary infection is contracted immediately 
which spreads to the brain within 2–3 weeks. A single 2-h AmB-L nebulization was 
able to afford good reduction in the number of Cryptococcus organisms, when 
administered 24 h, 7 or 14 days post inoculation. The same therapy was effective 
even 21 days post inoculation, which showed an increase in the survival of infected 
animals [52]. Clark et al. [53] formulated AmB lipid complexes (AmB-LC) com-
prising AmB and phospholipids such as DMPC and DMPG and evaluated the toxic-
ity and efficacy in mice. The 50% lethal dose for AmB-LC was 40 mg/kg, while it 
was 3 mg/kg for Fungizone. AmB-LC were efficacious against systemic Candida 
infections also in immunocompromised animals infected with Candida.

Gondal et al. [54] compared the efficacy of systemic Candida infection in mice 
with free AmB and AmB-L. Untreated mice had a median survival of 7 days with 
all mice dead by 12 days. A single dose of free AmB and AmB-L resulted in about 
38% and 88–100% survival rates by day 42, respectively. With multiple dose regi-
mens of free AmB and AmB-L, survival rate was about 38% and greater than 90% 
by day 42, confirming better treatment of the infection with AmB-L [54].
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Ruijgrok et al. [55] compared the efficacy of treatment of pulmonary  aspergillosis 
with aerosolized AmB desoxycholate and aerosolized liposomal AmB. Liposomal 
AmB significantly prolonged the survival rate of mice. AmB desoxycholate inhib-
ited surfactant function in dose-dependent fashion, whereas liposomal AmB had no 
detrimental effect on surface activity of surfactant [55].

14.4.2  Cancer

The lung is the common site of primary and metastatic malignant diseases. Mainly 
due to the late diagnosis, lung cancer has poor survival rates and treatment options 
are generally reduced to surgical procedures. Because of the limited success of sys-
temic chemotherapy, inhalation treatment of malignancies of the lung has been 
investigated in recent years [56]. One of the options is administration of cytokines 
as aerosol. However, administration of free cytokines comes with major limitations 
such as short half-lives and solubility problems. As a result, studies were performed 
to estimate the feasibility and efficacy of liposome-encapsulated interleukin admin-
istration in animal models [57, 58].

Anderson et al. [57] formulated liposomes encapsulating interleukin-2 (IL-2) 
and determined its efficacy in mice with pulmonary micrometastases. When treated 
once daily with liposome-encapsulated IL-2 intrathoracically, the results were sig-
nificantly better in terms of longer survival and reduced number of pulmonary 
metastases, when compared with free IL-2 via the intrathoracic route [57]. Khanna 
et al. [58] performed similar studies with dogs to compare the immunological acti-
vation of inhaled free and liposomal IL-2. No toxicity was observed with either 
formulation; however, the BAL leukocyte cell count increased significantly follow-
ing liposomal IL-2 inhalation [58]. The same group then studied the systemic toxic-
ity of IL-2 liposomes in dogs to conclude on the report of objective regression of 
naturally occurring metastases after 1 month of nebulized IL-2 therapy [59]. They 
concluded that pet dogs with pulmonary metastases and primary lung carcinomas 
accepted the inhalation treatment with nebulized IL-2 liposomes. Moreover, the 
treatment was safe and nontoxic [59]. Ten et al. [60] conducted studies in humans 
with primary immune deficiency and hepatitis C to assess the patient acceptance, 
safety, toxicity, and immune effects of nebulized IL-2 liposomes. Aerosolized IL-2 
liposomes were well tolerated, and no changes were observed in pulmonary func-
tion and chest X-ray [60]. These studies suggest the efficiency of aerosolized 
liposome-encapsulated IL-2 in human patients.

Studies on liposome encapsulation of water-insoluble anticancer drugs such as 
cisplatin and paclitaxel were also carried out. Wittgen et al. [61] investigated the 
safety and pharmacokinetics of aerosolized SLIT (Sustained-release Lipid Inhalation 
Targeting) cisplatin in 18 patients with lung carcinoma. Cisplatin SLIT was well 
tolerated, and safety data demonstrated no hematological toxicity, nephrotoxicity, 
ototoxicity, or neurotoxicity, which are typical side effects limiting the use of this 
drug in free form. Best overall response was stable disease in 13 patients, while 4 had 
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progressive disease and 1 patient received only one course, suggesting the feasibility 
and safety of cisplatin SLIT therapy [61]. Koshkina et al. [62] evaluated the pulmo-
nary pharmacokinetics and therapeutic efficacy of nebulized liposome-encapsulated 
paclitaxel in murine renal carcinoma pulmonary metastases model. The most effec-
tive treatment was obtained after inhalation of the drug for 30 min, three days per 
week, confirmed by significant reduction of lung weights and reduced number of 
tumor foci on lung surfaces [62].

Camptothecin is a plant alkaloid possessing anticancer properties in vitro. 
Two of its derivatives, 9-nitrocamptothecin (9-NC), which is water insoluble, and 
9-nitro-20s-camptothecin, which is water soluble, have been studied to assess their 
anticancer properties in vivo. Knight et al. [63] tested the anticancer properties of 
9-NC against human breast, colon, and lung cancer xenografts in nude mice when 
administered as liposome aerosols. DLPC-9-NC liposomes when administered, 
greatly reduced tumor growth, and tumors were undetectable after several weeks 
with colon tumors being least responsive [63]. Koshkina et al. [64] used liposome-
encapsulated 9-NC (L-9NC) to assess the efficacy of treatment against melanoma 
and osteosarcoma lung metastases in mice. Mice were treated from the day after iv 
injection of melanoma cells with L-9NC for 1 h, 5 days/week for 3 weeks, which 
led to reduced lung weights and reduced tumor foci. The same was the case with 
L-9NC aerosol therapy initiated on the ninth week after iv tumor injection that was 
continued for 8–10 weeks [64].

Knight et al. [65] demonstrated the importance of 9-NC in treatment of human 
cancer subcutaneous xenografts and pulmonary cancer metastases in mice. With 
subcutaneous tumors, aerosol of L-9NC showed significant improvement, which 
was not evident with oral 9-NC, while intramuscular L-9NC in slightly higher doses 
than the aerosol showed detectable anticancer activity. L-9NC was also effective 
against cancer metastases [65]. Zhang et al. [66] designed a study to investigate the 
in vitro release and in vivo tissue distribution and damage to the lungs by 9-NC 
liposomes. In vitro studies were conducted in pH 7.4 PBS. Following pulmonary 
delivery, mean residence time of L-9NC was 3.4 times longer than 9-NC solution. 
L-9NC, in addition to causing less lung damage, showed sustained release charac-
teristics of 9-NC [66]. Gilbert et al. [67] evaluated the potential toxicity of L-9NC 
in an 8 week subacute toxicity study in 14 dogs. Full-face exposures for 60 min 
were conducted 5 consecutive days a week for 8 weeks. L-9NC exposed animals 
showed no toxicity and so did the control group treated with empty liposomes [67]. 
Verschraegen et al. [68] evaluated the feasibility and safety of aerosol administra-
tion of L-9NC in human volunteers. Patients with primary or metastatic lung cancer 
received aerosolized L-9NC five consecutive days/week for 1, 2, 4 or 6 weeks fol-
lowed by 2 weeks of rest. Aerosol administration proved safe and feasible with 
9-NC detectable in plasma shortly after administration. A recommended dose for 
phase II studies of 13.3 mg/kg/day was reported [68].

Most human tumors overexpress receptors for growth factors and peptide  hormones 
which are being increasingly studied and utilized as means for selective targeting of 
anticancer agents. Transferrin receptors (TfR) are one such example [69]. Anabousi 
et al. [70] assessed the uptake levels and cytotoxicity of transferrin- conjugated 
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 liposomes containing doxorubicin in vitro. Cells of (lung) cancerous origin showed a 
higher TfR expression than healthy alveolar epithelial cells, leading to enhanced 
uptake and increased levels of cytotoxicity. Liposome uptake by cancerous cells was 
temperature dependent and could be inhibited by excess free Tf. They concluded that 
Tf-conjugated liposomes were good candidates to deliver cytotoxic drugs such as 
doxorubicin to sites of lung cancer by inhalation [70].

14.4.3  Macrophage Targeting

Alveolar macrophages (AM) play an important role in primary defense mechanism. 
On activation, they produce a variety of inflammatory by-products such as tumor 
necrosis factor (TNF)-a, monocyte chemoattractant protein (MCP)-1, and mac-
rophage inflammatory protein (MIP)-2. Ischemia-Reperfusion (I/R) is an unavoid-
able inflammatory response, following lung transplantation, which is said to be 
caused by cells in the donor lung rather than circulating leucocytes from the recipi-
ent. Increased TNF-a levels following an inflammation can be prevented by 
 anti-TNF-a antibody pretreatment. It is hypothesized that TNF-a deficiency offers 
protection from I/R.

Studies were performed to prove the advantage of macrophage depletion follow-
ing transplantation. Zhao et al. [71] demonstrated that depletion of alveolar mac-
rophages will reduce cytokine/chemokine expression and lung injury after I/R in 
buffer-perfused, isolated mouse lung model. Following treatment with liposome clo-
dronate, which was used to bring about AM depletion, cytokine/chemokine produc-
tion reduced significantly, which was not the case in control treated with buffer [71]. 
However, Nakamura et al. [72] reported the aggravation of I/R injury, following 
clodronate liposome treatment in Lewi’s rats. Two groups of rats were treated with 
clodronate-liposomes in Hank’s Buffered Salt Solution (HBSS) and control (treated 
with HBSS only) intratracheally. After 3 days, the lungs were subjected to I/R when 
it was noted that the clodronate-liposome group showed severe lung injury within 
10 min, leading to termination of experiment, while the control group could be stud-
ied for 60 min. They also concluded that clodronate significantly decreased dynamic 
airway compliance/increased airway resistance and increased concentrations of 
polymorphonuclear neutrophils and MIP-2 [72]. Leemans et al. [73] demonstrated 
the depletion of AM by liposome-encapsulated dichloromethylene diphosphonate 
(AM-), during pulmonary tuberculosis is protective. The AM- group displayed 
reduced outgrowth of bacteria and less granuloma formation that suggested they 
were protected against lethality, which was not seen in control (AM+) [73].

Liposome size and charge have an influence on macrophage uptake as reported 
by some researchers. Chono et al. [74] studied the influence of particle size of cipro-
floxacin liposomes on AM uptake. They prepared liposomes of five different particle 
sizes (100, 200, 400, 1,000, and 2,000 nm) with hydrogenated soy bean phosphatidyl 
choline (HSPC), cholesterol, and dicetyl phosphate (DCP). Delivery efficiency of 
ciprofloxacin to rat AM increased with increase in particle size up to 1,000 nm, over 
which there was no significant change. Ciprofloxacin concentrations in rat AM until 
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24 h post administration were higher than the minimum inhibitory concentration 
with 1,000-nm liposomes. [74] Chono et al. [75] then reported the influence of lipo-
some size and mannose modification on AM uptake. Five different liposome sizes, 
as mentioned in previous study, were considered. Uptake of nonmodified liposomes 
increased with increase in size over the range 100–2,000 nm following pulmonary 
administration. Uptake of mannose modified liposomes was always greater than 
nonmodified ones [75]. Lambros et al. [76] evaluated the impact of charge (neutral, 
negative, and positive) on disposition of AmB liposomes. Neutral and positive lipo-
somes followed biexponential kinetics, while negative liposomes showed monoex-
ponential clearance. The a and b half-lives for positive liposomes were 1.3 and 15.1 
days, respectively, whereas for the neutral ones the a and b half-lives were 2.3 and 
22 days. For the negative liposomes the half-life was 4.5 days [76].

Liposomes can be coated with AM specific ligands such as O-palmitoyl mannan 
(OPM) and O-palmitoyl pullulan (OPP) to improve the efficiency of targeting. Vyas 
et al. [77] compared the efficiency of nonmodified and mannose-modified liposomes 
in pulmonary delivery of AmB-loaded liposomes. They noticed preferential accu-
mulation of mannose-modified liposomes in AM compared to nonmodified ones. 
Mannose-modified liposomes, in addition to rapid attainment of high drug concen-
tration in lungs, could maintain the same the same over prolonged period of time 
[77]. Vyas et al. [78] studied the AM disposition of nonmodified and mannosylated 
liposomes of rifampicin. Percent viability of M. smegmatis following administration 
was 7–11% in ligand-anchored aerosols, 31.6% in rifampicin-loaded liposomal 
aerosol and 45.7% in plain-drug aerosol, suggesting the efficacy of liposome-
anchored aerosol in treatment [78]. Chono et al. [79] investigated the antibacterial 
effects following the pulmonary delivery of liposomal ciprofloxacin to alveolar mac-
rophages in rats with lipopolysaccharide-induced pneumonia. The results showed a 
higher concentration of ciprofloxacin in alveolar macrophages and lung epithelial 
lining fluid while lower concentrations of the same in plasma over time when admin-
istered as a liposomal formulation, suggesting better treatment efficacy [79].

14.4.4  Pulmonary Arterial Hypertension (PAH)

Iloprost is a prostacyclin analog that is used in the treatment of PAH that requires to 
be dosed several times a day (about 6–9). Kleeman et al. [39] investigated the ability 
of liposomes in providing a sustained release formulation of iloprost to reduce its 
inhalation frequency. Liposomes of varying surface charges were formulated and 
their stability to aerosolization was assessed using three different nebulizers (air-jet, 
ultrasonic, and vibrating mesh). Results suggested that liposomes composed of 
DPPC and Chol showed better stability (70% drug encapsulation post nebulization) 
compared to the liposomes formulated with DPPC, DPPE-PEG, and Chol (20–50% 
drug encapsulation post nebulization). They concluded that the vibrating mesh neb-
ulizer offered significant advantages over the others in terms of production of small 
aerosol droplets, high output, and lowest deleterious physical influence on all inves-
tigated liposomal combinations [39].
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14.4.5  Peptide and Protein Delivery

Pulmonary delivery of peptides and proteins is still a viable alternative to injection 
[26]. Formulation for pulmonary insulin delivery was the aim of many research 
groups due to the number of patients affected by diabetes and the frequency of insu-
lin injections to be taken by them. Liu et al. [80] worked on the pulmonary delivery 
of dimeric and hexameric insulin-loaded liposomes. They reported that both insu-
lins were absorbed into systemic circulation producing a significant hypoglycemic 
response. However, the initial hypoglycemic response from hexameric insulin was 
slower than from dimeric insulin [80]. Huang et al. [81] demonstrated an optimal 
encapsulation of insulin into liposomes could be achieved by the detergent dialysing 
method, and that insulin was stable in solution form. Animal (Balb/c mice) studies 
showed an effective reduction in plasma glucose level with reduction in extra pul-
monary side-effects on administration of aerosolized insulin-encapsulated lipo-
somes [81]. Chono et al. [82] developed aerosolized DPPC liposomes encapsulating 
insulin. They reported the enhanced pulmonary delivery of insulin to rat lungs with 
DPPC liposomes, which was not the case with DSPC, DMPC, DLPC and DOPC 
liposomes [82].

Bi et al. [26] designed a dry powder inhalation of insulin loaded liposomes by the 
spray freeze drying method. Sucrose was found to be the best cryoprotectant in an 
1:6 ratio of lipid:sucrose. After intratracheal instillation in rats, the formulation 
showed a successful hypoglycemic effect with long-lasting low blood glucose level 
and a relative bioavailability of 38.38% in the group treated with 8 IU/kg of insulin 
[26]. Karathanasis et al. [83] developed an aerosol insulin carrier based on agglom-
erated vesicle technology. The carrier consisted of insulin-loaded liposomes cross-
linked via chemical bridges cleavable by cysteine. Contact with cysteine led to 
disruption of liposomal walls and rapid release of encapsulated insulin. Studies in 
rats showed a rapid decrease in glucose levels while delivery of cysteine triggered a 
further drop of glucose implying acceleration of insulin release from the liposomal 
carrier [83].

Hajos et al. [84] achieved encapsulation of vasoactive intestinal peptide (VIP) 
into liposomes for treatment of lung diseases such as asthma and pulmonary hyper-
tension. After nebulization, particle size and encapsulation efficiency were unaltered. 
When tested in an ex vivo model, sustained release of VIP and extended pharmaco-
logical effect were obtained with liposomal VIP in comparison to free VIP [84]. 
Stark et al. [85] developed a liposomal formulation of VIP and proved its potential in 
terms of protection of VIP from enzymatic cleavage. They assessed the stability of 
VIP in bronchoalveolar lavage fluid (BALF) by high-performance liquid chromatog-
raphy and mass spectroscopy and reported better stability of liposome-encapsulated 
VIP in comparison to free VIP. Fluorescence spectroscopy studies revealed that the 
tight association of VIP with lipid membrane was minimally affected following 
incubation in BALF. Finally, the biological activity of VIP remained intact following 
incubation in BALF [85]. Rubinstein et al. [86] compared the effectiveness of VIP 
self- associated with sterically stabilized liposomes  (VIP-SSL) following intratra-
cheal and subcutaneous administrations in spontaneously hypertensive hamsters. 
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Maximal effect of mean arterial pressure (MAP) normalization was obtained in 
10–20 min following administration that lasted for 6 h following administration by 
either route. This MAP reduction achieved with VIP-SSL group was better than the 
control group [86].

14.4.6  Nucleotide Delivery

Nucleotide delivery by inhalation holds promise for the treatment of pathological 
conditions such as lung cancer, cystic fibrosis (CF), and asthma. Aerosolized gene 
or RNAi therapy provides a direct noninvasive access to the lung regions with the 
ability to deliver the payload directly to the target site. Nebulization of naked DNA 
or siRNA molecules results in rapid destruction of such large and fragile molecules. 
Thus, complexation and encapsulation in cationic phospholipids is considered a 
method of choice in pulmonary nucleic-acid delivery [87, 88].

Schwarz et al. [89] compared the transfection ability of liposome-encapsulated 
DNA post nebulization in A549 lung cells using different lipid combinations. 
They concluded that samples made from DMRIE {N-(2-hydroxyethyl)-N,N-
dimethyl-2,3-bis(tetradecytoxy)-1-propaniminium bromide} and DOPE {Dioleyl 
Phosphatidyl Ethanolamine} were more stable to nebulization with a Puritan-
Bennett 1600 device, compared to those made with DOSPA {2,3-dioleyloxy-N-
[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium trifluroacetate} 
by assessing the transfection ability of the preparations in vitro [89].

Selective gene inhibition by antisense oligodeoxynucleotide (AS-ODN) or by 
small interference RNA (siRNA) therapeutics promises the treatment of diseases that 
cannot be cured by conventional drugs. However, antisense therapy is hindered due 
to poor stability in physiological fluids and limited intracellular uptake. Li et al. [90] 
achieved targeted delivery of AS-ODN and siRNA into lung cancer cells. They mixed 
AS-ODN or siRNA with carrier DNA that was complexed with protamine, a highly 
positively charged peptide, and the resulting particles were coated with cationic lipo-
somes of DOTAP:Chol (1:1 molar ratio) to obtain liposome-polycation-DNA nano-
particles. Ligand targeting and steric stabilization was made possible by attachment 
of DSPE-PEG molecule. They concluded that ligand-targeted and sterically stabi-
lized nanoparticles provide selective delivery of AS-ODN to lung cancer cells [90].

The expression of a number of genes is altered in cancer, and modifying the 
expression of these genes is an attractive method of cancer treatment. Thus, siRNA 
therapies can be considered as potential cancer treatments. Several studies have 
been performed in this field using both viral and nonviral vectors [91].

Kleemann et al. [92] compared the structure and stability of four different poly-
ethyleneimine (PEI) DNA polyplexes following air-jet (Pari LC star) and ultrasonic 
(Optineb) nebulization. The four PEI-DNA polyplexes investigated were branched 
PEI (bPEI), linear PEI (linPEI), polyethylene glycol grafted PEI (PEGPEI), and bio-
degradable PEI (bioPEI). Characterization tests that went into structure and  stability 
determination were morphology of DNA polyplexes by atomic force microscopy 
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and physicochemical properties such as particle size and zeta potential before and 
after nebulization. Results revealed a greater alteration of polyplex structure follow-
ing air-jet nebulization in comparison to ultrasonic nebulization. Moreover, PEGPEI 
polyplexes showed no change in shape and size compared to their counterparts, sug-
gesting maximum stability of the same [92].

14.5  Concluding Remarks

Over the last 20 years, liposomes have been investigated for pulmonary drug deliv-
ery. The main drive for research in this field comes with the advantages that lipo-
somes provide as carriers; the first and foremost reason being their chemical 
similarity to lung surfactant. Others include the ability to solubilize poorly soluble 
drugs, capacity to provide sustained release reservoir, facilitation of alveolar mac-
rophage delivery, and avoidance of local irritation of lung tissue. The downsides, 
however, are mostly concerning stability of the formulations in terms of shelf life 
and during aerosolization.

Nebulization has been the most common approach for the pulmonary delivery of 
liposomes. Issues that prevented widespread use of nebulizers include long nebuli-
zation cycles and loss or degradation of drug with increase in temperature in the 
nebulization chamber. These problems were faced with air-jet and early-generation 
ultrasonic nebulizers and have been overcome with the advance of novel vibrating-
mesh, breath-actuated, and breath-enhanced devices. Some researchers are also 
looking into liposomal dry-powder inhalers as an alternative to nebulizers. This has 
not been explored to the fullest yet.

Advances with respect to formulation technology include surface modifications 
to target specific cells such as cancer cells and macrophages, or to increase physical 
stability and prevent endocytosis.

The future will show if it is possible to design liposomes that can cross the epi-
thelial air–blood barrier uncompromised and serve as systematically circulating 
depot formulation. However, the ultimate success in the field leading to transfer of 
formulations from bench to bedside would depend not only on the formulation tech-
nology but also on the nebulizer design and characteristics.
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Abstract This chapter aims to provide a rational for the use of nanoparticles in 
pulmonary delivery as well as an overview of strategies and physiological implica-
tions of nanoparticle delivery to the lungs. Formulation aspects of nanoparticle 
systems in the form of liquid dispersions and inhaled dry powders are also reviewed. 
The chapter also addresses the expanse of lung toxicology research surrounding the 
inhalation of nanoparticulate pollutants present in the environment. The observations 
of the adsorption, distribution, metabolism, and excretion (ADME) of these insoluble 
nanoparticles may lead to a greater understanding of biological interactions of inhaled 
drug nanoparticles and their ultimate site of action.

Keywords Inhalation • Lung deposition • Nanoparticles • Nanotechnology

15.1  Introduction

The ability to create, organize, and detect nanoparticles of both organic and inor-
ganic material has had an exceptional impact on recent advances made in electronics, 
sensors, building materials, imaging, and medicine. The breadth of applications of 
nanoscience can be attributed to the capability for manipulation of chemical, physical, 
or biological properties of nearly any material using nanoengineering so that it is 
better tailored for its intended use. Both theoretical and experimental data have 
shown that many materials behave differently on the very small scale, giving 
researchers the ability to engineer materials with more desirable properties.
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In this chapter, the application of nanoscience to improve the pulmonary delivery 
of therapeutic molecules will be reviewed. While many formulation technologies 
such as liposomes, cyclodextrins, micelles, and dendimers fall under the nanoscience 
umbrella due to their small size, these are typically thought of as separate formula-
tion technologies and will not be discussed in this chapter. Furthermore, functiona-
lized insoluble nanoparticles (i.e., PEG functionalized particles) have seen little 
investigation for pulmonary delivery and will also not be included. This chapter aims 
to provide a rationale for the use of nanoparticles in pulmonary delivery as well as an 
overview of strategies and physiological implications of nanoparticle delivery to the 
lungs in the form of liquid dispersions and inhaled dry powders. Additionally, 
the author felt it appropriate to address the expanse of lung toxicology research 
surrounding the inhalation of nanoparticulate pollutants present in the environment. 
While therapeutic drug nanoparticles do not share the same toxicology with “pollut-
ing” nanoparticles, observation of the adsorption, distribution, metabolism, and 
excretion (ADME) of these insoluble nanoparticles may lead to a greater understand-
ing of biological interactions of inhaled drug nanoparticles and their ultimate site of 
action. Moreover, continued research in nanoparticle toxicology may lead to more 
stringent regulatory guidelines for development of nanoparticle for human use.

15.2  Nanoparticles in Drug Delivery

Because of the multidisciplinary nature of nanoscience, there is often overlap 
between fields and even discrepancy over the definition of the field itself. The most 
commonly used definition in research and industry, and the one accepted by the 
International Standards Organization (ISO), defines a nanoparticle as being between 
1 and 100 nm in all three dimensions [40]. Many governments and environmental 
groups, claiming that particles larger than 100 nm may still have health conse-
quences, have chosen to define nanoparticles as being up to 200 or 300 nm [92]. 
Alternatively, the Food and Drug Administration (FDA) does not recommend applying 
a strict definition to “nanomaterial” due to broad context, complexity, and variety of 
fields involved [93]. For the purposes of pharmaceutical science, the definition of 
nanomaterial is undefined; however, many authors recommend the inclusion of par-
ticles measuring under 1,000 nm in each dimension [47, 51]. It could be that the 
definition is more inclusive in this case because particles less than 1 mm often dem-
onstrate enhanced permeability and absorption when present in a biological system. 
Additionally, material properties such as aggregation, dissolution, and solubility 
begin to change once a pharmaceutical material is reduced below the 1 mm thresh-
old, so it seems appropriate that the definition of “nanomaterial” includes a wider 
range of particle diameters in pharmaceutical research than in other fields.

Nanoscience became relevant in pharmaceutical research approximately 20 years 
ago when drug formulation scientists began investigating new methods to further 
reduce the size of drug particles and were able to produce stable particles in the 
nano-range. High surface area and increased dissolution pressure of these formula-
tions resulted in more rapid dissolution and significantly higher solubility in 
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 laboratory testing. This basic application of nanoscience within the pharmaceutical 
industry has lead to marketed products with improved efficacy compared to their 
micronized predecessors (e.g., Rapamune®, Megace® ES) and holds potential to 
improve other pipeline drugs that would not have otherwise been considered due to 
low solubility and/or permeability. Marketed success combined with the growing 
number of drug molecules exhibiting poor solubility have resulted in an exception-
ally rapid growth rate of publications addressing this topic (Fig. 15.1).

15.2.1  Pulmonary Delivery of Nanoparticles

While nanoparticle formulations for oral and intravenous use have proven successful 
in the laboratory, clinic, and marketplace, the use of inhaled nanoparticle therapeutics 
has been limited. Currently, no inhaled nanoparticle formulation has been approved 
for public use; however, successful clinical studies have been completed (e.g., nano-
budesonide) and a variety of novel technologies and formulation approaches have 
been investigated in the laboratory. Given that many nanoformulations for inhalation 
have not reached the clinical stage, the bulk of this chapter will focus on investigation 
of novel approaches to nanoparticle delivery in vitro and in preclinical models.

Compared to oral and intravenous formulations, a simple method to achieve 
nanoparticle delivery to the lungs is not obvious. Nanoparticles in their native form 
are delivered to the lungs in a very inefficient and unpredictable manner. Upon aero-
solization, interparticulate forces between nanoparticles predominate over inertial 
separation, resulting in aggregates of uncontrolled size. Dry nanomaterial is historically 
difficult to fill or meter due to particle cohesion resulting in poor flow properties. 
Likewise, cohesive aggregates are difficult to disperse into respirable aerosols and 
cannot be readily deaggregated with normal flow rates seen in passive dry powder 
inhalers. In addition to problems aerosolizing neat nanomaterial, studies have 

Fig. 15.1 Publications in nanomedicine Since 1965 (reprinted by permission, from [112])
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shown that up to 80% of inhaled particles below 1 mm are exhaled due to the lack of 
inertial and gravitational forces needed for deposition. Deposition of nanoparticle in 
the lung is time dependant and occurs due to diffusive forces associated with 
Brownian motion. Compared to inertial and sedimentary deposition, which are the 
mechanisms by which micronized particles deposit in the lungs, diffusion is a very 
inefficient means of achieving lung deposition.

Interestingly, as particle size continues to decrease well below 1 mm, the effi-
ciency of lung deposition begins to increase due to more rapid diffusion. In the 
ultrafine particle range (less than 100 nm) computer modeling shows that deposition 
in the lower airway begins to rise so that 50% of inhaled ultrafine particles are 
deposited in the alveolar region [6, 109] (Fig. 15.2). This model of deposition was 
confirmed in a study in humans where between 40 and 60% of 40 nm inhaled par-
ticles were deposited in the lungs. Moreover, a strong correlation was seen between 
total lung deposition and breathing pattern, where deposition increased as inhala-
tion volume and breath duration increased (Fig. 15.3). This computer model and 
clinical study both support the notion that Brownian motion predominates at these 
very small size ranges, resulting in more rapid diffusion than seen in larger nanopar-
ticles. In a subsequent clinical study, it was found that patients with airway inflam-
mation and narrowing due to asthma had higher deposition rates of ultrafine particles 
than those with healthy lungs [7]. Factors that might contribute to heightened depo-
sition in these populations include an increased alveolar volume and airway turbu-
lence often accompanying asthmatic conditions. While it has been proven that 
effective nanoparticle deposition can take place using ultrafine powders, deposition 
variability due to breathing pattern, expensive production processes, and difficulties 
handling ultrafine material have prevented it from being a feasible method for drug 
delivery of nanoparticulates to the lungs.

The undesirable material properties for handling and aerosolization of nanopar-
ticles may lead one overlook the therapeutic benefits of nanoparticle delivery that 
have been demonstrated by other methods of delivery. It is quite true that neat 
particles smaller than 1 mm do not efficiently deposit on the pulmonary epithelium 

Fig. 15.2 Particle deposition in areas of the lung as a function of particle size (reprinted by per-
mission from Yang et al. [109], originally from Byron [6])
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and would prove extremely difficult to develop into a full scale manufacturing process; 
however, several formulation strategies may be employed to enable drug delivery. 
To overcome this fundamental hurdle, pharmaceutical scientists have investigated 
the use of both liquid and solid carriers as well as particle engineering to improve 
aerosolization and provide appropriate aerodynamic diameters for deep lung depo-
sition. In this chapter, research and development of nanoparticulate drugs for nebu-
lization and dry powder inhalation will be discussed at length. Although discrete 
nanoparticles are not well suited for inhalation, many creative approaches have been 
taken to tailor nanoparticles for inhalable dosage forms, allowing the benefits of 
nanoparticle drug delivery to be imparted through inhalation.

15.2.2  Absorption of Drug Nanoparticles in the Lung

Many drugs intended for pulmonary drug delivery are formulated as aqueous aero-
sols where the drug is in solution and immediately available for absorption once 
deposited on the lung epithelial surface. Unless dissolved drug precipitates upon 
contact with pulmonary fluid, the overall bioavailability of nebulized solutions only 
relies on the extent of epithelial absorption of the molecular drug. In all other pul-
monary formulations, a drug particle reaches the lungs and must both dissociate 
and be absorbed (although not always in that order) before it can impart its thera-
peutic effect.

Fig. 15.3 Particle deposition as a function of nanoparticle size and breathing pattern (respiratory 
time, tidal volume, respiratory flow rate) (modified from Jaques et al. [43])
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Upon reaching the upper bronchioles or lower alveoli, nanoparticles are submersed 
in the mucosal fluid or surfactant lining, respectively. Once deposited, the fate of 
particulates in the lungs largely depends on the particle solubility in pulmonary fluids. 
In some cases, nanoparticles may dissolve readily in the pulmonary fluid layer and 
absorb to impart their therapeutic effect. Indeed, the very reason for formulation as a 
nanoparticulate is often to enhance solubility of a poorly soluble drug (e.g., budes-
onide) so that the therapeutic response is initiated more quickly [50]. Nanoparticles 
are well documented for their ability to increase dissolution rate due to high surface 
area per unit mass. The relationship between dissolution rate and surface area of a solid 
is described by the Noyes-Whitney equation. Additionally, increased curvature at the 
liquid/solid interface of nanoparticles increases the resulting dissolution pressure, 
and ultimately, drug solubility. This phenomenon is described in terms of vapor pressure 
between a liquid and gas in the Kelvin and Ostwald-Freudlich equations [61, 75].

After dissolution, the rate of absorption of a drug molecule is closely associated 
with its lipophilicity and molecular weight, where low molecular weight, lipophilic 
drugs are the most rapidly absorbed. Conversely, absorption of hydrophilic drugs 
typically occurs through active transport or diffusion through tight junctions [69]. 
For slowly dissolving drug particles deposited on the lung epithelium, the normal 
lung clearance mechanisms typically facilitate particle removal. Particles ranging 
from approximately 0.5–10 mm in diameter are phagocytized by alveolar macrophages, 
cleared from the airway, and transported to dendritic cells and lung draining lymph 
nodes [48]. In this regard, nanoparticles play an important role in the avoidance of 
the lung’s normal clearance mechanisms in the alveolar region. Due to their ability 
to avoid macrophage uptake, many researchers have used nanoparticles for sus-
tained release applications by incorporating a slow eroding material that releases 
loaded drug over a matter of hours or days. Other insoluble drug nanoparticles may 
transfect across the epithelial cell layer through endocytosis via alveolar caveolae 
and entersystemic circulation as an intact particle [30].

As a result of the interest in drug targeting technologies for intravenous adminis-
tration, the fate of systemic nanoparticles has been thoroughly investigated. Studying 
the biodistribution of insoluble nanoparticles may give a clearer picture of the dis-
tribution on very slowly dissolving nanoparticles that have been administered to the 
lungs and are able to permeate into circulation. Characteristics of neat insoluble 
nanoparticles such as particle size, ionic charge, shape, and aggregation state all 
may determine the targets and degrees of nanoparticle accumulation. Researchers 
have found that very subtle changes in particle size can greatly affect the volume of 
distribution of a given nanomaterial. Gold nanoparticles, a substrate commonly 
used for PEGylation and drug targeting for intravenous administration, have shown 
that distribution into various organs can vary widely depending on particle size. 
After intravenous administration, gold nanoparticles of 10 nm were found to be 
distributed throughout the body, showing accumulation in the lungs and other major 
organs, while 50 nm particles were only present in the liver and spleen [15]. 
Similarly, absorption and distribution of nanoparticles reaching the body through 
inhalation are also directly controlled by particle size [52, 58, 60]. While drug nano-
particles typically dissociate in the lungs and do not reach systemic circulation, 
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highly insoluble nanoparticles resulting from combustion of fossil fuels have been 
shown to reside in the lung for prolonged periods and also transfect unaltered into 
the circulatory system. The concerns and potential implications of inhaled insoluble 
nanoparticles will be discussed later in this chapter.

15.3  Pulmonary Delivery Strategies for Nanoparticulates

Although neat nanoparticles are able to achieve lung deposition to varying degrees 
depending on breathing rate and airway turbulence, they do so inefficiently, relying 
of Brownian diffusion for drug delivery to the pulmonary mucosa. On the other 
hand, delivery of drugs to the lungs requires highly efficient and reproducible 
particle deposition in order to provide reliable therapy and prove compliant with reg-
ulatory requirements. Consequently, nanoparticles intended for pulmonary deposition 
must be either incorporated in a carrier or aggregated so that their bulk size is within 
the required 1–5 mm aerodynamic diameter necessary for deep lung deposition. 
There are multiple strategies that have been used to accomplish this including  
formation of liquid dispersions, solid dispersions, or particle aggregates. Each 
method possesses different benefits and weaknesses and must be evaluated based on 
the active ingredient, mechanism of aerosolization, and therapeutic requirements of 
the specific indication.

15.3.1  Nebulized Dispersions

A clear delivery strategy to enable the deposition of nanoparticles in the deep lung is 
through nebulization of an aqueous colloidal dispersion or suspension. For drugs that 
are unsuitable for pulmonary delivery as an aqueous solution, nebulization of dis-
perse nanoparticulates presents many advantages. First, when compared to micron-
ized drug dispersions, nanoparticles can be distributed more uniformly throughout 
1–5 mm droplets [66], allowing for greater dose uniformity and more effective deep 
lung deposition due the increased drug presence in droplets less than 3 mm. When 
compared to a microparticle suspension, studies have shown that improved dose 
uniformity and higher average delivered dose can be achieved [104]. Second, due to 
their near-solution rheology, nebulized nanoparticle dispersions have been shown to 
have less of a negative influence on nebulizer function and aerosol droplet size when 
compared to microparticles [14]. Researchers have investigated nebulization of 
nanoparticles produced by milling, antisolvent precipitation, rapid freezing, and 
supercritical fluid production techniques, many of which require the incorporation of 
a stabilizing polymer/surfactant to limit particle growth and/or aggregation.

A key criterion to consider when delivering an aqueous dispersion of therapeutic 
nanoparticles to the lungs is the choice of stabilizing material. Many synthetic sur-
factants and stabilizers that are normally used in oral and intravenous applications 
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are not well suited for the lungs, particularly in high concentrations. As a result of 
their toxicity and immunogenicity in the lungs as well as their tendency to foam 
during nebulization, surfactants normally used in pharmaceutical formulations (e.g., 
sodium lauryl sulfate) should be used sparingly or not at all in nebulized disper-
sions. Consequently, nanodispersions intended for the lungs often use small amounts 
of natural surface active agents to stabilize a nanodispersion, or alternatively, design 
formulations that are intended for redispersion before nebulization. A potential 
advantage of dry formulations intended for dispersion in the clinic is that aqueous 
stability is only needed for the minutes between redispersion and nebulization, 
meaning minimal amounts of surfactant is necessary. Conversely, formulations for 
reconstitution typically require the assistance of a health professional, present an 
inconvenience to medical staff, and could result in contamination.

15.3.1.1  Stabilized Nanodispersions

Surfactant stabilized colloidal dispersions for nebulization have been developed to 
facilitate nanoparticulate drug delivery to the lungs. Incorporation of either syn-
thetic (Tweens, Spans, poloxamers) or natural surfactants (dipalmitoyl phosphati-
dylcholine (DPPC), lecithins, leucines) is necessary to prevent aggregation of 
dispersed particulates in these formulations and insure colloidal stability. Researchers 
in inhalation have utilized this formulation approach and have identified numerous 
aerosolization and physiological advantages.

Recently, a nanodispersion of solubility-enhancing amorphous cyclosporine 
was produced and proven to be stable in aqueous media, avoiding both aggrega-
tion and crystallization after 10 months at 4°C. A controlled precipitation tech-
nique stabilized with polysorbate 80 yielded particles with a mean diameter of 
300 nm, allowing for effective nebulization to ICR mice. When compared to 
ethanol-based nebulized solutions, nanoparticulate cyclosporine facilitated 
higher lung tissue levels while minimizing systemic absorption [88]. As is the 
case with aerosolized cyclosporine, reduction of systemic levels can be particu-
larly important for localized pulmonary therapy where the administered moiety 
is known to have many untoward side effects [39].

Budesonide, a glucocorticoid with poor water solubility, has also proven to benefit 
from formulation as a nanoparticulate. Using a lab-scale wet milling technique 
where budesonide was dispersed for milling in a Tween 80 stabilized solution, 
Yang et al. [109] produced a monodisperse suspension containing particles less 
than 500 nm in diameter [108]. Pharmacokinetic profiles in a rodent model showed 
levels produced by the intratracheally instilled nanosuspension comparable to 
those produced by intratracheal and intravenous solution. Only a slight delay in 
absorption was seen after administration of the nanosuspension due to the time 
needed for particle dissolution in lung fluid. While this study demonstrated the 
“solution-like” properties of nanoparticulate budesonide, the potential irritating 
effects of Tween 80 on the pulmonary mucosa may need to be considered before 
initiation of clinical trials.
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Addressing this issue, budesonide has also been developed as a nanosuspension 
for nebulization using nonimmunogenic surfactants [41]. By inclusion of 0.5% 
w/w lecithin and 0.2% w/w Tyloxapol in a piston gap homogenization process, a 
stable nanodisperse formulation containing 1.0% w/w budesonide was produced. 
A detailed explanation of the diminution mechanism is provided in a review by 
Gao et al. [27]. Enhanced solubility due to increased dissolution pressure, more 
homogenous drug dispersion within aerosol droplets, and prolonged residence 
time at the pulmonary epithelium were among the advantages that might be 
expected by the reduction in particle size. Compared to micronized dispersions, 
increased drug homogeneity within a nanodispersion allows for improved deep 
lung deposition [27] and shortened nebulization time [54]. The safety and pharma-
cokinetics of nanodisperse budesonide, or nanobudesonide, was evaluated in 16 
healthy volunteers and compared with the marketed budesonide dispersion for 
nebulization, Pulmicort Respules® (AstraZeneca, Wilmington, DE). Plasma levels 
resulting from inhalation of nanobudesonide indicated dose proportional therapeu-
tic concentrations and more rapid drug absorption compared to Pulmicort Respules 
[50]. Additionally, no clinically significant adverse effects were observed after 
delivery of nanobudesonide or placebo containing only suspension stabilizers. 
These findings support the hypothesis of increased solubility and absorption offered 
by nanoparticulate formulations and provides clinical evidence of the potential 
benefits offered by inhalation of nanoparticles. Continued clinical studies are being 
pursued for use of submicron budesonide to treat pediatric asthma by MAP 
Pharmaceuticals (Mountain View, CA).

Both air-jet and vibrating mesh nebulizers were evaluated with a nanoparticulate 
buparvaquone formulation made by high pressure homogenization. Synthetic 
surfactants polxamer 188 and polyvinyl alcohol were used in equal parts to the drug 
to provide suspension stability; although some nebulization methods produced 
particle aggregation. Study results made clear that particle aggregation within the 
reservoir and aerosolized droplets may vary based on nebulizer selection [33].

Improvements in aerosol performance have also been observed after cascade 
impaction testing of nanoparticulate beclomethasone propionate produced by milling. 
Nanoparticles produced in early studies through ball milling were stabilized with 
poly(vinyl alcohol) and proved to nebulize effectively [104]. More recently, tylox-
apol was used to stabilize particles at a mean size of 164 nm after 4 days of milling. 
When tested for comparison to the marketed pMDI formulation Vanceril® (Key 
Pharmaceuticals, Kenilworth, NJ), nebulized beclomethasone nanoparticles deliv-
ered by an Omron ultrasonic nebulizer produced up to twice the respirable fraction 
(36 vs. 72%) [66]. An additional benefit of the nebulization of beclomethasone is 
that it is compliant with the Kyoto protocol, which has restricted the use of ozone 
damaging propellants used in pMDIs [26]. Nanoscale beclomethasone dipropionate 
has also been produced by a controlled precipitation technique where solvent com-
binations and mechanical stirring were optimized so that no stabilizing agent was 
required. In comparison to micronized drug, smaller particle size (850 nm) and 
more narrow particle size range (200–1,200 nm) showed that this technique 
could be effective, even in the absence of crystal growth inhibiting surfactants [98]. 
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While a high potency formulation with no surfactant content is desirable, there was 
no indication of the stability of neat drug in dispersion and redispersability was not 
demonstrated. Significantly, smaller nanoparticles can be produced by combining 
and optimizing stabilizer concentration, mixing energy, and antisolvent feed rate 
[55]. Itraconzole particles less than 300 nm were created by optimizing these vari-
ables and incorporating concentrations of poloxamer 407 well below the critical 
micelle concentration. Findings showed that increased stabilizer concentrations and 
cooled process temperatures reduced surface tension resulting in more rapid nucle-
ation and inhibited crystal growth.

15.3.1.2  Nanoscale Powders for Redispersion

As an alternative to employing a stabilized colloidal dispersion for nebulization, 
other researchers have reduced potential instability by creating a formulation 
intended for dispersion before administration. An added benefit of reduction or 
elimination of the need for stabilizing surfactants can also be realized through this 
approach. Growing interest in the use of nanoparticles as carriers for targeted and 
biopharmaceutical therapy has also led to the use of formulations for redispersion, 
given that many of the therapeutics and polymeric carriers are subject to hydrolytic 
degradation and are not stable as dispersions for prolonged periods. When investi-
gating the feasibility of nebulizing powders reconstituted from lyoprotective agents 
such as lactose, mannitol, glucose, and sucrose matrices, researchers demonstrated 
that stability is preserved without significantly altering particle size [67].

A rapid freezing technique has been applied to create nanostructured formula-
tions intended for nebulization after redispersion in aqueous media. These amor-
phous nanodispersions are capable of providing enhanced solubility to poorly water 
soluble drugs, allowing for heightened bioavailability in bronchoalveolar fluid. 
As a treatment and/or prophylactic measure against invasive fungal infections caused 
by Aspergillus spp., researchers have developed an inhaled itraconazole formulation 
that has shown the ability to supersaturate simulated biological media. Formulations 
of drug and surfactant were rapidly frozen using a spray freezing into liquid (SFL) 
cryogenic technique to produce amorphous drug particles in the nanoparticulate 
range. After reconstitution and nebulization of the aqueous dispersion to healthy 
mice, it was hypothesized that rapid wetting and dissolution occurs, allowing for 
itraconazole lung concentrations necessary for inhibition of spore germination [57]. 
When compared to the marketed oral itraconazole therapy, Sporanox®, inhaled itra-
conazole produced by SFL showed tenfold greater lung concentrations in mice 
while still maintaining serum concentrations above the minimum lethal concentra-
tion for Aspergillus fumigatus [96]. A similar amorphous itraconazole formulation 
was produced in a study by Yang et al. [109]; however, the biocompatible excipi-
ents, mannitol and lecithin, were included in order to produce a formulation with 
increased solubility and limited pulmonary toxicity. Over a 12 month storage period, 
the stability of the solubility-enhancing amorphous drug formulation was confirmed 
by powder X-ray diffraction [110].
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Other studies incorporating thin film freezing (TFF) technology have been used 
to provide pulmonary deposition of immunosuppressive formulations containing 
tacrolimus. Amorphous and crystalline tacrolimus nanoparticles were investigated 
as a dispersion in aqueous media and delivered to mice via nebulization through a 
nose-only dosing chamber. In order to avoid surfactant-induced pulmonary irrita-
tion, this formulation was produced as a dry powder for redispersion, thus avoiding 
the requirement of colloid stabilizing surfactants. Both formulations resulted in 
similar bioavailability in vivo; however, amorphous tacrolimus resulted in more 
rapid systemic drug absorption, as evident through a decrease in t

max
 and an increase 

in C
max

 [83]. Evidence of supersaturation in simulated lung fluid during dissolution 
testing would lead one to believe that the enhanced solubility of this material is the 
main factor behind the more rapid drug absorption seen after administration of 
amorphous tacrolimus. An indication where inhaled tacrolimus may prove valuable 
is in immunosuppressive maintenance therapy for lung transplant recipients. In a 
lung transplanted rodent model, a tacrolimus dispersion for nebulization provided 
lung concentrations consistent with those shown to prevent allograft rejection [100]. 
It is suspected that lipophilic interactions between tacrolimus and lung surfactant 
led to low systemic drug levels in this model; systemic concentration was 50-fold 
less than concentrations measured in lung tissue. TFF technology for production of 
tacrolimus formulations for dispersion demonstrated the capability to effectively 
disperse in aqueous media so that aerosolization could occur and deep lung delivery 
could be achieved. Furthermore, combination of this technology with a lipophilic 
drug resulted in high lung concentrations while limiting resulting blood levels, thus 
avoiding therapy-limiting systemic side effects often associated with tacrolimus.

15.3.1.3  Drug Encapsulated Nanodispersions

In cases where the therapeutic molecule may be poorly soluble, subject to hydro-
lytic or enzymatic degradation, or intended for controlled release, drugs are often 
encapsulated in a carrier material. An added advantage is the ability to surface-
modify these particles to impart targeting and/or stealth particle properties.

Tumor-targeting nanoparticles have been investigated for nebulization with the 
goal of achieving high concentrations of chemotherapeutic agents in the lungs while 
reducing systemic exposure. Preferential accumulation of targeted nanoparticles 
was observed in the lungs of tumor-induced nude mice after exposure to nebulized 
aerosols containing surface-modified gelatin nanoparticles. In this study, gelatin 
nanoparticles were produced by an antisolvent precipitation technique, cross-linked 
with glutaraldehyde to reduce solubility, and conjugated with biotinylated epider-
mal growth factor (EGF) to improve drug targeting. Findings proved that these par-
ticles effectively accumulated in lung tissue while showing no signs of toxicity [91]. 
More recently, targeting gelatin nanoparticles were loaded with the chemothera-
peutic agent cisplatin and proven efficacious in a lung cancer model. As seen in 
Fig. 15.4, mice showed high lung concentrations of cisplatin after chemotherapeutic 
aerosol administration and significant reduction in tumor volume [90]. In this same 
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model, nontargeted cisplatin caused marked weight loss in dosed mice, which is 
indicative of systemic toxicity caused by high blood concentrations. These results 
seem to indicate effective localization of cisplatin in the lungs by incorporation in 
novel targeting nanoparticles. In addition to gelatin-based nanoparticles, particles 
prepared with human serum albumin have been investigated, specifically as a mate-
rial suitable for gene therapy [5].

Manipulation of drug release characteristics through slow erosion of a nonim-
munogenic polymer has also been achieved using pulmonary administration of 
encapsulated drugs. Poly(lactic-co-glycolic acid) (PLGA) is a commonly 
researched bioerodible polymer that has been used in multiple studies of sustained 
release formulation for oral, intravenous, nasal, and pulmonary delivery. One such 

Fig. 15.4 Change in (a) tumor volume and (b) lung drug concentration in mice after pulmonary 
administration of a chemotherapeutic treatment. Asterisk(s) denote significant difference (*P < 0.05; 
**P < 0.01) from control. CDDP, free cisplatin; GP-Pt cisplatin in gelatin nanoparticles; GP-Pt-
bEGF cisplatin in biotinylated-EGF gelatin nanoparticles (reprinted by permission from Tseng 
et al. [90])
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formulation intended for pulmonary delivery via nebulization used peptide loaded 
PLGA nanoparticles that had been surface-modified with chitosan, a known 
absorption enhancer [106]. In addition to increasing particle mucosal retention 
over nonmodified nanoparticles, the presence of chitosan was shown to enhance 
the absorption across the pulmonary epithelium. It is suggested that the tight 
junction-opening effect of chitosan observed in intestinal and nasal mucus mem-
branes may also occur in the lungs. Other carrier materials suitable for prolonged 
release applications have also been investigated for delivery via nebulization that 
may prove to be more suitable for pulmonary products given that they erode more 
rapidly than PLGA. A novel PLGA derivative studied by Dailey et al. showed the 
ability to form nanoparticles below 200 nm in a surfactant-free process that erode 
more rapidly than PLGA nanoparticles [13]. Further evaluation of inflammatory 
response in BALB/c mice after administration of modified PLGA demonstrated 
that theoretical dosing levels produce a similar inflammatory response to isotonic 
glucose [12]. Another novel branched polyester capable of rapid erosion, DEAPA, 
was used to make drug loaded nanoparticles during a solvent displacement pro-
cess. During in vitro testing, a burst release of over 90% of the drug occurred in the 
first 50 min of release testing, showing that a therapeutic bolus is available more 
rapidly than would be expected from PLGA particles. Furthermore, aerosol nebu-
lization was unaffected by the dispersion of nanoparticulates, likely because of 
their solution-like behavior [3].

Cation-induced gelification of alginate was used to encapsulate antitubercular 
agents and was subsequently dispersed in normal saline for administration to an 
animal model. By providing a single-dose controlled release formulation to the lungs, 
more localized pulmonary concentrations were observed in addition to therapeutic 
levels in the liver and spleen. Controlled release of drugs administered pulmonarily shows 
potential to circumvent noncompliance issues commonly associated with daily 
dosing antitubercular medications [42] and avoid the metabolic pathways of the 
reticuloendothelial system [111]. Controlled release formulations delivered to 
the lungs would not be possible using micron-sized particles because of their tendency 
to be captured by phagocytic clearance mechanisms.

15.3.1.4  Lipid Nanoparticles

As will be discussed later in this chapter, pulmonary and systemic toxicity induced 
by insoluble nanomaterials is a major concern when considering a drug formulation 
intended for inhalation. While it has been proven that some biodegradable polymeric 
materials do not induce significant toxicity, such as PLGA [12], many researchers 
have opted for natural occurring excipients when formulating drugs for lung delivery. 
Liposomal drug delivery to the lungs attracts many researchers and clinicians because 
the delivery components contain many of the same saturated and unsaturated hydro-
carbons found in human tissues and fluids. Significant clinical studies have been 
performed and are currently underway investigating liposomal delivery to the lungs 
[4, 17, 77]. Although liposomal delivery systems technically are of nanoparticulate 
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dimensions (<200 nm), they are often classified as their own drug delivery category, 
and are consequently discussed in another chapter of this book.

Alternatively, solid lipid nanoparticles (SLN) represent a lipid-based drug delivery 
strategy that combines the biocompatibility of liposomes with the stability and 
production efficiency of polymeric particles. Furthermore, the solid and robust sur-
face present in these formulations allows for surface modifications such as ligand 
targeting [46] and PEGylation [28]. SLN, typically made by homogenization or 
emulsion precipitation, have been used to deliver drugs as a solid molecular disper-
sion or as a drug encapsulating lipid shell. Normally, the lipophilic/hydrophilic 
nature of the drug and production technique will determine whether drug is encap-
sulated within a lipid shell or present as a solid solution in the lipid matrix. Clozapine, 
a very lipophilic drug used to treat schizophrenia, was found to dissolve with the 
triglyceride matrix, allowing for the production of drug loaded SLN by hot homo-
genization [97]. The enzymatic protection imparted by the lipid carrier showed 
potential to protect clozapine from an extensive first pass effect, and in turn, increase 
the its therapeutic potency.

Similar to aforementioned polymeric nanoparticles, SLN have also been investi-
gated as a means to provide controlled release of chemotherapeutic pharmaceuticals 
for treatment of tuberculosis. Rifampicin, isoniazid, and pyrazinamide were incorpo-
rated into separate lipid nanoparticles by an emulsion precipitation technique [68, 36]. 
When nebulized to healthy and tuberculosis-infected guinea pigs, SLN showed 
dramatic improvement of bioavailability and prolonged residence in the lungs, liver, 
and spleen when compared to intravenous, oral, and unencapsulated pulmonary drug 
administration.

A novel method of SLN preparation was developed, characterized, and inves-
tigated with a metered liquid aerosol generating device [8]. An emulsion containing 
one of two poorly soluble drugs, indomethacin or ketoprofen, was dissolved along 
with a lipid base in chloroform and stabilized in an aqueous external phase with 
lecithin. After homogenization, chloroform was extracted by supercritical fluid, 
leaving lipid-based particles well under 100 nm in diameter. As a result of the 
small size for the dispersed particles, the emitted dose of this nanosuspension 
proved comparable to that of a solution. Moreover, the fine particle dose as a per-
centage of the initial loaded dose was 39 and 40% for indomethacin, and ketopro-
fen SLN formulations, respectively. In an efficacy model, nebulization of SLN 
once a week was shown to be therapeutically equivalent to 46 daily doses of oral 
therapy [68].

Another variation of the lipid carrier nanoparticle strategy, lipid nanocapsules, 
are described as a vector hybrid of liposomal and polymeric nanoencapsulated 
particles [34]. This delivery platform is embodied by drug solubilized within a 
solid lipid core, which will become liquid at biorelevant temperatures, surrounded 
by a rigid lecithin membrane. These particles can range from 25 to 100 nm and 
have proven suitable for aqueous dispersion and nebulization [38], particularly 
with vibratory mesh nebulization technology. In lipid nanocapsules containing the 
chemotherapeutic agent paclitaxel, aerosol production showed no reduction of 
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in vivo efficacy against NCI-H460 human lung cancer cells when compared to 
non-nebulized nanoparticle dispersions, proving the nebulization process does not 
destroy the encapsulated formulation.

15.3.2  Dry Powders for Inhalation

Many researchers have demonstrated that the delivery of nanoparticles to the lungs 
is possible through incorporation in a carrier. Dispersion of nanoparticles into aque-
ous media for nebulization has proven to be a suitable carrier in a range of preclinical 
and animal studies; however, nanodispersions in liquid carriers are not without 
drawbacks. First, many dispersions stabilized as a suspension are likely to experi-
ence chemical and physical instability due to hydrolysis, particle settling, or aggre-
gation. Additionally, these suspensions require the use of stabilizers that must be 
proven safe and nontoxic in the lungs before human use. Nanoparticles for redisper-
sion offer greater stability, but typically require a clinician for administration and 
consequently would not be convenient for everyday treatment.

A viable alternative to aqueous nebulization of nanoparticles is found in dry 
powder aerosol delivery. Formulation of inhaled pharmaceuticals as dry powders 
insures greater chemical and physical stability when compared to dispersions for 
nebulization. This benefit is mainly due to the more limited molecular mobility of a 
dry system, in turn reducing the molecular and interfacial interactions that lead to 
degradation or agglomeration, respectively. Additionally, medication inhaled in the 
solid form can often be given as a single dose in one breath, reducing treatment time 
and improving patient compliance.

15.3.2.1  Nanodisperse Microspheres

As a formulation technique for oral delivery, microencapsulation is often used as a 
means to manipulate drug release, prevent enzymatic degradation, mask taste, or 
improve bioavailability. For pulmonary delivery, microencapsulation may be used 
for these purposes; however, the predominant reason for implementation of this 
strategy is to form particles with the appropriate aerodynamic diameter for deep 
lung deposition.

A common approach to produce powders suitable for inhalation is spray drying. 
This production method is often used to make respirable neat drug particles or drug 
dispersions in a stabilizing matrix. Researchers have also explored this method to 
produce nanoparticles dispersed within carrier microparticles [80]. In a study inves-
tigating the feasibility of spray drying as technique to incorporate nanoparticles into 
carrier microparticles, gelatin and polycyanoacrylate nanoparticles were dispersed 
in a lactose matrix microparticle and characterized by dissolution, fluorescent labeling, 
and cascade impaction. Resulting data showed that after redispersion in aqueous 
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media, nanoparticles remained un-aggregated, meaning the benefits of nanoparticle 
size would likely be present in vivo. Additionally, impaction testing showed that 
respirable lactose matrix particles could produce fine particle fractions ranging from 
38 to 42%. This approach to deliver nanoparticulates to the lungs could be particu-
larly beneficial for peptide and protein based pharmaceuticals due to the absence of 
water in the final formulation and the relatively low processing temperatures 
(40–45°C). As a continuation of this research, Azarmi et al. have shown that this 
method of drug delivery to the lungs can be beneficial in targeting lung cancer cells 
[2]. Doxorubicin, used as a model chemotherapeutic agent, was formulated in 
poly(butylcyanocrylate) nanoparticles intended for delivery via encapsulation in 
lactose carrier particles made by spray-freeze drying. In vitro uptake into H460 
and A549 lung cancer cell lines showed that nanoparticulate doxorubicin more 
effectively targeted cells than free drug, potentially due to more readily occurring 
endocytosis rather than passive diffusion.

An interesting variation of spray drying incorporating two simultaneously 
operating liquid spray nozzles was recently used to create drug nanoparticle loaded 
microparticles for inhalation. This approach has proven helpful in the dispersion of 
poorly water soluble drug nanoparticles in a water soluble carrier material, where a 
common solvent is not available. Pranlukast hemihydrates, a leukotriene antagonist 
for treatment of asthma, was spray dried by this method to produce nanodisperse 
drug within a mannitol microparticle capable of reaching the deep lung [59]. Upon 
reconstitution in aqueous media, drug nanoparticles were determined to range 
between 100 and 500 nm in diameter. Improved bioavailability after oral adminis-
tration was demonstrated in Sprague Dawley rats, where the total absorption of the 
spray dried formulation was approximately 100 times that of the bulk drug. 
Improvements in bioavailability were attributed to enhanced solubility and absorp-
tion of nanoparticulate pranlukast.

For delivery of therapeutic molecules that are easily degraded by production 
and/or physiological conditions, nanoparticle encapsulation can serve as an 
effective means to preserve formulation potency. In the lungs, macrophage 
uptake, esterases, proteases, and various epithelial metabolic pathways represent 
substantial challenges for delivery of highly degradable macromolecules such as 
peptides, proteins, or nucleic acids. Nanoencapsulation offers a solution to 
in vivo degradation by allowing uptake of the therapeutic substance without 
exposure to denaturing environment. Furthermore, dispersion of these nanopar-
ticles in a solid microparticle matrix may provide a more suitable alternative to 
nebulization of an aqueous dispersion due to the additional stability imparted by 
the absence of water.

Delivery of small interfering RNA (siRNA) to lungs seems to be well suited 
for nanoencapsulation in a dry powder carrier because of the potential for 
enhanced stability and increased absorption. By interfering with, or “switching off,” 
disease causing genes, siRNA are able to treat pulmonary diseases such as cystic 
fibrosis, respiratory syncytial virus, and severe acute respiratory syndrome. To 
enable local delivery to the lungs, researchers have used polymers such as PLGA to 
create nanoencapsulated formulations capable of avoiding macrophage clearance. 
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To effectively reach the deep lung, spray dried dispersions of nanoparticles in 
carbohydrates and sugars like lactose, mannitol, and trehalose have been investi-
gated. In some cases, optimization of spray drying conditions and excipient 
concentrations has produced nanoparticle concentrations making up over 50% (w/w) 
of the spray dried particle without causing substantial degradation of the ther-
mally liable nucleic acid [44].

The slow eroding capabilities of PLGA in biological fluid has lead to its use in 
many sustained release formulations intended for oral and intravenous administra-
tion [74, 103]. Likewise, researchers have investigated its use for sustained release 
within the lungs. As mentioned previously, researchers demonstrated that not only 
is PLGA safe for human use in oral and intravenous drug products, but there is also 
reason to believe it is safe for inhalation [12]. In addition to identification of a suit-
able slow eroding polymer, sustained release in the lungs is also complicated by the 
body’s natural clearance mechanisms: the mucociliary escalator and phagocytosis. 
These mechanisms have the ability to clear deposited particulates within a matter of 
hours, thereby removing formulated particles from their intended site of delivery. 
In the deep lung, phagocytic clearance predominates; however, macrophage uptake 
and clearance is limited to particles ranging from 0.5 to 10 mm in diameter. 
Consequently, formulation of large microparticles or small nanoparticles capable of 
deposition in the deep lung may result in increased residence time, and thus, pro-
longed drug release to the pulmonary epithelial layer. To evade macrophage detec-
tion and phagocytosis, PLGA nanoparticles containing insulin have been formulated 
and shown to provide significantly prolonged therapeutic effect after intratraceal 
administration in Wister rats when compared to insulin solution [105]. Alternatively, 
ciprofloxacin dispersed in a large porous PLGA matrix was produced and shown to 
provide sustained drug release over several days in laboratory testing [1]. Highly 
localized treatment of pulmonary infection associated with cystic fibrosis may be 
possible through development of formulations such as these. Porous or low density 
pulmonary formulations characterized by a large geometric diameter were initially 
published in a work by Edwards et al. [20] and present as a novel means to achieve 
deep lung deposition and clearance evasion. These and similar formulations incor-
porating aggregated nanoparticles and nanostructured particles will be discussed 
briefly in this chapter; however, detailed discussions of this subject will be addressed 
in chapters focused on particle engineering techniques.

While PLGA offers a safe and effective means of macromolecular encapsula-
tion, slow erosion rates may hinder rapid therapy and acidic microenvironments 
produced may lead to protein denaturation. As an alternative to PLGA encapsula-
tion, other encapsulating polymers such as degradable polyesters and naturally 
occurring polymers have gained interest. For rapid release of siRNA occurring over 
approximately 3 h, Nguyen et al. used a solvent displacement method to produce 
modified PVA/PLGA based nanoparticles less than 200 nm in diameter [63]. To 
investigate the potential of naturally occurring polymers for nanoencapsulation, 
macromolecule-containing chitosan nanoparticles have been investigated for 
pulmonary delivery via spray dried mannitol/lactose microparticle carriers [29]. 
A high loading capacity of the nanoparticles (75–80%) resulted in burst release of 
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the model protein in vitro from both discrete nanoparticles and microparticle encap-
sulated nanoparticles. Equivalent time and magnitude of release of both discrete 
and encapsulated nanoparticles suggested that no release altering effects were 
imparted by inclusion in a microparticle carrier matrix. Interestingly, findings 
showed that higher nanoparticle loading improved the spherical morphology of 
spray dried particles. The authors attributed this phenomenon to dispersed solid 
nanoparticles that acted as a latticework for the formation of a spherical morphol-
ogy during the spray drying process. Naturally occurring polymers have also been 
investigated for sustained release of nanoparticles in the lungs. Cook et al. investi-
gated glyceryl behenate, tripalmitin, and hydrogenated palm oil as controlled release 
excipients, demonstrating that sustained release of hydrophilic nanoparticles with 
minimal burst release is possible with more biocompatible excipients [11].

In order to insure effective nanoparticle deaggregation after dissolution of the 
microparticle matrix carrier, Ely et al. have investigated the use of an active release 
mechanism for spray dried microparticles [23]. By the incorporating various concen-
trations of sodium carbonate and citric acid in the carrier matrix, an effervescent 
microparticle was produced that was suitable for inhalation. Upon exposure to mois-
ture, sodium carbonate reacted to form carbon dioxide which produced additional 
dissolution energy within the matrix to deaggregate nanoparticles. When a similar 
lactose nanoparticle matrix was evaluated for dissolution, resulting aggregated nano-
particle diameters were significantly larger than those produced by formulations using 
effervescent technology. Through the application of effervescent excipients, actively 
deaggregated formulations could produce more discrete nanoparticles available for 
absorption, ultimately enhancing drug bioavailability.

15.3.2.2  Aggregated Nanoparticles

As mentioned previously, deposition of discrete aerosolized nanoparticles in the 
lower airways can be difficult due to the negligible effect of inertial and sedimen-
tation forces needed for impaction. An interesting and effective strategy to increase 
the effects of these forces on nanoparticulate dry aerosols is to form low density 
aggregates of multiple nanoparticles. These nanoaggregates typically have low 
densities (often less than 0.1 g/cm3) and may take the shape of hollow spheres 
[32, 89], spherical agglomerates [37], nonspherical flocculates [56, 71, 82], or 
aggregated plates [53, 76]. A variety of production techniques have been mod-
ified or developed to facilitate manufacture of these nanoaggregates including 
spray drying, salt flocculation, and rapid freezing processes.

Spray drying is often used for production of pharmaceuticals for inhalation and 
has been used to form nanoparticle aggregates as both hollow and solid spheres. 
Formation of hollow spheres composed of aggregated nanoparticles was initially 
proposed for pulmonary delivery by Tsapis et al. [89]. Their studies showed hollow 
microparticles composed of discrete aggregated nanoparticles which could be 
formed by spray drying nanoparticle dispersions in a rapidly evaporating liquid 
carrier. The ratio between liquid carrier evaporation and nanoparticulate diffusion in 
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that carrier is often described in a Peclet number, where the greater the Peclet 
number, the more likely a hollow or collapsed spray dried product will be produced. 
After liquid evaporation, nanoparticles are left imbedded in surfactants or other 
excipients present, or in some cases, held in place without excipients through Van 
der Waals forces. In this way, spray drying can be used to create aggregated nano-
particles for inhalation containing only neat drug. Other groups have also evaluated 
this technique, investigating caviots such as the influence of nanoparticle size and 
chemical nature, excipients, and processing conditions on hollow particle structure 
and density [31, 32].

In addition to production of hollow spheres, spray drying has also been used to 
produce spherical aggregates of nanoparticles. After formation of nanoparticles 
using a novel high gravity controlled precipitation technique [10], salbutamol nano-
particles were spray dried to produce loose high surface area aggregates of approxi-
mately 2 mm in diameter. Using the Aerolizer® (Novartis, Basel, Switzerland), the 
fine particle fraction (emitted) was 71%, likely due to the unique morphology and 
high surface area of these spray dried aggregates [37].

Process technologies other than spray drying have also been used to control 
aggregation, or flocculation, of nanoparticles. Manipulation of the electrostatic 
repulsion/attraction of individual particles has been demonstrated as another effec-
tive means to self-associate nanoparticles for pulmonary delivery. Flocculation of 
polymeric nanoparticles was successfully controlled using charged polymeric 
PLGA nanoparticles in a high homogenization process [81]. Positive and negative 
charges were imparted in PLGA nanoparticles through the incorporation of polyvi-
nylamine and poly(ethylene-maleic anhydride), respectively. After liquid removal, 
flocculated particles had a density of approximately 0.1 g/cm3 and demonstrated 
aerodynamic diameters within the respirable range.

Highly potent drug flocculates have also been produced through manipulation of 
particle electrostatics; however, in this case, disruption of stabilizing charges was 
used to control flocculation. Polymeric stabilizers and surfactants are often used to 
produce stable colloidal solutions, particularly during the manufacture and storage 
of nanoparticulate drug formulations [102]. Steric hindrance and electrostatic forces 
effectively prevent particle growth and aggregation in these formulations. In a novel 
variation of this concept, Plumley et al. have used sodium chloride to disrupt the 
nanoparticle stabilizing effects of stearic acid on nifedipine nanoparticles [71]. The 
resulting nanoaggregates characterized by cascade impaction and laser diffraction 
testing demonstrated a mean aerodynamic diameter of 1.4 mm and a mean geometric 
diameter of approximately 10 mm, respectively. The large difference between the 
aerodynamic and geometric diameters was not unexpected due to the low bulk den-
sity (0.07 g/cm3) of this aggregated material. Similar formulations have been inves-
tigated using leucine to destabilize and aggregate anticancer agents, paclitaxel and 
cisplatin [21]. Flocculation for production of respirable drug nanoaggregates is cur-
rently being investigated by Savara Pharmaceuticals (Austin, TX) for delivery of 
high potency formulations to the lungs. In addition to producing low density parti-
cles suitable for inhalation, salt flocculation has also been demonstrated as an effec-
tive method for the extraction of nanoparticles from colloidal dispersion, while 
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maintaining nanoparticle morphology [56]. For collection of nanoparticles intended 
to be delivered in their amorphous state, salt flocculation followed by filtration 
allows for readily redispersible, low density powder.

A platform for accurate delivery of drug to the deep lung using self-assembled 
submicron plates has been developed by Mannkind Corporation (Valencia, CA). 
In the Technosphere® platform, aggregated plates composed of crystalline fumaryl 
diketopiperazine (FDKP) serve as a high surface area substrate for the adsorption of 
an active pharmaceutical ingredient. Much like enteric coated dosage forms intended 
for oral delivery, FDKP contains carboxylic acid groups that will ionize and rapidly 
dissolve in the neutral pH of pulmonary fluid. Solubility of the drug layered sub-
strate combined with high surface area of aggregated crystalline plates shows prom-
ise for the use of this platform for rapid delivery of drugs for systemic indications. 
Initial clinical studies have been conducted to determine the feasibility of 
Technosphere® for effective delivery of salmon calcitonin, parathyroid hormone, 
and human insulin to systemic circulation via the lungs [53]. Promising clinical data 
has been collected after an open-label, randomized, cross-over study was conducted 
in 16 nonsmoking volunteers with type 2 diabetes. Pharmacokinetic, pharmacody-
namic, and safety data was evaluated after administration of a 48 unit nominal dose 
of Technosphere® insulin and compared with that of normal subcutaneous injections 
of human insulin. Pulmonary administration of human insulin provided a significantly 
higher C

max
 15 min postadministration than did subcutaneous injections; although, 

the doses given resulted in a nearly equivalent bioavailability, as determined by the 
systemic AUC. Consequently, blood glucose resulting from a standardized meal 
was 48% lower in subjects receiving inhaled insulin rather than subcutaneous 
insulin [76]. As demonstrated by the delivery of inhaled insulin, the nearly instan-
taneous partitioning of drug into systemic circulation via the lungs may prove to be 
a more effective method of treating disease exacerbation or acute symptoms of 
diabetes mellitus and other systemic diseases.

15.3.2.3  Other Engineered Particles

Although they will not be described in detail in this chapter, it should be mentioned 
that other advanced formulation technologies for inhalation have been thoroughly 
researched and, in some cases, have proven successful in clinical trials. While not 
composed of discrete nanoparticles, many low density microparticles with nano-
structured morphologies have been produced by novel adaptations of spray drying 
and demonstrate exceptional aerosol performance. The resulting powders for aero-
solization provide highly efficiency delivery due to their narrow size distribution 
and ease of deaggregation. Two such formulation technologies have proven quite 
successful in early laboratory testing and have continued on in clinical trials.

PulmoSphere® technology, developed by Inhale Therapeutic Systems (San 
Carlos, CA) and now owned by Novartis (Basel, Switzerland), uses a liquid emul-
sion feedstock to produce hollow, porous spray dried spheres for use in DPIs and 
pMDIs [16, 18]. The porous nature of the spray dried spheres is achieved through 
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fluorocarbon evaporation during the drying process. Gamma scintigraphy studies in 
human subjects have been performed to evaluate the deposition of PulmoSphere® 
after administration with a pMDI and have demonstrated roughly twice the lung 
deposition when compared to a normal pMDI formulation [35]. Further clinical 
studies focused on administration of PulmoSpheres® as dry powder for inhalation. 
Tobramycin was formulated as a dry powder using this technology and was shown 
to give sevenfold more efficient lung deposition than nebulized tobramycin in 14 
healthy volunteers [62]. Correspondingly, both Cmax and serum AUC of PulmoSphere® 
tobramycin was twice that of inhaled nebulized tobramycin. Ciprofloxacin has also 
demonstrated effective deposition via PulmonSphere® in healthy males with minimal 
systemic exposure [85].

Another inhalation platform incorporating low density particles manufactured by 
spray drying is AIR® technology (Alkemers Inc., Cambridge, MA). Through pro-
duction of a collapsed, high surface area microparticle, this technology also pro-
duces powders with high mean geometric diameter and low aerodynamic diameter. 
The ability of these particles to avoid the normal clearance mechanisms of the lungs 
has also been demonstrated in studies investigating the sustained delivery of insulin 
[20]. Subsequent spray drying studies have shown that control over particle charac-
teristics can be accomplished by changing spray drying parameters and excipient 
concentration [95]. Currently, phase II clinical trials are underway for evaluation of 
an anticolinergic, trospium chloride, using this formulation technology.

More recently, a new variety of nanostructured particles have been produced 
using a rapid freezing technology. This platform produces a low density pharmaceu-
tical matrix that may be redispersed for nebulization [57, 83], dispersed in HFA for 
delivery via a pMDI [24], or aerosolized via DPI [101]. When dispersed in HFA and 
aerosolized, the HFA actively templates the dispersed low density (approximately 
0.1 g/cm3) flocculates into an appropriate geometric diameter for inhalation. For 
aerosolization with a passive DPI, an adequate shearing force was necessary to frac-
ture friable matrices into respirable microparticles [101]. Findings showed that a 
passive DPI operating at 4 kPa provided sufficient energy for in situ production of a 
highly respirable, low density matrix particle. This technology is currently being 
developed by Enavail LLC (Austin, TX) to produced inhaled pharmaceuticals with 
increased bioavailability.

15.4  Nanoparticle Toxicology

While nanomedicine is an exciting new field showing potential for many therapeu-
tic and diagnostic breakthroughs, mounting concerns have been voiced by regula-
tory agencies and research groups over insoluble nanoparticles and their effects on 
biological systems. Indeed, the very same characteristics of high surface area and 
increased bioavailability that makes nanosized drugs attractive for pharmaceutical 
applications, also translates into toxicity concerns for nonbiodegradable materials, 
particularly upon inhalation. Increased surface area of nanomaterials results in 
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increased immunobiological reactivity, which can be further exacerbated by their 
prolonged tissue retention due to the ability to evade normal physiological clear-
ance mechanisms. Additionally, particles categorized as “ultrafine,” having a 
diameter less than 100 nm, can easily navigate through tight junctions and intracel-
lular space, allowing them to readily reach systemic circulation after deposition in 
the lungs.

Due to the potential for confusion or overlap between nanoparticulates for drug 
delivery and insoluble nanoparticles used/produced in industry, it is important to 
understand the increasing concern surrounding the toxicity of both ultrafine combus-
tion-derived nanoparticles (CDNP) and advanced nanoengineered particles present 
in industrial environments [79]. Investigations into the tolerability and pulmonary 
safety of biodegradable materials commonly used in drug delivery are also discussed 
and differentiated from nonbiodegradable inhaled particulates.

15.4.1  Combustion-Derived Particles

Much attention and growing concern has been focused on nanoparticles that reach the 
lung unintentionally due to respirable environmental pollutants. While the adverse 
effects of industrial air pollution have been known since the beginning of industrial-
ized society, only now are researchers determining the dangers of inhaled particulate 
matter, specifically particles in the nanoscale. The majority of toxicology research 
conducted on inhaled particles is focused on CDNP that are encountered everyday, 
and play an import role in respiratory and cardiovascular health. Just one cubic cen-
timeter of urban air contains approximately 107 particles with a diameter less than 
300 nm, many of which are carbon particulates produced as byproducts from com-
bustion engines [58]. These inhaled toxics include carbon black and diesel particu-
lates and are typically characterized by size as coarse (>2.5 mm), fine (between 2.5 
and 0.1 mm), and ultrafine (<0.1 mm). Environmental toxicologists now understand 
that ultrafine combustion-derived particles, which are by definition in the nano-range, 
are responsible for the majority of the untoward effects associated with particulate 
inhalation [64, 78]. In a clinical study, 27 asthmatics exposed to aerosolized parti-
cles with varying levels of ultrafines proved to have a more decreased peak expira-
tory flow after inhalation of increased levels of ultrafine particles [70]. Inhalation of 
CDNP has been proven to cause exacerbations of preexisting conditions such as 
asthma and COPD as well as increasing pulmonary inflammation in health subjects. 
Pulmonary epithelial cells and leukocytes (e.g., monocytes, macrophages) can be 
significantly disrupted by ultrafine particulates resulting in inhibition of phagocyto-
sis and uncontrolled inflammation. When investigating the local toxicological 
effects of inhaled carbon black Printex 90 particles, scientist found that cytochrome 
P450 1B1 was downregulated up to 130-fold [22], which would severely limit the 
ability of the lungs to fight opportunistic infection. The oxidative stress imparted by 
combustion-derived particulates results in proliferation of pro-inflammatory cytok-
ines IL-6, IL-8, and TNF-a, ultimately leading to airway constriction [107]. 
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Additionally, disruption of the lung’s natural defense mechanisms through CDNP 
has also been associated with tumor formation and malignancy.

Unfortunately, toxicity of inhaled ultrafines is not limited to pulmonary toxicity. 
Many particles smaller than 100 nm have the capability to circumvent the epithelial 
cell barrier of the lungs, thus entering systemic circulation fully intact. Translocation 
of inhaled CDNP to circulation has been shown to significantly increase systemic 
inflammation, which can lead to atherosclerosis, thrombosis, and infarction [86]. 
Accumulation of these nanoparticles in highly vascular tissues, specifically those of 
the reticuloendothelial system, may also lead to organ-specific toxicity. Within systemic 
circulation, disruption of the normal function of the vascular endothelial has also been shown 
to occur after CDNP exposure, most likely due to endogenous fibrinolysis [19].

15.4.2  Nanoengineered Particles

Recently, new engineering practices in nanotechnology have been developed to 
improve a host of everyday products: electrical circuits, composite materials, sen-
sors, medical devices, and drug delivery devices. By manipulation of these materi-
als on the small scale, the material properties of the substance, such as electrical 
conductance, material strength, or drug loading capacity, may be tailored to suit the 
needs of their application. Most nanoengineered materials are constructed from ele-
ments that render them nonbiodegradable, enabling them to maintain structure and 
function in nearly all natural environments. Unfortunately, the robust nature of these 
particles combined with their ability to evade normal biological elimination mecha-
nisms have lead to growing concerns surrounding the occupational health of indi-
viduals exposed to these materials. Development of advanced nanoengineered 
particles such as carbon nanotubes, quantum dots, gold nanoparticles, and fuller-
enes have enabled advances in a broad array of fields; however, recent investigations 
in inhaled nanoparticle toxicology have revealed potential health consequences of 
these particles if not properly contained [73].

Carbon nanotubes are insoluble cylindrical particles made up of one or multiple 
layers of carbon atoms. Although proven to be quite useful to impart mechanical 
strength or electrical conductance to a material, these fiber-like particles have been 
proven to elicit inflammation in the lungs [99] as well as thrombosis and DNA dam-
age systemically [49]. Moreover, the high aspect ratio and agglomeration tendency 
of these particles allow them to reach the lung periphery when inhaled, not unlike 
asbestos. Studies in animal models have demonstrated a potential link between 
inflammation and granuloma in the abdominal cavity of mice given intraperitoneal 
injections of carbon nanotubes. The pathology of the carbon nanotube induced 
inflammatory response in mesothelial lining of the murine chest is noted as having 
a striking similarity to the immunological response to asbestos [72, 87]. While fur-
ther studies must be conducted to confirm carcinogenicity in humans [45], these 
studies have fed the growing concern that nanomaterial have many beneficial appli-
cations; however, like asbestos, could present serious health risks.
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Other nanoscale particulates have also demonstrated toxic properties in the lungs 
and major tissues that are cause for concern and further investigation. Fullerens, hol-
low hexagnal structures containing approximately 60–80 carbon atoms, have many 
applications as catalysts, lubricants, and cosmetics; however, they have been associ-
ated with cytotoxic and DNA damaging effects, particularly when exposed to light 
[73]. In a gold nanoparticle study conducted in a alveolar type-II cell line, it was 
demonstrated that contaminants, such as sodium citrate, on the surface of gold nano-
particles could have cytotoxic effects and increase release of lactate dehydrogenase 
[94]. Similarly, Titanium oxide nanoparticles have proven to induce lung injury by 
activation of inflammatory pathways in mice [9]; and more recently caused tumor 
conversion to malignancy in a benign tumor mouse model [65].

Due to their highly insoluble and nonbiodegradable properties, engineered nano-
particles have the ability to reside in biological systems for prolonged periods of 
time. While composed of material that is typically nontoxic in normal size ranges, 
the combination of surface area, rapid tissue distribution, and prolonged residence 
time of nanoengineered particles has shown potential to cause many adverse effects 
in animal models and humans.

15.4.3  Regulatory Stance

Concerns in fields of environmental and occupational health combined with the 
growing catalog of literature covering nanopharmaceuticals have lead to new initia-
tives by the FDA to better regulate products containing nanomaterial. In 2006, the 
FDA assigned a Nanotechnology Task Force the duty of creating guidances to assist 
in the design of studies for physicochemical and biological characterization, spe-
cific to nanomaterials. Particular interest has been dedicated to the standardization 
of testing to determine the ADME for nanopharmaceuticals and the identification of 
the basic material properties that influence them [112]. To address regulatory policy, 
the task force is also investigating issues of identification of nanomaterial, the agency’s 
range of authority, labeling of products containing nanomaterial, and potential overlap 
with environmental policy [25]. The FDA is still in the early stages of developing 
polices to regulate this rapidly expanding area of drug delivery, and are currently 
investigating nanoparticle formulations on a case by case basis.

15.4.4  Bioerodable Nanoparticles

As a consequence of the extensive research surrounding environmental toxicology 
and the unsettling realization of the toxicity of CDNP, the notion of inhaling nano-
particles for therapeutic purposes may seem counterproductive. Many researchers 
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are investigating nanoparticles for delivery to the lungs based on the same principles 
that make them so toxic in the cases mentioned above. In short, nanoparticles can 
increase the bioreactivity and biodistribution of a given substance. If that substance 
is a known pharmaceutical agent with a detailed safety profile, reformulation as a 
nanoparticulate may allow for enhanced potency and increased distribution in 
targeted tissues.

The root cause of nanoparticle toxicity in the lungs is insolubility. Unlike 
combustion-derived and metallic particles, drug particles that are soluble, erodible, 
or biodegradable will often not induce an immunological response, unless the material 
is fundamentally toxic on the molecular level. Indeed, current dry powder inhalers 
marketed to treat asthma, COPD, and influenza all deliver microparticles to the 
lungs and must undergo dissolution to impart a therapeutic effect. As microparticles 
dissolve they must pass through the nanoparticulate range before completely dis-
sociating. This common-sense approach provides a logical rationale that particle 
size alone cannot impart toxicity.

In order to evaluate the inflammatory potential of a common nanomaterial for 
drug delivery to the lungs, Dailey et al. investigated pulmonary delivery of biode-
gradable and nonbiodegradable polymeric nanoparticles in mice [12]. Theoretical 
doses of either PLGA or polystyrene were administered to anesthetized BALB/c 
mice by intratracheal instillation and compared with the inflammatory effect of a 
glucose solution control. To characterize the inflammatory response, multiple sig-
naling and response factors were quantified in murine bronchoalveolar lavage fluid 
including ingress of inflammatory white blood cells, specifically eosinophils, neu-
trophils, and basophils. Figure 15.5a shows that at 24 h after instillation of two dif-
ferent doses of polystyrene nanoparticles, inflammatory cell (polymorphonucleocyte) 
infiltration proved to be significantly higher than the control group. Alternatively, 
bronchoalveolar lavage cell counts of PLGA dosed mice showed no significant 
increase in inflammatory cells. After 14 days, polystyrene nanoparticles in the 
75 nm size range proved to persist in induction of heightened inflammatory cell 
levels, suggesting that these particles are impervious to normal pulmonary clear-
ance mechanisms (Fig. 15.5b). This finding supports the conclusions by environ-
mental toxicologists that insoluble ultrafines can avoid, and in some cases inhibit, 
alveolar macrophage clearance [22].

When evaluated for their potential for inflammatory action upon deposition on 
the pulmonary mucosa, both gelatin and human serum albumin based nanoparticles 
proved to be nonimmunogenic. After administration of albumin and gelatin parti-
cles, lactate dehydrogenase and interleukin 8 levels in cell cultured pulmonary 
epithelial cells proved to be similar to those found in controls. Conversely, 
polycylcyanoacrylate nanoparticles showed heightened toxicity dependant on the 
length of its alkyl sidechain [5]. Although unproven in large clinical trials, these 
studies suggest that biodegradable and immunologically inert materials delivered as 
nanoparticles to the lungs will not have adverse effects on lung physiology or 
function.
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15.5  Conclusion

Nanoparticle inhalation as a means to deliver pharmaceuticals to the lungs shows 
great potential to enhance therapy for pulmonary and systemic indications by 
increasing solubility, improving permeability, and allowing for sustained release of 
deposited drug to the pulmonary epithelium and systemic circulation. While a sub-
stantial amount of laboratory research has been conducted in the field of drug nano-
particles, there is a clear lack of nanoparticle-specific inhalation models and clinical 
trials to support benefits of nanoparticle delivery seen in vitro.

Fig. 15.5 Inflammatory cell 
recruitment at (a) 24 h and 
(b) 14 days after particle 
instillation. Asterisks denotes 
significant difference from 
the glucose control (P < 0.05). 
PMN polymorphonucleocyte; 
PS-NP polystyrene 
nanoparticles; DEAPA-NP 
poly(lactic-co-glycolic acid) 
derivative nanoparticles; 
PLGA-NP poly(lactic-co-
glycolic acid) nanoparticles 
(reprinted by permission 
from Dailey et al. [12])
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Most research involving ADME of inhaled nanoparticles has not been to determine 
efficacy or PK/PD, but has been to evaluate the potential toxicity of nontherapeutic 
nanoparticles not intended for inhalation. Unfortunately, this has lead to a public 
misconception of the therapeutic potential of inhaled nanoparticles for the purposes 
of drug delivery. Recently, additional attention has been dawn to the potentially 
deadly effects of inhaled nanoparticles in the workplace due to the tragic death of 
two Chinese factory workers [84]. Even though toxicologists disagree in this case as 
to whether these deaths were caused by nanoparticle inhalation or toxic fume inha-
lation, some claim these to be the first incidences of death due to occupational 
exposure to nanoparticles. While cases such as these highlight the growing need for 
proper industrial regulations to limit unwanted nanoparticle exposure, these find-
ings should not be used to draw inference on the safety of the intentional delivery of 
therapeutic drug nanoparticles to the lung.

A variety of technologies have been applied to effectively manufacture and 
deliver nanoparticles to the lung through nebulization and dry powder inhalation. 
Future studies will need to prove the stability and scalability of these production 
methods as well as determine the influence of drug nanoparticles (as compared 
micronized particles) on the bioavailability and ADME of drugs and excipients in 
animals and humans. While the successful application of nanotechnology to phar-
maceuticals has thus far been limited to oral and intravenous drug formulations, the 
body of research surrounding nanoparticles for pulmonary delivery suggests that 
this technology could provide improved therapy for inhaled drug products as well.
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Abstract For gene delivery to the lung, the challenges are high, but successful 
treatment of cystic fibrosis or achieving immunity against the global infectious dis-
eases provide an allure that cannot be ignored. This chapter summarizes and reviews 
nonviral DNA delivery for both gene therapy and DNA vaccination in the lung. 
Aerosolization of DNA is evaluated, and the stability during this process is dis-
cussed. Carriers for DNA are then discussed including lipoplexes and polyplexes, 
with a particular focus on systems that achieve good transfection and minimize 
potential toxicity. Then principles of DNA vaccination are introduced, and the 
advantages of pulmonary vaccination are discussed. Finally, the transport of plas-
mid DNA vaccines into the lungs is reviewed.

Keywords DNA delivery • DNA vaccination • Gene therapy • Non-viral gene 
delivery • Pulmonary route of application

16.1  Introduction

As such, the concept of gene delivery to the lung for therapeutic as well as preven-
tive purposes appears to be straight forward: relatively easy application meeting 
with patient compliance, direct accessibility of the target tissue, low enzymatic 
activity (compared to the oral route of application) and absence of pH gradient. 
However, as with all “simple” concepts, the devil is in the details. In this case, as 
somebody put it correctly in the three challenges afflicting all efforts in drug 
development: Delivery, Delivery, and Delivery. The first delivery aspect is to deposit 
an aerosol DNA bearing particles at the correct site in the lung, maintaining DNA 
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integrity in lieu of shear forces necessary to produce aerosol droplet sizes suitable 
for inhalation. The second is to enable the uptake of DNA carrier systems by, if pos-
sible, the “correct” target cells. The last aspect is related to obtaining successful 
transfection, i.e., the successful expression and processing of the protein encoded in 
the DNA delivered. For all three of these stages, technologies have been developed 
over several decades. In this chapter, we would like to focus on supplying the reader 
with an overview over some aspects of – nonviral – DNA delivery for both gene 
therapy and DNA vaccination in the lung.

16.2  Aerosolization of pDNA

The first report of pulmonary delivery of aerosolized DNA, complexed with 
cationic liposomes, was described by Stribling et al. [63]. Using DOTMA (N-[1-
(2,3)-dioleyl-oxy)propyl]-N,N,N-triethylammonium), in combination with the 
fusigenic lipid DOPE (dioleoyl-phosphatidylethanolamine) to form complexes 
with a pDNA encoding for chloramphenicol acetyl transferase (CAT), successful 
transfection of pulmonary tissues in mice was achieved in the absence of toxic side 
effects. In this case, the aerosolization was achieved by nebulization in what turned 
out to be a rather inefficient process. Application of aerosol had to be maintained 
for a total duration of 4–5 h, aerosolizing 6 mg of total DNA, of which only about 
10 mg was finally deposited in the lung. However, this study sparked the interest in 
aerosol delivery of pDNA for a number of genetic diseases, including cystic fibro-
sis (CF) [2, 50], lung cancer [27], and inflammatory afflictions of the lung, such as 
asthma [2].

From these first trials, it became also clear that the nebulization of a large and 
relatively fragile molecule poses a challenge. Especially seen the forces necessary 
to produce droplet sizes suitable for inhalation (about 2 mm), shear stress occurring 
during nebulization is to be minimized in order to maintain structural integrity of 
the DNA delivered [15]. A recent paper by Lentz et al. [41] investigated the effect 
of the strain rate on the integrity of plasmid DNA (pDNA) aerosolized from differ-
ent delivery systems (ultrasonic, vibrating mesh and jet nebulizer, electrostatic 
spray). The strain rate g is defined as the derivative of velocity (du) in correlation to 
linear distance traveled (dy) [56]:

 γ = d / d .u y  

The study revealed the lowest destabilizing effect for pDNA aerosolized from 
electrostatic sprays, and the highest for jet nebulizers. In spite of a relatively low 
strain rate, also vibrating mesh nebulizers exerted a destabilizing effect on plasmid 
DNA, possibly due to the interaction of the molecule with the vibrating grid [41]. 
As was already shown, DNA degradation in ultrasonic nebulizers was due to cavita-
tion, i.e., the collapse of air bubbles creating shock waves, which can damage the 
DNA [42]. In contrast to aerosolized “naked” DNA, complexation with positively 
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charged molecular entities, condensing and compacting DNA, has been shown to 
lead to a stabilization of the DNA delivered, besides resulting in a potential increase 
in transfection efficiency observed [57].

16.3  Lipoplexes and Polyplexes

In nonviral delivery, DNA is usually condensed by electrostatic interaction with either 
cationic lipids to form so-called lipoplexes or cationic polymers (polyplexes). Examples 
for the former, in addition to the above mentioned DOTMA/DOPE liposomes, are 
3-[N-[(N¢,N¢-dimethylamino)ethane]carbamoyl]cholesterol (DC-cholesterol), used for 
the application of a plasmid expressing for the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein in mice [1]. Since then, a number of lipoplex formula-
tions have been developed and successfully tested in animals [26, 49].

In clinical trials, however, lipoplex-mediated transfection of pulmonary tissues 
has suffered from comparably low efficiency [6], as well as proinflammatory side 
effects [58]. The recent use of an improved lipid, the Genzyme lipid 67 (GL-67), 
called the “gold-standard” [25] in pulmonary gene delivery, has resulted in an 
increased transient transfection and expression of a reporter gene after instillation in 
mouse lungs [40]. The lipid, consisting of a spermine headgroup covalently attached 
to cholesterol “anchor,” used in a liposomal formulation including dioleoylphos-
phatidyl ethanolamine (DOPE), dimyristoylphosphatidyl ethanolamine (DMPE), 
and polyethylene glycol (PEG) has also been tested in clinical studies. In CF 
patients, treatment resulted in significant, though partial, restoration of the chloride 
channel activity disturbed in CF by the expression of the CFTR protein [2, 3].

Another cationic lipid, guanidinium-cholesterol-bis-guanidinium-tren- cholesterol 
(BGTC), showed relatively high transfection efficiency in vitro and in vivo when 
used in combination with DOPE [16]. Applied as an aerosol to mice, expression of 
the reporter gene CAT was however lower than for polyplexes prepared with polyeth-
yleneimine (PEI), applied by the same route [22]. In addition, cytokine (TNF-alpha, 
IL-1 beta) levels measured in the bronchoalveolar fluid (BALF) after exposure were 
higher for BGTC-based systems than for the PEI polyplexes.

Inflammatory side effects in lipoplex-mediated gene delivery in the lung have 
not been attributed to the cationic lipids themselves, but more to the presence of 
(and exposure to) CpG sequences absent in mammalian, but present in bacterial 
plasmid DNA. These sequences have been identified as ligands of the Toll-like 
receptor (TLR) 9 [62]. TLR belongs to a group of pathogenic pattern recognition 
receptors that are a part of the innate immune system [30]. TLR ligands have there-
fore recently been introduced as novel adjuvants to boost the mucosal immune 
response following pulmonary application of vaccines (see below).

Polymers have long been used for condensing DNA, forming condensates (“poly-
plexes”) held together by electrostatic forces between the negatively charged DNA 
and positively charged polymers [36]. This condensation both reduces the size of 
the DNA delivered, and masks its negative charge, both factors making DNA amenable 
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for endocytosis by target cells. Cationic polymers, especially PEI, may also assist in 
the “endosomal escape,” i.e., the release of intact plasmid DNA from the endosomal 
compartment [12], as depicted in Fig. 16.1. In this case, the polymer acts as a 
“proton sponge,” by virtue of protonation of its multiple amino groups. This, in turn, 
buffers the pH in the endosomal compartment, causing the endosomal membrane to 
rupture and release the polyplex into the cytoplasm [53]. In addition, condensation 
with polymers was shown to stabilize DNA against enzymatic degradation [13].

Examples of widely used polymers in nonviral gene delivery are poly(l-lysine) 
(PLL) [39, 43], PEI [12], poly(2-(dimethylaminoi)ethylmethacrylate) (pDMAEMA) 
[67], as well as biodegradable polysaccharides such as chitosan and its derivatives 
[11, 48]. Among these, PEI, PLL, and chitosan (Fig. 16.2) and respective derivatives 
have been shown to successfully transfect lung epithelial cells in vitro and in vivo.

Fig. 16.1 Concept of polyplex-mediated transfection: 1: formation of polyplex by electrostatic 
condensation of DNA and polymer; 2: polyplex endocytosis and endosomal uptake; 3: “endosomal 
escape”; 4: transport through cytoplasm and nuclear localization; 5: intracellular dissociation of 
plasmid DNA from polymer

Fig. 16.2 Molecular structures of (a) chitosan, (b) poly-l-lysine (PLL), and (c) polyethyleneimine 
(PEI)
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PEI shows a high density of primary, secondary, and tertiary amine function in 
its structure (Fig. 16.2), and is therefore suited to condense DNA plasmids and act 
as a proton sponge for lysosomal escape and facilitated intracellular trafficking of 
the vector. PEI has therefore been considered as a nonviral delivery system in gene 
therapy of CF [20], a genetic disease caused by the aberration of a chloride channel 
protein, the CFTR protein, expressed in mucosal epithelia in the intestinal tract and 
the lung [46]. As the cause of fatality is linked to the pulmonary effects of CF, gene 
therapy through application of the correcting gene by aerosolization was attempted 
early on. In this regard, PEI was shown to protect DNA against degradation during 
the aerosolization process [17], to lead to a higher transfection rates compared to 
most cationic lipids [16], with transfection using PEI polyplexes not inhibited by 
lung surfactant [19]. However, PEI is significantly cytotoxic, which appears to 
depend on the density of the positive charges as well as on the molecular weight of 
the polymer [33], and the degree of molecular branching [70]. Cytotoxicity of PEI 
and aggregation tendency of PEI/DNA complexes could greatly be reduced by 
grafting PEI with PEG, with reduction in cytotoxicity being dependent on the degree 
of PEG grafting, and not on the molecular weight of PEG [52, 55].

In a recent study [65], branched PEI was compared to a newly developed copo-
lymer from oligo(ethylene glycol) methyl ether methacrylate (OEGMA) and poly 
N,N-dimethylaminoethylmethacrylate (pDMAEMA) in terms of toxicity and trans-
fection efficiency after intratracheal application in Balb/c mice. The copolymer 
could prevent polyplex aggregation at high concentrations in isotonic solutions, ren-
dering formulations useful for in vivo application. Gene expression in vivo appar-
ently improved by sevenfold when compared to branched PEI.

Condensation of plasmid DNA by poly-l-lysine (PLL) appears to be depen-
dent on the interaction of the primary amine groups of the polymer with nega-
tively charged DNA. For the formation of stable polyplexes, the number of amine 
groups available appears to be of crucial importance. Polyplexes formed with PLL 
below a molecular weight of 3 kDa were shown to be unstable [38]. On the other 
hand, polyplexes prepared with high molecular weight PLL tended to form aggre-
gates in isotonic solutions [43] and exerted considerable cytotoxicity [14]. To 
overcome these challenges, PLL was grafted with PEG, resulting in an A–B-type 
block copolymer [71]. Polyplexes formed with these copolymers maintained their 
stability in serum, and can be applied in suspensions at a concentration exceeding 
12 mg/ml DNA in isotonic saline [44]. Successively, PEG-PLL polymers were 
employed in preclinical studies in mice, transfecting 60–75% of epithelial cells 
lining the bronchial tract after a single intratracheal application [75]. Based on 
these favorable data, a first clinical trial was initiated [35], testing the application 
of a plasmid expressing for the CFTR protein and condensed with PEGylated PLL 
(CK

30
) in a total of 12 CF patients in a placebo-controlled, double-blind, dose-

escalation intranasal study. Primary endpoints – safety and tolerability – were 
met, and the secondary endpoint – gene transfer efficiency – was assessed as well. 
A partial to complete response was seen in eight subjects, and correction persisted 
for 6 days, for 1 patient even up to 4 weeks after single nasal application of the 
polyplex formulation.
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Chitosan is a linear, cationic polysaccharide consisting of randomly distributed 
b-(1-4)-linked d-glucosamine (deacetylated unit) and N-acetyl-d-glucosamine 
(acetylated unit). It is industrially produced by alkaline deacetylation of chitin, 
which is the structural element in the exoskeleton of crustaceans [61]. The degree of 
deacetylation of chitosan ranges from 40 to 98%. Different molecular weights 
(range of >100,000 to <2,000 Da) and viscosity grades are on the market. The pri-
mary amino function affords the possibility of easily altering the chemical modifi-
cation of chitosan. The pK

a
 value of this amino group was determined to be around 

6.5 and does not vary significantly, even for different degrees of N-acetylation. 
Hence, chitosan is positively charged and soluble in acidic solutions, whereas 
unmodified chitosan is insoluble at physiological pH values (7.2–7.4). Chitosan has 
been considered to serve as a vector for gene delivery [60] due to biocompatibility 
and biodegradability [5]. A study dedicated to unravel the relationship between the 
structure of chitosan, i.e., its molecular weight and degree of deacetylation, its tox-
icity in vitro, and transfection efficiency after intratracheal administration in mice 
was performed recently [34]. It was shown that the percentage of deacetylation must 
be greater than 65% to achieve stable complexes with plasmid DNA, and achieve 
transgene expression. In terms of acute toxicity, measured by incubation with 293 
cells, an IC50 value of 630 mg/ml was measured for ultrapure chitosan (UPC) of a 
deacetylation degree of 83%, in comparison to an IC50 value of just 75 mg/ml for 
PEI of a molecular weight of 800 kDa [24]. After intratracheal instillation, poly-
plexes were mostly found in the airways of the central lung. PEI transfection was 
seen to be more effective and longer lasting than with UPC, which itself was com-
parable to cationic lipids. It was considered to be safe for pulmonary application, 
provided chitosan is used in its ultrapure form [31].

16.4  Principles of Plasmid DNA Vaccination

With an increasing knowledge of the immune system and its molecular answers to 
infections, it becomes more and more obvious that antibody inducing vaccines 
might not be the appropriate solution to intracellular infections (such as tuberculo-
sis, influenza, hepatitis, or HIV/AIDS) requiring for their prevention a potent cyto-
toxic T lymphocyte response (CTL). Plasmid deoxyribonucleic acid (DNA) 
vaccination might be an answer to that due to its hallmark of inducing a strong CTL 
response in orchestration with CD4+ T helper cells (cellular immunity) as well as 
its generation of antibodies (humoral immunity).

In general, a plasmid DNA vaccine consists of a bacterial plasmid vector into 
which a gene is inserted encoding for one or more antigenic protein(s). When com-
pared to gene therapy, plasmid DNA vaccination is supposed to be already efficient 
at a relatively low level of gene expression. Plasmid DNA vaccines are produced in 
bacteria (such as Escherichia coli) and after purification injected into the host [29].

Wolff et al. [72] reported for the first time that an injection of plasmid DNA 
(encoding for the bacterial enzyme beta-galactosidase) into muscle cells can result 
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in lasting protein expressions, even after 2 months of injection. This technique of in 
situ expression of protein(s) was then applied for eliciting an antibody response by 
Tang et al. [64]. They were the first to demonstrate that an injection of plasmid DNA 
by gene gun is able to elicit an immune response in vivo against the delivered human 
growth hormone. Further studies in mice and chicken injected with influenza plas-
mid DNA demonstrated protection against following viral challenge [21, 66]. Starting 
from these days, several plasmid DNA vaccines were found to provide protective 
immunity in various animal models [37]. In comparison to current protein vaccines, 
plasmid DNA vaccination exhibits many advantages [9, 37], such as:

 1. Favoring a cellular immune response, which is most desired for the prophylaxis 
against intracellular pathogens. This cell-mediated immunity is developed thanks 
to an induction of major histocompatibility complex (MHC) l-restricted CTLs, 
also killer T cells termed. CTLs are a result of in situ DNA transfection, subse-
quent intracellular processing of polypeptides, followed by a presentation of the 
corresponding epitope(s) to antigen-presenting cells (APC).

 2. Allowing the genetic construction of multiple antigens of choice included into 
the same vector, which in turn leads to transcription of different antigenic pro-
teins (epitopes) in situ by one single vaccination.

 3. Possessing an intrinsic adjuvant, unmethylated 5¢-deoxycytidine-phosphate-
guanosine (CpG)-motifs, which are stimulating the innate immune system via 
the TLR-9. Activation of TLR-9 leads to a favorable T helper cell type 1 (Th1) 
biased immune response with induction of proinflammatory cytokines.

 4. Prolonging the expression of the antigenic protein(s) enables a continuous stimu-
lation of the immune response.

 5. Being easily produced, up-scaled and stored at higher temperatures without 
causing loss of activity. These properties render DNA vaccines economically 
very attractive and are certainly an advantage for their transport, especially to 
countries in the southern hemisphere.

 6. DNA vaccination is considered as safe immunization for immunocompromised 
hosts as it does not induce vector immunity (in contrast to viral or bacterial deliv-
ery systems) and therefore can be used for repeated boosting.

However, in order to successfully transfect host cells, plasmid DNAs have in gen-
eral to overcome a couple of extra and intracellular barriers before desired antigen(s) 
can be expressed (see Fig. 16.3).

In addition to these barriers, potential safety issues raised [9, 37] and have to be 
addressed at preclinical and clinical level:

Integration of plasmid DNA into the host genome•	
Immunological tolerance to the encoded antigen•	
Development of anti-DNA antibodies or autoimmunity disorders against DNA•	
Development of antibiotic resistance•	

Despite promising results of plasmid DNA immunizations in preclinical trials 
[28, 37, 66], studies in nonhuman primates and humans have failed so far in 
achieving protective immunity [32, 68, 69]. Consequently, amelioration strategies 
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of DNA vaccination were exploited, ranging from plasmid optimization over 
coformulation with adjuvants to changing the route of administration to, e.g., pul-
monary vaccination.

16.4.1  Advantages of Pulmonary Vaccination

Most known pathogens invade the human body through mucosal epithelia (such as 
nasal, oral, and pulmonary). Hereby, airborne bacterial and viral infections in the 
lung tract (e.g., influenza, measles, and tuberculosis) are major reason for high rate 
of deaths per annum [74]. In fighting against such lung infections, pulmonary deliv-
ery of vaccines mimics the natural way of infection and might therefore be an 
appropriate way for their prevention. In animal models, aerosol delivery involves 
intratracheal instillation and insufflation or the use of exposure chambers, whereas 
for clinical trials a delivery device is required. Microsized particles (1–5-mm in size) 
are generated by dry-powder inhalers and aerosols from liquid-suspended particles 
by nebulizers, which are then delivered into the respiratory tract [47]. In history, 
aerosol vaccination was applied in human subjects for more than a century and 
includes aerosol vaccines against anthrax, plaque, tularemia, smallpox, tetanus, and 

Fig. 16.3 Potential barriers for the transport of plasmid DNA into the nucleus. (I) Plasmid DNA 
has to withstand enzymatic degradation by DNases (extra and intracellularly). (IIa) Endocytosed 
plasmid DNA needs to escape from the endosomal compartment; otherwise, it will be degraded 
within the lysosome due to an acidic pH and presence of digestive enzymes (IIb). (III) In order to 
enter the nucleus, plasmid DNA has to travel through the cytosol by diffusion. (IV) Transcription 
and subsequent translation steps for antigenic protein(s) have to be taken
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botulism [23]. When compared to common parenteral immunizations, the following 
benefits of aerosolized vaccines are matter of discussions:

 1. Delivery of vaccines into the respiratory tract can trigger the secretion of local 
IgA antibodies, which are in turn capable of crossing epithelia and preventing 
further entrance of pathogens.

 2. The particular noninvasive nature of antigen delivery into the lungs circumvents 
the common use of needles and syringes, which are the main cause for unsafe 
injections (e.g., needle-stick injuries). According to WHO sources [51], those 
unsafe injections cause 8.2 million cases hepatitis B, 2.3 million cases of hepati-
tis C, and 0.1 million cases of HIV/AIDS around the world.

 3. The application of pulmonary dry-powder vaccines could stop the common 
imperative of an intact cold chain for storage, what is mandatory for conven-
tional vaccines.

 4. For the administration of vaccines by using inhalers, no specially trained medical 
personnel will be required.

In addition, two independent studies in infants underline the potential of aerosol 
vaccination and will be highlighted in more details. First, 4,327 schoolchildren (age 
5–14) in South Africa received a measles vaccines (either Schwarz or Edmonston–
Zagreb (EZ) vaccine) by aerosol or by subcutaneous (s.c.) administration. After 1 
month of treatment, aerosol vaccination with the EZ strain caused seroconversion of 
326 (84.7%) schoolchildren, which was superior to 257 (78.8%) who received the 
subcutaneous EZ vaccine or 176 (62.2%) who received subcutaneous Schwarz vac-
cine. The authors stated that this method of aerosol vaccination might also be suited 
for mass campaigns in pediatric populations [18].

In a second study, a measles vaccine (EZ) or measles-rubella (Edmonston–Zagreb 
with RA27/3) was administered to Mexican schoolchildren via inhalation or injec-
tion. Interestingly, titers of neutralizing antibodies for the aerosol group were around 
fourfold greater (52–64%) in comparison to the group, which received the injected 
vaccine (4–23%). Moreover, fewer side effects were observed after aerosol than 
injection administration of vaccines [7]. Besides, Wong-Chew et al. [73] reported 
that a measles aerosol vaccine in 9-month-old Mexican infants stimulated strong 
cellular immunity as measured by the Th1 cytokine interferon-gamma (IFN-g).

Considering reported findings, pulmonary delivery of antigens holds certainly 
promise as an immunogenic and safe way of vaccination for the prevention of air-
borne pathogens. Moreover, it is an exceedingly attractive approach for developing 
countries in the south, where not always cold chain, correct syringe disposal, and 
trained personal can be guaranteed.

16.4.2  Transport of Plasmid DNA Vaccines into the Lungs

Pulmonary plasmid DNA vaccination is a rather new and promising concept of 
vaccination and might enable in the future immunizations against intracellular 
pulmonary pathogens, such as Mycobacterium tuberculosis, respiratory syncytial 
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virus (RSV), and severe acute respiratory syndrome coronavirus (SARS) [9]. Until 
now, most in vivo studies focused mainly on gene therapy to the lung [4] and expec-
tations raised that the most efficient and safe pulmonary gene delivery systems will 
find their application also for transport of plasmid DNA vaccines.

Regarding the delivery of plasmid DNA into the lung, in addition to common 
intracellular barriers for gene therapy (see Fig. 16.1), further extracellular obstacles 
have to be anticipated and overcome, e.g., withstanding shear forces during aero-
solization and crossing the respiratory mucus layer, which is covering conducting 
airways or the liquid layer in the alveoli [59].

So far, pulmonary delivery of plasmid DNA vaccines was only reported for a 
very few antigens (see Table 16.1) by different research groups and will be dis-
cussed in the following.

Lombry et al. [45] studied the immunogenicity of two protein antigens, ovalbu-
min (OVA) and hepatitis B surface antigen (HBsAg) and their encoding plasmid 
DNAs, pOVA and pHBsAg, after intratracheal instillation or injection into 
mice. Pulmonary immunizations induced equipotent cellular and humoral immune 
responses when related to injected vaccines. Interestingly, antigen and plasmid 
DNA immunizations favored a Th2 and a Th1 response, respectively.

Moreover, Bivas-Benita et al. [8] encapsulated a plasmid DNA vaccine encoding 
eight T-cell epitopes of M. tuberculosis into chitosan nanoparticles and applied them 
intratracheally into HLA-A2 transgenic mice. DNA nanoparticles elicited matura-
tion of dendritic cells (DC) and stimulated an increased secretion of IFN-g cytok-
ines in comparison to pulmonary delivery of the plasmid DNA in solution or via 
intramuscular immunization.

The same group evaluated the in vitro and in vivo immunogenicity of a plasmid 
DNA vaccine encoding for the latency antigen Rv1733c of M. tuberculosis [10]. 
pRv1733c was formulated in poly(d,l-lactide-co-gylcolide) (PLGA)-PEI nanopar-
ticles. DNA nanoparticles matured human DCs and induced secretion of two Th1 
cytokines, TNF-a and IL-12, to a similar extent as the positive control lipopolysac-
charide (LPS). Priming of mice with pRv1733c nanoparticles and boosting after 3 
weeks with Rv1733c protein enabled superior levels of T cell proliferation as intra-
muscular immunization controls. In addition, the same trend was observed for IFN-g 
secretions, where aerosol delivery of nanoparticulates in conjunction with the pro-
tein boost triggered the highest release of IFN-g.

Table 16.1 Overview of pulmonary DNA vaccination studies

Encoded protein Delivery route Delivery system References

Hepatitis B surface antigen Intratracheal (instillation) None [45]
Eight epitopes of M. tuberculosis Intratracheal (microsprayer) Chitosan NP [8]
Hemagglutinin Aerosol (nebulizer) PEI NP [54]
Rv1733c Intratracheal (microsprayer) PGLA-PEI NP [10]

PLGA poly(d,l-lactide-co-gylcolide); PEI polyethylenimine; NP nanoparticulates; RSV respira-
tory syncytial virus
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So far, the only study of pulmonary DNA vaccination demonstrating next to 
immunogenicity also protective efficacy was reported by Orson et al. [54]. An influ-
enza antigen, hemagglutinin (HA; from viral strain A/PR8/34), expressing plasmid 
DNA (pHA) was incorporated in PEI particles and aerosolized into mice. When 
compared to intravenous delivery of the same HA plasmid in macroaggregated 
albumin (MAA)-PEI particles, less virus neutralizing antibodies were found after 2 
weeks postimmunization. However, when plasmids encoding the cytokines IL-12 
and granulocyte-macrophage colony stimulating factor (GM-CSF) were co-aero-
solized in pHA PEI particles, a significant increase in neutralizing titer was remarked 
together with protection against subsequent influenza challenge.

16.5  Conclusions

Fallbacks – sometimes fatal – have sent gene therapy from the bedside back to the 
bench. In this scenario, the application of nonviral gene delivery systems appears as 
an advantageous alternative to viral carriers. However, the dilemma remains that non-
viral delivery systems are either toxic and therefore not safe for human use, or much 
less efficient in transfecting target cells than their viral counterparts. The same holds 
true for genetic vaccines: while quite successful in animal studies, DNA vaccine trials 
in human subjects fail to reach their endpoints of establishing protective immunity.

On top of this, the administration site of the lung is a difficult one. Though rela-
tively accessible by inhalation, toxicity and thus safety concerns play a major role 
when designing clinical trials for pulmonary vaccine delivery, although safety for 
measles vaccines applied by inhalation was shown. The introduction of novel excip-
ients, such as ultrapure chitosan or modified PEI, will prove difficult in this context. 
However, research must continue to develop novel gene therapy and DNA vaccine 
carrier systems, especially for the lung. The challenges are high, but successful gene 
therapy of CF and achieving immunity against the global killer tuberculosis are too 
big benefits to be missed.
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Abstract This chapter provides a detailed review of in vitro testing methods for 
inhalation products. Specifically, the current compendial methods for pulmonary 
drug delivery are presented, discussion of cascade impactor use and simplification, 
determination of aerosol electrostatics, static characterization of particles and pow-
ders, solubility screening, and a review of research leading to improved dissolution 
studies for these products.

Keywords Aerodynamic particle size • Aerosol • Aerosol electrostatics • Cascade 
impactor • Dissolution • Interparticulate interaction • Solubility

17.1  Compendial Methods

Multistage cascade impactors (CIs) are defined in the US and European pharmaco-
peias (Table 17.1) for the measurement of inhaler aerosol aerodynamic particle size 
distribution (APSD) for the following reasons [57]:

 1. They operate on the principle of inertial size fractionation, making it possible to 
determine aerodynamic diameter directly.

 2. The collected particles are also available for quantification of drug mass by 
appropriate analytical techniques, which excludes the possibility of excipient-
only particles biasing the size distribution.

CIs are used both in the development and subsequent quality control (QC) of mar-
keted inhaler products and the qualification of the clinical batches together with the 
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assessment of add-on devices affecting the size-properties of the emitted aerosol, such 
as spacers and holding chambers that are used with pMDIs [55].

In its simplest form, a single-stage impactor comprises a nozzle plate containing one 
or more circular or slot-shaped jets (nozzles) of diameter (W) located at a fixed distance 
(S) from a flat collection surface that is usually but not necessarily horizontal (Fig. 17.1). 
Incoming particles are size classified on the basis of their differing inertia, which 
reflects the resistance to a change in direction of the flow. The laminar flow streamlines 
diverge on approach to the collection surface. Particles with greater inertia will tend to 
cross these streamlines more readily to impact on the substrate, whereas finer particles 
with less inertia follow the streamlines and remain airborne as they pass the obstruc-
tion. Liquid impingers are a variant in which the particles are captured in a liquid 

Table 17.1 Identification of apparatuses for APSD measurement in the US and European 
Pharmacopeias (from Mitchell and Dalby [55], with permission)

Impactor US Pharmacopeia European pharmacopeiaa

Glass “Twin Impinger” (TI) Not used Apparatus A for pMDIs, 
DPIs, and nebulizers

Andersen 8-stage  
Without pre-separator (ACI)

Apparatus 1 for pMDIs Apparatus D for pMDIs

Marple Miller  
Model 160 (MMI)

Apparatus 2 for DPIs Not used

Andersen 8-stage  
With pre-separator (ACI)

Apparatus 3 for DPIs Apparatus D for DPIs

Multistage liquid impinger (MSLI) Apparatus 4 for DPIs Apparatus C for pMDIs 
and DPIs

Next generation pharmaceutical 
impactor (NGI)

Apparatus 5 for DPIs Apparatus E for pMDIs 
and DPIsApparatus 6 for pMDIs

aApparatus B was the single-stage “Metal Impinger” that was withdrawn from the European 
Pharmacopeia in 2005 (Supplement 5.1)

Fig. 17.1 Schematic of a single-stage inertial impactor
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Fig. 17.2 Schematic  
of a multistage cascade  
impactor (CI)

medium rather than on a solid substrate, an advantage in that particle bounce and 
re-entrainment is avoided, and the liquid can be the eluent medium for recovery and 
assay of active pharmaceutical ingredient(s) (APIs). The CI (Fig. 17.2) is constructed 
by coupling several stages (typically seven or more) together with progressively finer 
and/or reduced number of jets such that particle velocity and hence inertia is progres-
sively increased. In this way, the device fractionates the incoming aerosol into particles 
covering discrete and well-defined size ranges. The theory of cascade impaction is well 
described by Marple and Liu [49] and Rader and Marple [77].

The Andersen cascade impactor (ACI) (Fig. 17.3a) is currently still the most widely 
used impactor for inhaler aerosol testing, although the NGI (Fig. 17.3b) is becoming 
more widely used as familiarity with its capability grows. Both CIs can operate in the 
flow rate range of interest for pMDI and DPI testing (30–100 L/min), but the ACI 
requires the removal of the lowermost stages (6 and/or 7) and insertion of new stages 
at the upper end (stages −1 and −2) for use at flow rates of 60 and 100 L/min [65]. On 
the other hand, the NGI does not require stage replacement [53] and can operate over 
the entire range with excellent size resolution [51]. It can even be used without its 
pre-separator and a back-up filter substituted for the multiorifice collector [93] for 
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Fig. 17.3 Compendial CIs

Fig. 17.4 NGI pre-separator

testing aerosols from nebulizers at the recommended flow rate of 15 L/min [52]. Other 
CIs in use are the Marple-Miller 5-stage design that uses collection cups, similar in 
concept to the NGI (Fig. 17.3c) and which is also available in a low flow version (4.9 
and 12 L/min) for testing inhalers intended for pediatric use [69], as well as in the 
standard versions that operate at 30 and 60 L/min for routine testing of pMDIs and 
DPIs [50]. The 4-stage multistage liquid impinger (MSLI, Fig. 17.3d) is the last widely 
used CI for inhaler aerosol evaluations, being a popular choice where collection of the 
active substance in the eluent for subsequent assay is possible [5].

The compendial apparatuses are normally used with the Ph.Eur./USP induction 
port (throat), which has well-defined entry and exit profiles and comprises a 
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right-angle bend intended as a crude simulation of the human oropharynx (see each 
apparatus in Fig. 17.3). A pre-separator (Fig. 17.4) may also be inserted between the 
induction port and entry to the CI with the purpose of preventing entry of excessively 
coarse particulate, such as carrier particles from certain DPIs, into the CI where they 
would otherwise bounce and become re-entrained in the flow due to their extremely 
high inertia even at the relatively low flow velocities in the upper stages of the CI.

17.2  Considerations with Cascade Impactor Use

Although the underlying principle for the CI method is simple to understand, its prac-
tical implementation is technically challenging because it is labor-intensive, requiring 
a high degree of manual skill. Christopher et al. have developed a comprehensive 
guide on the considerations that should be taken when developing a CI-based method 
for inhaler testing [15]. Factors that have to be taken into account in method develop-
ment include the following:

 (a) Collection solvent (impingers) or recovery solvent (dry impactor systems).
 (b) Quantitation lower limit for the APIs.
 (c) Use of collection surface coating (almost always necessary with dry impactor 

systems).
 (d) Recovery techniques for the APIs.
 (e) Use of a pre-separator (important for many DPIs, in particular those based on 

the drug-carrier particle delivery principle).
 (f) Cleaning procedure for the CI.
 (g) Electrostatic charge (very important if the CI collection surfaces are electrically 

insulating or isolated).
 (h) Environmental factors (barometric pressure, temperature, relative humidity).
 (i) Use of a back-up filter or the microorifice collector in the case of the NGI (Note 

that the MOC may not be fully effective if the formulation is predominantly 
composed of particles finer than about 1 mm aerodynamic diameter).

17.3  Simplifying the Cascade Impactor Method

Simplification of the CI measurement process is attractive, not only to save time per 
measurement but also to reduce the intrinsic variability associated with the process 
[10]. The Efficient Data Analysis concept was developed out of the recognition that 
the CI is not an analogue of the respiratory tract [56]. Thus, for product develop-
ment and QC (Fig. 17.5a), two mutually independent metrics, one relating to the 
so-called impactor sized mass (ISM), which is the sum of small (SPM) and large 
particle mass (LPM), and the other being the ratio of LPM/SPM, have both been 
shown to be highly sensitive to small changes in both the amplitude (area under the 
curve) and location (size range) of differential mass-weighted APSDs from a variety 
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of inhaler types determined by different full resolution cascade impaction systems 
[91]. The boundary between SPM and LPM is ideally chosen to coincide with the 
MMAD of the aerosol, but importantly, Tougas et al. showed that it can be displaced 
by a significant amount from this value without much deterioration in the correla-
tion between APSD change and the magnitude of this ratio. The same group also 
showed that these simplified metrics, by being independent of each other, have bet-
ter diagnostic capability for changes in APSD than stage groupings of data from full 
resolution systems, an important advantage for the LDA approach.

Measures of coarse (CPM), fine (FPM), and extra-fine particle (EPM) mass 
(Fig. 17.5b) may be sufficient to define the size-related behavior of inhaled particles 
in the human respiratory tract (HRT) [27] when seeking to provide data that are 
more clinically pertinent. Here the impactor mass collected by the entire CI includ-
ing the initial stage (IM), which in the ACI has an undefined upper size bound, is 
more pertinent. When IM is added to the mass collecting in the induction port, this 
quantity defines the total aerosol mass entering the system, analogous to the mass 
that is inhaled by a patient.

The abbreviated impactor measurement (AIM) concept has recently been  
re-evaluated as a possible solution to enable EDA-based metrics to be determined 
directly [58]. Earlier work by Van Oort and Roberts pointed the way forward in 
terms of setting out a hierarchy of reduced stack ACI measurements [95], supported 
by the full resolution system (Fig. 17.6). As well as greatly reducing the labor-
intensive methodology associated with full resolution CI APSD measurements [15], 
abbreviated impactor determinations have the potential to improve product batch 
disposition decision-making by allowing more samples from the lot (coverage) to be 

Fig. 17.5 EDA metrics for the ACI and their particular uses
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evaluated in a given time period [91]. AIM-based methods also overcome the prob-
lem that with a typical inhaler- generated aerosol, several stages of full resolution CIs 
capture little or no API, reducing the overall precision of the method [10]. 
Furthermore, there is the potential that measurements may be made with the clinical 
dose (typically 1–2 actuations of the inhaler), rather than after 5 or more actuations, 
as is typical with full resolution systems to acquire sufficient drug deposits on stages 
collecting particles at the periphery of the APSD to permit acceptably accurate and 
precise assay of the API collected at these locations [15]. Additionally, by reducing 
the number of manipulations required to make a measurement, AIM-based methods 
should decrease the chances of operator-related errors. Furthermore, the AIM 
approach is more amenable to (semi) automation than multistage impactors. Finally, 
the use of less solvent for API recovery and quantitation is more environmentally 
friendly in the context of the emerging discipline of green chemistry.

It is important to understand that the AIM concept [60] is not confined to one 
particular configuration of impactor. Instead, many options exist (Fig. 17.7) from 
the Twin Impinger [34] to reduced versions of the ACI [47, 95] and the NGI [84]. 
The chosen abbreviated system must provide data that are compatible with the 
equivalent measures obtainable from the full resolution CI. In studies with pMDI-
generated aerosols [58, 59], the following was demonstrated:

 1. Precautions should be taken to minimize nonideal behavior, such as internal 
losses and particle re-entrainment by the use of tacky (adhesive) surfaces on the 
collection plates for each stage.

Fig. 17.6 Early proposal for AIM concept hierarchy in inhaler testing
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 2. If the formulation contains volatiles such as ethanol, the dead space before the 
initial size-fractionation stage should be as similar as possible to that of the full 
resolution impactor.

More recently, a rigorous comparison was undertaken between two AIM-based CIs, 
one developed for product quality control testing (AIM-QC system) and the other 
for potential use in measurements pertinent to particle deposition in the lungs (AIM-
HRT system), as well as the full resolution ACI (Fig. 17.8) with an HFA-pMDI-
based product. This designed experiment demonstrated equivalent precision for all 
pertinent metrics (IM, ISM, LPM/SPM, and FPM) (Fig. 17.9), once the precautions 
listed above were taken [62]. However, EPM determined by this configuration was 
found to be about 8% greater than the equivalent metric obtained by the ACI. This 
source of bias was overcome by using a surfactant-saturated glass microfiber filter 
on the lower stage of this CI (Fig. 17.10) to prevent the divergent flow above the 
plate stripping away the surfactant when applied as a coating [61].

These experiments have demonstrated the practicality of AIM-based systems as 
substitutes for the full resolution ACI. In the future, it is likely that similar compari-
sons will be undertaken with other CI systems, in particular the NGI, which is now 
in widespread use [21]. Modified versions of the Twin Impinger having cut-point 
sizes closer to the range of interest (1.0–5.0 mm) at its operating flow rate of 60 L/min 

Fig. 17.7 Various options for AIM-based measurements
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Fig. 17.8 Comparison between AIM-based CIs and full resolution ACI

Fig. 17.9 Comparisons between AIM- and full resolution ACI-determined metrics for an 
HFA-albuterol product

may be developed if adequate precision is possible to control the finer jet diameter 
that would be required for the upper stage. This type of inertial fractionator avoids 
the problem of particle bounce by capturing the particles collecting on each stage in 
liquid medium that can also become the eluent for subsequent assay of the API. 
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Further work will also be required to investigate DPI-related issues, but the variety 
of different designs with this class of inhaler will likely necessitate simplifying such 
investigations to examine the behavior of AIM-based systems with representative 
inhalers having low, medium, and high flow resistances.

The eventual adoption of LDA and AIM concepts by regulatory agencies and the 
pharmacopeial compendia will depend upon the quality of experimental and theo-
retical evidence that can be developed in support of abbreviation. Although there are 
currently no formal plans in place for adoption, the European Pharmaceutical 
Aerosol Group (EPAG) and the International Pharmaceutical Aerosol Consortium 
on Regulation and Science (IPAC-RS), as cross-industry scientific groups, are 
involved in coordinating the development of such information [91, 98]. The inten-
tion is to lay the foundation for stimulus articles that will be intended to inform the 
committees responsible for the development of the pertinent monographs in the 
European and United States pharmacopeias. Ultimately, it is envisaged that manu-
facturers of either existing or new products intending to use these concepts in its 
development and production will do their own qualification studies with the AIM-
based system of their choice.

17.4  Aerosol Electrostatics

Triboelectrification is the charge transfer process, which occurs during powder 
handling when sliding and frictional forces are involved [7]. In pulmonary drug 
delivery, triboelectric charge generated during powder handling, mixing, and 

Fig. 17.10 Use of a 
surfactant-saturated filter to 
eliminate particle bounce in an 
AIM-HRT CI
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aerosolization of formulations has been identified as an important property for 
understanding. The performance of inhalation products, such as powder attachment 
and detachment, as well as the lung deposition of active drug particles is quite 
dependent on the electric charge of the aerosol cloud. Powders used in dry powder 
inhalers (DPIs) or pressurized metered dose inhalers (pMDIs) optimally have a very 
fine particle size distribution (<5 mm) and generally very strong interparticulate 
forces, as they are mostly a mixture of fine respirable-sized particles and coarse car-
rier materials, or propellants respectively. It has been also reported that static elec-
tricity generated during powder handling and aerosolization improves the deposition 
of drug particles in the alveolar region and can be used in targeting the aerosol to the 
desired location of the respiratory tract [7, 8]. However, there is difficultly in evalu-
ating the influences of electrostatic force on the aerosolization performance and the 
particle deposition to the target sites in vitro due to the extreme complexity and 
dynamic nature of aerosol systems. This is in part due to the fact that particles hav-
ing different surface roughness and size distributions charge heterogeneously upon 
contacting each other, and environmental conditions such as humidity and tempera-
ture may not be constant during aerosolization.

The Faraday cage is a common method for measuring charge in aerosol droplets 
and particles [11, 14, 64, 71, 89]. The Faraday cage functions as a hollow conductor 
consisting of an electronically grounded outer conducting layer to eliminate ambi-
ent induction of current flow in the cage by external fields and an inner conducting 
layer connected to an electrometer to measure the charge induced on the particles. 
The detected current data in the particle mass are plotted against time, and then 
converted into a charge measurement by integration of the area under the plotted 
curve. The measured charge can be analyzed in two ways: net charge for total mass 
added to the cage and specific charge (charge-to-mass ratio) which is very useful to 
compare the charge between different test compounds.

However, the use of the Faraday method is very limited in measurement of the 
dynamic properties of aerosol clouds since the Faraday cage measures only the total 
charge of the entire formulation bulk. Several dynamic measurement systems have 
been introduced to make up for shortfalls of Faraday cage method as summarized in 
Table 17.2. The current measurement systems can be largely divided into two classes 
according to data collection: a direct (real-time) method using electrometer attached 

Table 17.2 Various features of dynamic systems to measure aerosol electrostatic properties

Device Theory Aerodynamic separation Measurement Applicability

ELPI™ Faraday cage ELPI (10–30 L/min,  
without pre-separator)

Direct  
measurement

pMDI
DPI with  

modification
eNGI Faraday cage NGI (~100 L/min with/ 

without pre-separator)
Direct  

measurement
pMDI
DPI

TSI – TSI (30–90 L/min) Direct  
measurement

DPI

E-SPART Laser Doppler  
velocimeter

– Indirect  
measurement

pMDI
DPI
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to each impactor stage, and an indirect method using an electrical single-particle 
relaxation time (E-SPART) analyzer based on the motion of single-particle with 
respect to the oscillating electric field.

17.4.1  Direct Measurement

The electrical low pressure impactor (ELPI™) has been widely applied to measure 
the electrostatic charge on aerosol particles in the range from 0.028 to 10 mm [29, 36, 
44, 48, 89, 101]. Originally, the concept of ELPI was introduced for real-time mea-
surement of the particle size distribution of aerosol by means of detecting the current 
signal from each impactor stage containing collected particles using an electrometer. 
The operation principle of the ELPI involves applying charges to the aerosol particles 
using a corona charger, followed by introducing the charged aerosol into the 13-stage 
impactor at flow rate range of 10–30 mL/min. Each impactor stage functions as a 
Faraday cage to detect the total electrostatic charge of the deposited particles col-
lected on each stage. Each stage is electrically insulated from each other, and a mul-
tichannel electrometer attached to each impactor stage measures the current induced 
by charged particles. The detected charge level is directly related to the particle size 
distribution since the signal detected from each impactor stage can be converted to 
the specific charge (or charge-to-mass ratio) for given particle cut-off sizes [44].

For pharmaceutical applications, the ELPI device requires modification to mea-
sure charges on the pharmaceutical aerosol particles since the conventional ELPI 
device was originally designed for environmental and industrial applications, such 
as air QC. The schematic diagram of the ELPI for pharmaceutical applications is 
shown in Fig. 17.11. The corona charger is either removed from the instrument or 
turned off while analyzing to detect innate charge on the particles. Aerosol samples 
are introduced through the USP throat using an adaptor to simulate the particle clas-
sification procedure of pharmaceutical impactors. It has been successfully demon-
strated that the impact of propellants, excipients, the number of actuation, and 
environmental conditions on the charge profile of particles actuated from various 
MDI devices can be measured by using a modified ELPI device [29, 44, 101]. 
However, the ELPI has some limitations in evaluating DPI formulations, which 
mostly contain large carrier particles and are generated at higher flow rates than 
MDI formulations. Unlike the pharmaceutical impactors, the ELPI device does not 
have a pre-separator which is usually required to remove large carrier particles prior 
to particle classification, and the maximum operation flow rate is only 30 L/min as 
indicated in Table 17.2. To overcome these obstacles, a modification of the ELPI to 
incorporate a pre-separator with an ACI unit has been achieved [89, 104], and modi-
fication using a twin stage impinger (TSI) has also been demonstrated [89, 104]. 
Although several trials to utilize the ELPI for use with DPIs have been made, there 
still remain issues with respect to the manipulation of relevant flow rates, since the 
ELPI is not a device developed specifically for evaluating pharmaceutical aerosols.

The concept of the electrical next generation impactor (eNGI), using 
commercial pharmaceutical impactor, was first introduced by Hoe et al. [37, 38]. 
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Fig. 17.11 Schematic of the electrical low-pressure impactor (ELPI™)

The basic measurement concept of the eNGI is very similar to that of ELPI, in 
that an aerosol inertial particle size classification apparatus was modified to act 
as a Faraday cage. As shown in schematic diagrams of eNGI (Fig. 17.12), the 
modification of the NGI was achieved by coating of each dose-collection plate to 
insulate each other and a multichannel electrometer was attached to each collec-
tion plate to display total charge/stage profiles [37, 38]. The eNGI device dem-
onstrates better performances in versatility and accuracy than current ELPI-based 
devices, in particular, it offers a pre-separator option to remove large carrier par-
ticles, such as lactose, from a dry powder mixture. It is also capable of simultane-
ous comparison of mass and charge of aerosols at relevant pharmaceutical flow 
rates. Mass median aerodynamic diameter (MMAD) values obtained from dis-
persion studies for two DPI formulations, Pulmicort and Bricanyl, showed that 
data were statistically different in the ELPI for both DPI formulations when 
compared with those of NGI and eNGI [37]. In particular, the mass deposition in 
upper stage of ELPI (stage 13) and eNGI (stage 1) was shown to be different 
(Fig. 17.13a) for DPIs, which was quite different from the data from the eNGI, 
however, there was a similar capability in particle size distribution to the ELPI 
for pMDIs (Fig. 17.13b) [37, 38]. These results indicate that an effectiveness in 
removal of large carrier particles has a great influence for evaluation of particle 
size distributions, this can be an important factor in understanding an electrostatic 
charge dependency relative to the particle size distribution of aerosol dissipated 
from a given DPI device [37].
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Fig. 17.12 Schematic of the electrical next generation impactor (eNGI)

17.4.2  Indirect Measurement

The E-SPART analyzer which is based on the principle of laser Doppler velocimeter 
(LDV) for particle sizing is a major indirect charge measurement system (Table 17.2). 
In this measurement system, particles are introduced by the actuation of aerosol 
generating devices into the aerosol settling chamber, which is followed by the sam-
pling of particles by the E-SPART analyzer at a certain flow rate for detecting the 
oscillatory motion of particles. Aerodynamic particle size and charge are calculated 
from (1) the phase lag between the electric drive and the particle velocity and (2) the 
amplitude ratio of the particle motion to that of the electric drive (Fig. 17.14) 
[74, 78]. The E-SPART system has the major advantage of offering the independent 
measurement of particle size distributions of positive, negative, and neutral particles 
unlike the ELPI and the eNGI methods, which provide the average charge value at 
different particle size ranges [73, 74, 78]. Additionally, a dynamic aerosol classifi-
cation using a pharmaceutical impactor is not required due to the unique detection 
mechanism of the E-SPART method, which is a single particle-based measurement 
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Fig. 17.13 Cumulative 
mass-weighted aerodynamic 
particle size distribution 
profiles for Pulmicort® (a) and 
Ventolin® (b) using the ELPI, 
NGI, and eNGI size 
fractionators at a flow rate of 
30 L/min (Hoe et al. [37, 38] 
with permission)

Fig. 17.14 Particle 
oscillatory motion in 
response to an alternative 
electric drive (this graph is 
modified from Saini et al. 
[78], with permission)
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system. It has been demonstrated that the E-SPART measurement system has a 
capability to measure the charge profile of aerosol particles at different particle size 
distributions without particle impaction [78]. From the results, it was found that 
most aerosols had bipolar charge distribution and the individual charges showed 
higher values, although net charge-acquired by the aerosol was small, indicating 
that it has advantages in understanding the nature of materials used for formulation 
design over other methods. The E-SPART method is being applied to several DPI 
and pMDI formulations, however, care must be taken when this system is applied 
since many factors which may have influence on the result must be clearly vali-
dated, for instance, influences of the degree of particle separation inside the aerosol 
settling chamber and the flow rate during particle sampling. It is important to note 
that this instrument derived number, rather than mass-weighted PSDs, so that statis-
tical noise at the large particle end of the distribution can be a problem. Also, it is 
difficult to know if a representative sample of the aerosol has been taken, due to the 
signal validation criteria that need to be met for a valid measurement.

17.5  Static Characterization Methods

17.5.1  Surface Morphology

The morphology (roughness or corrugation) of particles plays a very important role 
in aerosolization performance of pharmaceutical powders. It has been shown that 
the broad adhesion force distributions between particles are attributed to the mor-
phology of surface, in particular, the surface roughness [2, 12, 40]. A considerable 
number of studies have been explored to correlate the surface structure of particles 
with powder flow and aerosolization performance, and the interest keeps growing as 
various engineered particles having unique structural features have been introduced 
in the market. Commonly, scanning electron microscopy is widely being applied to 
analyze the surface morphology of particles, however, this method is only limited to 
visualize the particle structure, and cannot provide numerical values for the degree 
of difference since it is a qualitative analysis method [12]. The quantification of 
surface morphology can be achieved by various techniques, such as the atomic force 
microscopy (AFM) and the light scattering [1, 2, 13, 35].

The AFM is a most common and well-established method to evaluate the surface 
roughness of a particle. The AFM consists of a cantilever with a sharp tip at its end 
that is used to scan the specimen surface. When the tip is brought into a sample 
surface, the forces between the tip and the sample lead to a deflection of the cantilever 
according to Hooke’s law. In surface roughness measurement, the scanned image is 
quantified by image analysis software, post imaging. The software makes use of the 
relationship described by (17.1):
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where the root mean square roughness, RMS(R
q
), is a quantifiable value to represent 

the degree of surface roughness. Z
i
 is the height at the position i (mm), Z is the 

average height (mm) of the Z values in the sample (Z-axis representing topographical 
height), and N is the number of data points sampled within the given area. The AFM 
is a very powerful technique that offers a high-resolution image scan while demon-
strating a resolution at the nanometer scale. In a study conducted by Islam et al., the 
surface roughness of various lactose carriers was quantified by AFM imaging, and 
the results showed significant roughness, even though the SEM images of those 
particles seemed to be smooth [40]. It has also been verified quantitatively by AFM 
imaging that spray-dried BSA particles having a high degree of surface corrugation 
have a better aerosolization efficiency than that of smooth particles [2]. In this study, 
the fine particle fraction (FPF) values for particles having different degree of surface 
corrugation were plotted as a function of RMS value, and a linear correlation 
between FPF and RMS was found [2].

The degree of surface corrugation can also be expressed by surface fractal dimen-
sion (Ds) determined by a light scattering method [13, 86, 87]. The determination 
utilizes the Rayleigh-Gans-Debye (RGD) scattering theory that explains the structure 
of each single particle in an aggregate [87]. The value of Ds is obtained from slope of 
the scattering curve (Fig. 17.15) of intensity of scattered light (I(q)) plotted against 
scattering momentum (q) on a log–log scale in accordance with (17.2), below:

 6 Ds( ) .I q q− +∝  (17.2)

To predict the Ds value of individual particles accurately, the fractal region 
which is shown as a linear line in Fig. 17.15 has to be higher than 1/particle 
diameter [87]. The Ds value varies from 2 for a perfectly smooth surface, to 3 

Fig. 17.15 Light scattering intensity-momentum curves from Tang et al. [87] with permission
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for a very rough surface. In the measurement of spray-dried BSA particles, the 
Ds values for a relatively smooth particle and the most corrugated particle are 
2.06 and 2.41, respectively and the powder dispersion FPF was found to improve 
with corrugated particles, as previously reported in other results using the AFM 
methods [13]. However, there are some limitations in dry powder applications 
since particles need to be suspended in the liquid media to avoid the multiple 
scattering associated with aggregated particles. Dry particles could possibly 
dissolve in the suspending medium which could change the surface morphology 
during sample preparation, thus appropriate media selection has to be achieved 
prior analysis.

17.5.2  Interparticulate Interaction in Dry Powder Formulations

Interparticulate forces, adhesive and cohesive force, in the dry powder mixture are 
a result of a complex combination of physical forces including Van der Waals forces, 
capillary forces, and electrostatic forces. The contribution of each force to the 
particle–particle adhesion is dependent on various factors, such as surface morphol-
ogy, crystallinity, environmental conditions, and intrinsic material properties. For 
instance, at high humidity conditions the electrostatic charge between particles is 
generally reduced by the increasing capillary force, and under low relative humidity 
(i.e., <50% RH), capillary forces become less significant, and electrostatic force 
increases [103]. The balance of these forces is very critical in the blending, particle 
de-aggregation, and aerosolization properties of drug particles. In particular with 
carrier-based DPI formulations, the adhesion force between drug particles and large 
carrier particles is a predominant factor in determining the dose that is actually 
delivered to the lung, since only drug particles separated from the carrier can reach 
to the deep lung. However, the quantification of the adhesion force and the specific 
role of those forces on aerosolization behavior have not, to date, been fully addressed. 
Although adhesion forces in various systems have been determined by several methods, 
inverse gas chromatography (ICG) [18, 19, 90], particle detachment rate measure-
ment [24, 25], and centrifugation [16, 67, 68, 83], those methods only offer an 
indirect estimation of interparticulate interactions and are limited to the measure-
ment of bulk properties.

The direct measurement of adhesion forces and the adhesive–cohesive balances 
between individual colloidal particles and any given substrate become capable by 
utilizing the AFM colloid probe technique. The modification of commonly used 
AFM probes by replacing the fine tip at the end of a cantilever with a very small 
colloidal particle was investigated in the early 1990s to measure the force between 
a planar surface and a colloidal particle [28]. In pharmaceutical applications, in 
particular, pharmaceutical aerosol applications, a single drug particle can be mounted 
onto the cantilever to measure interparticulate forces. The particle attachment is 
achieved by using a micromanipulator [40, 93] or custom-built systems having 
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equivalent functions [2, 75, 100, 102]. The preparation steps are as follows (a sche-
matic diagram is shown in Fig. 17.16):

 1. Setting an AFM cantilever on one of the arms.
 2. Adding a binder (glue or resin) on one wire and pharmaceutical particles on the 

other wire.
 3. Contacting an apex of cantilever to the binder on the wire. (It is important to 

transfer only a small amount of the binder onto the cantilever to prevent embed-
ding of the particle into the wet binder).

 4. Contacting the cantilever to the particle on the wire. (Only one single particle 
must be attached onto the cantilever).

The whole process is performed using video microscopy as an aid to observation. Two 
different types of colloid probe, particle mounted on the cantilever tip, or the tipless 
cantilever, may be prepared as shown in Fig. 17.17a, b [93, 100]. A commercially 
available AFM cantilever is commonly used for preparing the colloid probes, but 
custom-made tipless cantilever prepared from a single wafer was recently introduced 
to minimize possible variation in the spring constant that might occur due to the thick-
ness variation of the tip [100–102]. The spring constant of the fabricated cantilevers 
has to be determined by the attachment of known masses to the cantilever, since the 
spring constant is a critical factor in calculation of the adhesion force [17, 75].

The measurement of adhesion force can be achieved by moving the tip vertically 
using a piezoelectric translator, advancing and retreating from the sample plate as 

Fig. 17.16 Schematic of colloid probe preparation steps (this figure is modified from Tsukada 
et al. [93])
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Fig. 17.17 SEM image of colloid probes where particle mounted on the cantilever tip (a) [93] and 
tipless cantilever (b) [99] with permission

Fig. 17.18 Ideal force curve between an AFM cantilever drug probe and substrate: (a) approach of 
probe with no cantilever deflection, (b) contact of probe with no applied force, (c) applied force to 
the probe (d) negative cantilever deflection due to probe adhesion, (e) retraction of probe with no 
cantilever deflection, and (f) separation energy (this figure was modified from Young et al. [100])

shown in Fig. 17.18. The relative deflection of the cantilever is recorded as the tip 
approaches, contacts with, and moves away from a sample surface. The result of the 
force measurement is a plot of the cantilever deflection (Z

c
) vs. the height position 

of piezoelectric translator (Z). The cantilever deflection is easily converted to a force 
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measurement, as shown in (17.3), by multiplying it with the spring constant of the 
cantilever (K) to produce a force-distance curve (Fig. 17.18):

 c .F KZ=  (17.3)

The energy of separation between two test materials can also be calculated by 
integrating the area within the adhesion portion of a force-distance curve (Fig. 17.18). 
The use of force-distance curve offers an easy estimation of interparticulate forces 
for various test parameters, such as the influence of humidity [100, 102], the surface 
roughness of particles [2, 40], type of carrier materials [42, 43], and the structural 
influences of the colloid particle attached on the cantilever on the drug–drug inter-
action [9, 93]. These series of studies provide a variety of useful information that 
play a pivotal role in predicting blending, particle segregation, de-aggregation of 
fine particle, powder dispersion, and optimal environmental conditions. The separa-
tion energy of salbutamol (albuterol) sulfate (SS), for instance, has been shown to 
increase as environmental humidity was increased from 15% RH to 75% RH due to 
capillary forces that may be induced by the multilayer absorption of water onto the 
particle surface [100]. In contrast to the SS, an increase in humidity resulted in 
decreased separation force for triamcinolone acetonide (TAA) due to the elimina-
tion of dominant electrostatic forces at lower relative humidity [100–102]. As shown 
in above studies, the interparticulate forces are very drug specific, thus the screening 
of such factors related to the powder dispersion at a preformulation stage could 
make a useful contribution in the optimization of dry powder formulations.

Another useful technique, which makes use of the AFM colloid probe, is a cohe-
sive–adhesive balance (CAB) measurement. The CAB enables the quantification of 
cohesive and adhesive forces without normalization of the probe-substrate contact 
area through the determination [9, 39]. Although the AFM colloid probe technique is 
very useful to measure the interparticulate forces, there is a lack of uniformity in con-
tact area between the colloid probe and the substrate of second chemical, resulting in 
large variations in results, due to the irregular roughness of both colloid particle and 
the substrate surface. In order to overcome these limitations, the adhesion force and 
cohesion force balance between two materials can be measured, instead of the separa-
tion energy, by plotting the cohesive forces vs. the adhesive forces obtained with a 
series of colloid probes, the CAB of the interacting drug particles can be quantified by 
linear regression analysis of the respective slope [9]. In this measurement, the variation 
in the surface roughness of probes and substrates can be ignored, since the work of 
adhesion and contact angle are only dependent on the physical characteristics of mate-
rials. Moreover, the CAB measurement allows direct comparison of the cohesive and 
adhesive tendency of an API and carrier materials, since the CAB plot provides a spe-
cific cohesive/adhesive ratio that describes the cohesion of the colloidal probe material 
relative to its adhesion to the substrate of the second material. If the CAB ratio is less 
than 1, this is indicative of a situation where the adhesion force is greater than the 
cohesion force; when the CAB ratio is greater than 1, a system where the cohesion 
force is greater than adhesion force is present. The CAB technique has proven to be a 
powerful tool in understanding the blend uniformity, drug particle segregation, and 
powder dispersion properties in the carrier-based dry powder systems [9, 42, 43].
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17.5.3  Drug Solubility Screening for Propellants

A variety of APIs have been formulated into pressurized metered-dose inhaler 
(pMDI) systems that contain supercritical propellants, mainly hydrofluoroalkanes 
(HFAs), to achieve a high-energy atomization of therapeutic APIs. The pMDI for-
mulations are largely divided into suspension or solution-based systems. In solution-
based pMDI formulations, the API is dissolved with nonvolatile cosolvents, such as 
ethanol, while in the suspension system micronized API particles are suspended in 
the propellant. In both types of formulation, the understanding of the solvation 
behavior of an API in various vehicles (propellants or the mixture of propellants and 
cosolvents) is very important for the development of stable pMDI formulations 
since solubilized drugs are easily subjected to chemical degradation, and crystal 
growth that can lead to a reduced deposition of drug into the lung [22, 76]. However, 
it is technically very difficult to determine drug solubility in a pressurized suspen-
sion formulation without perturbation of equilibrium established in the liquid, as the 
propellants are gases at the room temperature. The cooling of propellants could 
reduce the drug solubility and without cooling, gas-stated propellant will evaporate 
very quickly at room temperature.

The first in situ method for determining drug solubility in volatile propellant 
systems was introduced by Dalby et al. [22]. A device consisting of a closed gas-
tight system with a donor container containing formulations, an empty receiving 
container, and a filtering unit positioned between two donor and receiving contain-
ers (Fig. 17.19a). Upon actuation of donor container, positioned on the top of the 
device, propellant and any dissolved drug pass through the filtering unit and are col-
lected in the receiver. The weight of collected propellant is measured by subtracting 
the preweighed value of the receiver compartment from the weight 
postsample collection, followed by opening the receiver to release propellant, and 
subsequent collection of the dissolved drug. In this study, it was demonstrated how 

Fig. 17.19 Schematic of the filtration unit (a), and the online reversed-phase HPLC system (b) for 
in situ drug solubility study in propellants (from Dalby et al. [22] with permission)
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drug solubility in the propellant can result in Oswald ripening, a thermodynamically 
spontaneous process that occurs by dissolution of small particles in the carrier media 
to become energetically favorable large particles [22]. This in situ measurement 
system has been modified by Williams et al. [97] and Traini et al. [92] and success-
fully applied to evaluate the solubility of various APIs.

An online reversed-phase HPLC system developed by Gupta et al. [32, 33] is an 
another powerful technique to measure drug solubility. This method offers a one-
step process, so that the sampling of dissolved drug and analysis can be achieved by 
direct sample injection. This online technique enables the quantification of low levels 
of analytes by eliminating several sample transfer and dilution steps. The instru-
mentation set-up consists of an HPLC system coupled with a manual sample injector 
instead of an auto-sampler, and a pMDI device connected with a filtration and injec-
tion assembly (Fig. 17.19b). Direct injection of dissolved drug into the HPLC system 
can be achieved by inserting the needle of the pMDI vial into the HPLC sample 
injector before pMDI actuation. The online system has several advantages com-
pared to conventional methods, such as being less labor intensive, and having better 
detection sensitivity and reproducibility [33].

17.6  In Vitro Dissolution Studies

17.6.1  Existing Test Methods and Issues Associated  
with Current Methods

Dissolution testing allows one to examine the drug release behavior of pharmaceutical 
dosage forms in vitro in order to differentiate formulation types, and perhaps gives 
an estimate of a dissolution behavior in vivo. Dissolution testing is routinely used in 
QC studies such as: batch-to-batch consistency, stability, and detection of manufac-
turing deviations. Several USP general chapters (i.e., <711>, <724>, <1088>, and 
<1092>) play a key role in these evaluations as the gold standard tests. Those tests 
are routinely successfully applied to estimate in vitro dissolution behaviors of solid 
or semi-solid dosage forms [94]. However, there is no such universally accepted 
method to estimate the dissolution behavior of inhaled active ingredients, although 
many dissolution methods for testing aerosols have been investigated [31]. Designing 
a standardized method applicable to the lung is not an easy task, as the lung has 
several unique features which are difficult to replicate in vitro, such as the extremely 
small amount of aqueous fluid, and the presence of endogenous lung surfactants 
[31, 70].

For inhalation products, one of the most important steps with in vitro perfor-
mance testing is characterization of the delivery of a given API from a specified 
delivery device using a pharmaceutical impactor/impinger to estimate actual dose 
delivered to the target site of the lung. Only a fraction of the API emitted from stan-
dard delivery devices is usually delivered to the target site of the deep lung since 
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most inhaler products are a mixture of fine API particles and course carrier particles 
or propellants [45]. Thus, an ideal dissolution test procedure for inhalation formula-
tions would involve particle classification followed by an evaluation of the dissolu-
tion behavior for the classified drug particles that may deposit at various sites in the 
respiratory tract. Additionally, a stagnant dissolution system, rather than well-stirred 
system, would be required to estimate lung dissolution as the volume of lung fluid 
is approximately 10–20 mL/100 m2 [70].

Experimental difficulties exist in dose collection due to very fine powder and 
their electrostatic characteristics [31]. Therefore, to date most dissolution proce-
dures on powders have been performed in the absence of aerodynamic classifica-
tion, whereby formulations may have been directly dispersed into an apparatus II 
dissolution tester [4], or placed directly into a modified basket to prevent drug par-
ticles from escaping directly into the dissolution medium [41, 46]. However, those 
methods using a commercially available dissolution apparatus have following 
limitations:

 1. Formulations intended for pulmonary delivery are hard to disperse homoge-
neously into the vessel/basket.

 2. Dispersed particles stick on to the vessel wall and/or paddle/basket during such 
dissolution tests.

 3. Floating powders may be inadvertently collected during the sampling procedure.
 4. Existing paddle/basket apparatus provides well-stirred environment.

In an attempt to make up for some of the shortfalls of this type of testing using 
commercially available dissolution systems, several diffusion systems, a custom-
built diffusion cell [20], a twin-stage impinger (TSI) [54], and a dissolution cell 
[3, 79], have been investigated. However, no single in vitro test system has yet 
emerged as the ideal choice for performing dissolution measurements for inhalation 
formulations.

17.6.2  New Dissolution Approaches

17.6.2.1  Flow-Through Cell

Several attempts to adapt a USP flow-though cell system (Apparatus 4) for evaluating 
in vitro dissolution behaviors of aerosol products have been made, since the flow-
through apparatus offers specific sample cells associated with filter system that may 
hold powder and granular dosage forms inside the cell [6, 80]. In this system, the 
dissolution media is supplied by pump force, and the release/dissolution profiles of 
loaded drug inside the cell can be estimated from the amount of drug released from 
the flow-through cell. It has been demonstrated that the use of flow-though cell 
system could possibly differentiate the variables in dissolution patterns of several 
inhalation formulations by Taylor et al. [88]. However, there still remain issues with 
dose collection onto the flow-through cell and the hydrodynamic condition of the 
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system in mimicking the dissolution behavior of delivered drug particles to the 
target lung site. In particular, the powder presentation inside the cell undoubtedly 
has a great influence on the overall release/dissolution pattern as the surface area, 
and the wettability of powder bed varies according to the loading method.

Aerodynamic classification to collect aerosol particles for dissolution study has 
been attempted by Davies and Feddah [23]. In this method, dose collection from 
DPI and pMDI devices onto a glass filter was achieved by aerodynamic classifica-
tion using Anderson Mark II Cascade Impactor. Following dose collection, the glass 
filter containing classified particles was placed inside the modified flow-through 
cell, which was then subjected to dissolution testing. The system consists of a res-
ervoir and an HPLC pump for supplying a dissolution media and a flow-through 
cell. The impacts of dissolution media, flow rate and surfactant on the dissolution of 
corticosteroids, budesonide, fluticasone propionate, and TAA, were evaluated using 
this modified device. The presented dissolution data in this article well reflected all 
the variables in test procedure, and indicated that this method had a discriminatory 
capability. Moreover, the procedure employed a relatively lower flow rate 
(0.7 mL/min) than that commonly used in the USP apparatus (4–16 mL/min), which 
could potentially create more stagnant conditions for dissolution.

17.6.2.2  Membrane Holder

The concept of using a membrane holder to assess the dissolution profiles of 
aerodynamically separated drug particles was recently introduced by Son and 
McConville [82]. This membrane holder was designed to be easily incorporated 
into the commercially available dissolution tester. The membrane holder acts as a 
sinker device with a diffusion layer at its surface to enable dissolution testing. In 
these studies, dose collection was achieved after aerodynamic size-fractionation 
directly on to polycarbonate membrane into the NGI collection cup of each stage, 
as shown in Fig. 17.20. Following aerodynamic separation, the classified drug par-
ticles on their respective membranes were sandwiched underneath another identi-
cal membrane (presoaked with dissolution medium). The drug now contained 
within two membranes is clamped into the holder and then placed into a dissolu-
tion vessel. The dissolution profiles for a model drug (hydrocortisone) were suc-
cessively estimated by the amount of drug released from the membrane holder. It 
was found that there was significant difference between the bulk formulation and 
an aerodynamically classified formulation in the dissolution profile [82]. However, 
in this dissolution setup, a modification of NGI was required to collect dispersed 
particles on the membrane, and the entire classified dose collected on the mem-
brane cannot be used for dissolution testing due to a substantial limitation imparted 
by the prototype frame holder size.

A subsequent modified membrane holder has been introduced by Son et al. [81]. 
It was designed specifically to be incorporated into the Next Generation Impactor 
(NGI) for better dose collection performance, than a previously reported prototype 
membrane holder [81]. The features of both a prototype and a modified holder are 
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compared in Table 17.3. Two main components of the dissolution setup include 
USP dissolution apparatus 2 and a newly designed membrane holder. The mem-
brane holder assembly (Fig. 17.21a) consists of an NGI dissolution cup (a) which 
contains a removable impaction inset (b), a securing ring (c), two sealing 0-rings, 
and a polycarbonate (PC) membrane to function as a highly porous diffusional 
powder retaining layer.

Table 17.3 Features of prototype and modified membrane holder for dissolution study

Prototype membrane holder Modified membrane holder

Housing material Polyethylene Stainless steel
Diffusion area 10 cm2 18 cm2

Membrane exposure Two sides One side
Membrane type Polycarbonate (0.05 mm pore) Polycarbonate (0.05 mm pore)
Dissolution apparatus 

incorporated
Commercial dissolution tester 

(paddle apparatus for small  
vol. vessel)

USP apparatus 2

Maximum dissolution  
volume hold (mL)

100 900

Optimized agitating  
speed (rpm)

 50  75

Test material Micronized hydrocortisone (HS) Ventolin® HFA
Lactose monohydrate/HS mixture Pulmicort™ Flexhaler

Aerodynamic separation On the modified NGI dose-plate On the impaction insert

Fig. 17.20 Aerodynamic separation into the modified next generation impactor (NGI) for dose 
collection (from Son and McConville [82] with permission)
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The dissolution test using membrane holder is conducted by the following 
procedures:

 1. The NGI dissolution cup is placed in the NGI cup tray.
 2. Dose collection is achieved by aerodynamic separation of given formulation.
 3. The impaction insert is removed from the NGI dissolution cup.
 4. A presoaked membrane was placed onto the top and sealed in place with the 

securing ring.
 5. The sealed membrane holder was placed into each dissolution vessel (Fig. 17.21b).

The mechanism of this dissolution method can be explained by dissolution diffusion-
controlled drug release from the membrane holder. During the dissolution process, 
the dispersed drug within the membrane holder undergoes dissolution, as dissolu-
tion media migrates through the pores on the membrane surface and the dissolved 
drug then releases out to the bulk media by diffusion [82]. The membrane holder 
may impart optimally stagnant conditions, in order for test compounds to be appro-
priate for comparing dissolution behaviors of formulations intended for lung admin-
istration. This membrane holder was designed to have a very thin liquid layer 
between the membrane, and the liquid layer was maintained to dissolve drug particle 
by continuous exchange of dissolution media through the pores by agitation. In 
other words, a dynamic equilibrium is rapidly established for solute exchange, fol-
lowing the commencement of a given dissolution test with the membrane holder. 
The dissolution profiles obtained in this study were shown to differ substantially 
between those from drugs having dissimilar hydrophobicity as well as the aerosols 
having different APSDs. Notably, this method can be used to examine the dissolu-
tion behaviors of inhalation dosage forms with similar particle distribution by 
selecting drug particles accumulated in same collection plate. It would be antici-
pated that the dissolution of particles having a similar size distributions would pro-
vide more interformulation discrimination.

Fig. 17.21 Schematic diagram of the dissolution apparatus. Component (A) membrane holder 
assembly: (a) an NGI dissolution cup, (b) an impaction insert and (c) a securing ring, and compo-
nent (B): dissolution station (from [81], with permission)
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17.6.3  Dissolution Medium

Two types of simulated lung fluid (SLF), simulated interstitial lung fluid (SILF), and 
simulated surfactant lung fluid (SSLF) have been widely applied to in vitro dissolu-
tion studies due to their similarity in composition to actual lung fluid [3, 23, 63]. The 
composition of the SILF and the SSLF is shown in Table 17.4. The simulate lung 
interstitial fluid (SLF) was developed by Moss [63]. The use of SSLF that is prepared 
by adding 0.02% of DPPC to SILF was suggested by Dennis et al. since DPPC is the 
primary surface-active component found in all mammalian lungs [30]. The SSLF has 
been used to predict the solubility and solubilization process of inhalation formula-
tions which have very low aqueous solubility as DPPC increases the wettability of 
hydrophobic drugs, and prevent aggregation to allow an enhanced dissolution rate 
[72, 82, 96]. However, SLF media may not be preferable for the routine QC study for 
inhalation products due to its low buffering effect. In particular, the use of SLF media 
would not be recommended for evaluating inhalation dosage forms that show pH- 
dependency or sustained-release manner in dissolution profile. It has been reported 
that the pH of SLF media significantly increased up to 8.7 without CO

2
 bubbling [63]. 

Additionally, in the membrane-based dissolution apparatus, it was found that the 
SSLF media may not be freely diffuse and reach the drug particles through the pore 
on the membrane surface as DPPC forms liposomal aggregates that may have a larger 
particle size than the membrane pore size in aqueous media [82]. For these reasons, 
recently, alternative biological buffer systems having similar pH range to that of the 
target lung site, such as phosphate buffer and PBS, have been applied for evaluating 
newly developed sustained release formulations [20, 46, 66, 82, 85]. The standardized 
dissolution media has not been developed yet because the media selection for 

Table 17.4 Compositions of actual lung fluid, and two simulated lung fluids, SILF and SSLF

Ions Actual (meq) SILF (meq) SSLF (meq)

Calcium 5.0 5.0 5.0
Magnesium 2.0 2.0 2.0
Potassium 4.0 4.0 4.0
Sodium 145.0 145.0 145.0
Total cations 156.0 156.0 156.0

Bicarbonate 31.0 31.0 31.0
Chloride 114.0 114.0 114.0
Citrate – 1.0 1.0
Acetate 7.0 7.0 7.0
Phosphate 2.0 2.0 2.0
Sulfate 1.0 1.0 1.0
Protein 1.0 – –
DPPC – – 200 mg/mL

Total anions 156.0 156.0 156.0
pH 7.3 7.3 7.3

Table is modified from Dennis et al. [26]
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lung dissolution is quite dependent on the test apparatus, the chemical/physical 
properties of APIs as described above. Thus, careful and thorough examinations and 
validation in the selection of media must be made, especially if one seeks to establish 
valid in vitro–in vivo correlations.
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Abstract A variety of cell culture systems for modeling the pulmonary system have 
been developed. They offer the potential to study various cell biology-related questions 
in the lung field. In this chapter primary cell cultures, continuous disease models, and 
coculture models are discussed. The use of these models in biopharmaceutical 
research is then reviewed along with discussion on drug permeability, transporters, 
aerosol deposition studies, and in vitro–in vivo correlation studies. Notwithstanding 
the difficulties and challenges surrounding various aspects of in vitro respiratory 
epithelial models, mechanistic studies of pulmonary drug delivery using various 
tracheobronchial and alveolar mucosae are expected to provide us with a wealth of 
information in the coming years that will lead to newer and more efficient methods 
to treat lung-specific diseases using controlled and targeted approaches.

Keywords Continuous cell line • Drug disposition • Drug transporter • In vitro model 
• Primary culture

18.1  Introduction

18.1.1  Primary Cell Cultures

Primary cells are thought to offer the most accurate in vitro representation of the 
respiratory epithelium in its native form. In particular, they typically exhibit charac-
teristics which more closely resemble those observed in vivo. This is especially 
important in the case of alveolar epithelium, where currently there are no cell lines 
which reliably mimic type I or type II pneumocytes. Utilization of respiratory 
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epithelial cells for primary culture entails their fresh isolation from lung tissues. 
As a consequence, primary cultures are associated with a number of limitations. For 
example, availability of airway tissues is often restricted, in particular those derived 
from humans. Moreover, cell yields may be poor while donor-to-donor variation 
can reduce the usefulness of these cultures. In contrast to cell lines, primary cultures 
are also limited by rather short lifespans. As a result, the use of primary cell cultures 
is associated with high costs and can be time-consuming. In addition, generating 
tight monolayers with high transepithelial electrical resistance (TEER), both of 
which are essential for drug absorption studies, can be difficult to achieve and often 
require great expertise in primary culture settings.

18.1.1.1  Primary Cell Cultures of Tracheobronchial Epithelia

Over the last 30 years, protocols for the isolation and culture of primary tracheo-
bronchial epithelial cells obtained from lungs of many species have been developed. 
They include primary cultures of airway epithelial cells of the mouse [1], hamster 
[2], guinea pig [3], rat [4], ferret [5], rabbit [6, 7], dog [8], pig [9], cow [10], horse 
[11], and human [12–14]. Most of the protocols result in well-differentiated epithe-
lial cells with mixed phenotypes. In general, these primary cell cultures are good for 
drug absorption studies for the first couple of subcultures after which they lose their 
ability to form tight junctions and their capacity to generate high TEER is lost. 
Indeed, successive passages of human tracheal epithelial cells have been shown to 
exhibit a linear drop in short-circuit current (I

sc
) [15]. Using Ussing chamber tech-

niques, these subcultures were shown to exhibit minimal rates of active Na+ and 
Cl− transport by passage 3 and beyond passage 4 the cells failed to generate any 
active ion transport. These data suggest that it is important to develop airway epithelial 
cell lines that retain the ability to differentiate, form tight junctions, and maintain 
ion channel/pump activities when grown in vitro [15].

Ready-to-use culture systems of human tracheobronchial cell layers exhibiting 
well-differentiated ciliated and goblet cell phenotypes are commercially available 
(Epiairway™ system, Mattek Corporation, Ashland, MA, USA) [16]. Despite 
Epiairway™ being marketed for use in drug delivery studies, little data have been 
reported to date. This may be reflective of low uptake and/or due to cost or usage in 
industry that is subject to confidentiality. Overall, primary culture is less convenient 
and economical than the use of cell lines. Consequently, primary cultured tracheo-
bronchial cell layers have not been widely used for biopharmaceutical purposes [17].

18.1.1.2  Primary Cell Cultures of Alveolar Epithelia

Given the scarcity of suitable alveolar epithelial cell (AEC) lines that form functional 
tight junctions, the majority of in vitro studies of alveolar epithelial function (e.g., 
solute transport and metabolism) use primary cultures of AEC. Primary mammalian 



41918 In Vitro Cell Culture Models

AEC culture techniques involve isolation, purification, and cultivation of ATII cells 
obtained from either resected (human) lung tissues or isolated perfused (rodent) lungs. 
When plated on permeable supports or plastics under appropriate culture conditions, 
these ATII cells acquire features of type I cell-like phenotype and morphology 
[18–20]. Isolation of ATI pneumocytes from rat lungs has been recently described 
[21–23]. However, development of confluent ATI cell monolayers exhibiting electri-
cally tight characteristics has yet to be reported. Of note, unlike many other cells in 
primary culture, AECs typically exhibit a very limited proliferative capacity and 
therefore are not suitable for passaging. Consequently, each data set requires a fresh 
preparation of cells resulting in a marked increase in costs. Moreover, it necessitates a 
reliable normalization scheme of data from each set of cell preparations.

Owing to the lack of availability of human lung tissues and ethical issues pertaining 
to the use of human tissues, most lung permeability studies have been based on 
isolation and culture of cells from animals, including mouse [24], rat [25], rabbit 
[26], and pig [27]. Since evidence for species difference between human and rodents 
might be more significant than once assumed [28], confirmation using primary 
human pneumocyte cultures has been performed for various aspects [29–31].

18.1.2  Continuous Cell Cultures

The use of continuous cell cultures in biopharmaceutical studies is widespread. 
They include those derived from tumors and transformed cell lines. Importantly, in 
contrast to primary cell cultures, they are immortal. The principal benefit of cell 
lines is their convenience of use. Culturing and maintenance of respiratory epithelial 
cell lines can be performed using standard reagents and protocols. Moreover, the 
yield associated with each passage of a particular cell line is typically high. 
Furthermore, they offer greater flexibility, with cells capable of being frozen and 
stored. In terms of cost, they are considerably more economical to use. This, together 
with their good reproducibility, makes them a particularly attractive option for use 
in high-throughput screening studies.

However, the use of cell lines is also associated with a number of disadvantages. 
In the case of transformants, they often lose differentiated properties with increasing 
passage number. In particular, their lack of capacity to form tight junctions can 
diminish their utility in transport studies [32]. In the case of tumor-derived cells, 
they exhibit excessive proliferative capacity, in addition to other abnormalities (e.g., 
mucus and surfactant content) in comparison to normal healthy cells [33].

18.1.2.1  Tracheobronchial Epithelial Cell Lines

In contrast to gastrointestinal in vitro testing where Caco-2 cells have emerged as 
the gold standard, there is no such consensus to date on the preferred cell line(s) for 
modeling the bronchial epithelium in vitro. Several detailed protocols for culture, 
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maintenance, growth, and permeability assessment of tracheobronchial epithelial 
cell lines have been published in recent years [17], with the most commonly used 
systems being the Calu-3 and 16HBE14o− cell lines. Additionally, BEAS-2B are 
frequently used for studies of metabolism and the interaction of cells with xenobiotics, 
and the use of the NuLi-1 cell line has recently been explored [34, 35].

Calu-3 (American Type Culture Collection; ATCC HTB-55) is a human bronchial 
epithelial cell line derived from an adenocarcinoma of the lung [36]. This cell line 
has been shown to exhibit serous cell properties and forms confluent monolayers of 
mixed cell phenotypes, including ciliated and secretory cell types [37], but the cilia 
are formed very irregularly and seem to disappear with increasing passage number 
(unpublished observations CE). Calu-3 cells have shown utility as a model to examine 
transport [38–40] and metabolism in human bronchial epithelial cells for many 
therapeutic compounds [41]. Furthermore, they have been used in a number of 
particle–cell interaction studies [42–44].

Another continuous bronchial epithelial cell line, 16HBE14o−, was generated by 
transformation of normal bronchial epithelial cells obtained from a 1-year-old male 
heart–lung transplant patient. Transformation was accomplished with SV40 large T 
antigen using the replication defective pSVori− plasmid [45]. 16HBE14o− cells can 
be obtained from Dieter C. Gruenert, Ph.D., at the California Pacific Medical Center. 
The noncommercial availability of the cell line might be one of the reasons why they 
have been less widely used than Calu-3. 16HBE14o− cells have a nonserous, noncili-
ated phenotype and are generally round in shape and smaller in size than Calu-3. 
When grown under liquid-covered culture (LCC) conditions, 16HBE14o− form 
confluent, polarized cell layers with functional tight junctions and the expression of 
several drug transport proteins [33, 46]. By contrast, air-interfaced culture (AIC) 
conditions lead to cell layers of less desirable phenotypic and morphological traits. 
Since most epithelial cells, that are normally located at an air interface in vivo, function 
optimally under AIC conditions for cultivation, the superior performance of the 
16HBE14o− cell line under LCC conditions is an exception for which the exact reasons 
or mechanism are currently unknown. Like Calu-3, the 16HBE14o− cell line has been 
utilized for many drug absorption and particle–cell interaction studies [47–49].

The BEAS-2B cell line was derived from normal human epithelial cells that were 
immortalized using the hybrid virus of adenovirus 12 and Simian virus 40 [50]. 
BEAS-2B is available from the ATCC (CRL-9609) and has been popular in studies 
of airway epithelial cell structure and function, including phenotyping and mechanistic 
investigation of cytokine regulation [51]. BEAS-2B cells have also been used to 
evaluate responses to challenges such as tobacco smoke [52], environmental particles 
[53, 54], and hyperoxia [55]. However, as it is challenging to generate TEER values 
higher than 100 ohm cm2 using BEAS-2B cells [56], they have not been used much 
in drug permeability studies, but have frequently been utilized to investigate the 
expression and activity of drug metabolizing enzymes [57, 58].

A relatively new cell line, that has not been characterized to date for its use in 
biopharmaceutics, is based on primary airway epithelial cells infected with retroviruses 
expressing hTERT and HPV-16 E6/E7 (NuLi-1) [15]. NuLi-1 cells were cultured on 
plastic up to passage 30. When grown on collagen-coated, semipermeable membranes 
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(Millicell-PCF), NuLi-1 TEER decreased by ~50% over the 30 passages from 
685 ± 31 to 389 ± 21 ohm cm2. The TEER of NuLi-1 is similar to that observed with 
the primary bronchial cultures of 532 ± 147 ohm cm2. Thus, NuLi-1 cells can form 
an electrically tight airway epithelial barrier that mimics active and passive ion 
transport properties of primary human bronchial epithelial cells [15].

18.1.2.2  Alveolar Epithelial Cell Lines

While a number of immortalized cell lines emanating from different cell types of 
the airway (i.e., tracheobronchial) epithelium of lungs from various mammalian 
species are available, reliable and continuously growing cell lines that possess AEC 
morphology and phenotype are not reported to date. Most studies use cell lines of 
alveolar epithelial origin for drug absorption studies, while the observations are 
hard or meaningless to extend to human situation.

Probably, the most frequently used alveolar epithelial model is the A549 cell line 
(American Type Culture Collection, ATCC CL-185); continuously growing cells 
derived from a human pulmonary adenocarcinoma that have some morphologic and 
biochemical features of the human pulmonary alveolar type II cell in situ [59]. A549 
cells contain multilamellar cytoplasmic inclusion bodies, like those typically found 
in human lung ATII cells, although these hallmarks disappear as culture time 
increases. At early and late passage levels, the cells synthesize lecithin with a high 
percentage of disaturated fatty acids utilizing the cytidine diphosphocholine pathway 
[59]. The cell line has been utilized for many biopharmaceutical studies, albeit 
A549 cells lack the ability to form tight monolayers of polarized cells, due to the 
inability to form functional tight junctions [60–63]. Despite their obvious unsuitability, 
due to their lack of good TEER, some investigators utilized A549 cell layers in drug 
absorption studies [64, 65], leading to meaningless conclusions. The absorption 
data reported by these groups were not able to clearly show differences in transport 
rates between proteins and peptides of various sizes where the published permeability 
values were 2–4 orders of magnitude higher than those obtained in tight monolayer 
systems (e.g., human alveolar epithelial cell [hAEpC] monolayers) using identical 
compounds [61]. Moreover, the reported A549 TEER of ~600 ohm cm2 by one 
group [64] may be in gross error. Their data indicate that large hydrophilic molecules 
are translocated across A549 cell layers at rates approaching near-free diffusion 
limits. In other words, such large fluxes probably took place via large gaps between 
A549 cells, contradicting to the very large TEER they reported. It should be noted 
that TEER of A549 cells is usually in the range of 20–60 ohm cm2, which makes 
much more sense, as it is known that no functional tight junctions are present in 
A549 cell layers. Notwithstanding, A549 cells might be a useful model in other 
areas of biopharmaceutical research, including metabolism studies or cytotoxicity 
studies for various substances [62, 66, 67].

Other cell lines of an alveolar epithelial origin that are reported to date include 
R3/1 and L-2 (rat), MLE-12 and 15 (mouse), and H441 and TT1 (human). Of these, 
NCI-H441 cell line (ATCC HTB-174), emanated from a human lung adenocarcinoma, 
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has been described to have characteristics of both ATII [68, 69] and bronchiolar 
(i.e., Clara) epithelial cells [70, 71]. Studies can thus be designed around to charac-
terize metabolism and transport properties of these two particular cell types. There is 
an emerging evidence that H441 cells are capable to form monolayers of polarized 
cells, exhibiting moderately tight transepithelial with active Na+ absorption [72, 73], 
although the cell line has not been used for drug absorption experiments so far.

Wikenheiser and coworkers generated a series of continuous AEC lines (MLE-7, 
-12, and -15) from transgenic mice harboring the SV40 large T antigen under the 
control of the human SP-C promoter region. These MLE cell lines maintained mor-
phological and functional characteristics of distal respiratory epithelial cells nor-
mally lost after isolation and primary culture [74], which are consistent with those 
seen in nonciliated bronchiolar and ATII epithelial cells. However, morphological 
and functional characteristics associated with an individual cell type do not always 
appear to coexist in a clonal cell line. For example, MLE-12 cells express SP-C 
mRNA (i.e., indicative of ATII cells in the adult mouse), but other characteristics 
(e.g., SP-A mRNA expression or presence of lamellar bodies) are missing in 
MLE-12 cells. The heterogeneity of cellular markers in MLE cells may be related 
to the immortalization of ATII cells at various stages of lung development. 
Alternatively, MLE cell lines might represent distinct subtypes of distal respiratory 
epithelial cells. Culture conditions may also be an important determinant of expres-
sion of various cellular markers in MLE cells. When grown under AIC on hollow 
fibers, MLE-15 cells contain numerous lamellar bodies and secrete both SP-A and 
SP-B [75]. Currently, only MLE-12 can be obtained from the American Type 
Culture Collection (ATCC CRL-2110).

L-2 cells (ATCC HTB-149) have been isolated by clonal culture techniques from 
the adult rat lung. These cells appear to retain differentiated functions that are present 
in ATII cells of intact rat lungs. L-2 cells are diploid, epithelial cells. They contain 
osmiophilic lamellar bodies in their cytoplasm and synthesize lecithin by the same 
de novo pathways as in intact lungs [76]. L-2 cells are capable of forming confluent 
monolayers, although they do not exhibit as high a TEER as ATII cells in primary 
culture do [77]. Moreover, they possess ion transport and single channel character-
istics indistinguishable from primary cultures of ATII cells, together with compa-
rable amiloride-sensitive transepithelial current [77]. To date, L2 cells have not been 
systematically investigated regarding their suitability as a model for drug absorption 
studies.

The rat cell line R3/1 was established from cells obtained from bronchoalveolar 
tissues of fetal Wistar rats at 20 days of gestation. This cell line displays a pheno-
type with several characteristic features of ATI cells. R3/1 cells were analyzed to 
show a positive expression for both mRNA and protein for markers related to the 
ATI cell type (T1a, ICAM-1, connexin-43, and caveolin-1 and -2) [78]. However, it 
has been shown very recently that R3/1 cells are unable to form confluent monolay-
ers due to a lack of expression of several tight junction proteins, such as occludin 
[79]. This excludes R3/1 cells from being used as an in vitro model for studies of 
alveolar absorption. In spite of this feature, given that their expression pattern of 
proteolytic enzymes is similar to that of type I-like cells of the rat alveolar 
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epithelium in primary culture, the cell line may be suitable for studying stability of 
inhaled and endogenous proteins [79].

Most recently, a new alveolar type I-like cell line, transformed type 1 (TT1), has 
been established [80]. They are an immortalized cell line produced by retroviral trans-
duction of primary human ATII cells with the catalytic subunit of human telomerase 
(hTERT) and a temperature sensitive mutant of Simian virus 40 large antigen 
(U19tsA58 LT). They exhibit a flattened and thin cell morphology, which is typical of 
type I cells. It has also been shown that TT1 cells contain endosomal vesicles within 
the cytoplasm and invaginations at the cell membrane. Importantly, they express type 
I cell markers such as caveolin-1, while lacking type II cell markers such as TTF-1, 
pro-SPC, and alkaline phosphatase [80]. They show positive staining for pan-cytoker-
atin, confirming their epithelial phenotype. However, they exhibit poor barrier proper-
ties. Staining for ZO-1 in TT1 cells is weak and discontinuous consistent with a 
TEER of ~55 ohm cm2 and flu-Na P

app
 of ~6 × 10−6 cm/s [81]. Consequently, they are 

unsuitable for modeling drug transport and epithelial barrier function in vitro.

18.1.3  Disease Models

Cystic fibrosis (CF) is an autosomal recessive disease and is one of the lethal genetic 
diseases. There are approximately 30,000 patients in the USA and Europe [82, 83]. 
CF is caused by mutation in the CFTR gene located at chromosome 7 and is associated 
mostly with defective chloride transport in airway epithelial cells. Lung pathology 
in CF includes abnormally low to nil chloride transport, increased mucus viscosity, 
reduced mucociliary clearance rates, recurrent infections, chronic inflammations, 
and airway damage. Because of the significance of the disease, the most visible 
gene therapy schemes under development are inhalable regimens (containing 
complementary DNA of CFTR) to treat CF by restoration of CFTR function in the 
airways of the lung.

In vitro models based on CF airway epithelium have been used widely to better 
understand the CF pathophysiology, to have a tool to study alterations in airway 
permeability, and to assess the efficiency of gene vectors. Utilizing approaches 
similar to those for cultivation of cells from healthy tissues, several protocols have 
been developed to culture airway epithelial cells harvested from CF patients 
[84, 85]. The development of immortalized cell lines with a CF phenotype has 
been a significant benefit for investigators in the CF field, alleviating the major 
limitation inherent in primary cell culture models, i.e., the very limited availability 
of suitable CF tissues [32, 86]. A number of these CF cell lines have been reported 
to show the ability to form polarized cell layers with the necessary bioelectrical 
tightness that makes them potentially useful for drug permeability studies. 
Examples of human immortalized CF airway epithelial cell lines are NCF3 [87], 
CFT1 [88], CFBE41o− [89], and CuFi-3 and -4 [15]. It should be noted that only 
the CFBE41o− and CuFi cell lines have been characterized to validate their long-
term stability as reliable in vitro models.
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18.1.4  Coculture Models

Up until recently, the vast majority of investigations have utilized cell lines or primary 
cultures in the form of monocultures. Monocultures are easy and convenient to 
establish and offer good viability of cells. However, the lung is composed of a complex 
collection of >40 different cell types. While the inherent intricacies of the lung cannot 
be totally recapitulated by artificial cell cultures, cocultures composed of two to 
three cell types ensure that cell–cell interactions which are important in determining 
and preserving phenotype and normal cell function are maintained.

In addition to the translocation of drug particles via endocytic pathways, emerging 
evidence suggests that nonendocytic mechanisms may also be of importance. 
Indeed, studies by Rothen-Rutishauser et al. [90, 91] using a triple coculture model 
of the air–blood barrier of the respiratory tract by culturing epithelial cells (A549 
cells) on filter inserts together with placing human blood monocyte-derived mac-
rophages and dendritic cells on the apical and basal sides, respectively, investigated 
interaction of these three different cells during the uptake of polystyrene particles 
from the apical side.

Recently, cocultivation of HBEC with the human lung fibroblast cell line Wi-38 
cultured under AIC resulted in differentiation of HBEC into the three main bronchial 
cell phenotypes, namely basal, mucus-producing, and ciliary cells [92]. Importantly, 
the cilia in the surface of epithelial cells formed exhibited a beating frequency of 
14–19 Hz which is comparable to that observed in vivo. Together, this model offers 
potential for use in investigating both acute and chronic effects following pulmonary 
exposure to pharmacological agents. Of note, monocultures demonstrated far less 
marked differentiation. Interestingly, cocultivation of 16HBE14o− cells with Wi-38 
failed to initiate their differentiation.

In the pulmonary context, drug therapy is frequently required under pathophysi-
ological conditions characterized by acute inflammation of the alveolo-capillary 
barrier. Consequently, models which mimic an impaired barrier could be helpful in 
predicting effects of drugs on alveolar epithelium exhibiting altered barrier function. 
To this end, Hermanns and colleagues [93] have developed a coculture model incor-
porating the epithelial cell line H441 together with primary isolated human pulmonary 
microvascular endothelial cells (HPMECs) or the endothelial cell line ISO-HAS-1 
on opposite sides of a permeable filter insert in the absence and presence of proin-
flammatory stimuli. An inflamed alveolo-capillary barrier with impaired barrier 
function was generated when proinflammatory stimuli (e.g., tumor necrosis factor-
alpha and interferon-gamma) were given, characterized by diminished TEER and 
enhanced transport of sodium fluorescein. The nanocarrier polyethyleneimine (PEI), 
complexed with Oregon Green (OG) or pDNA encoding enhanced green fluorescent 
protein (EGFP) gene, was used to evaluate cell uptake and gene transfer respectively. 
Interestingly, in contrast to monocultures, virtually no PEI–OG or EGFP expression 
was detected in cocultures. Moreover, transfection efficiency of an inflamed alveolo-
capillary barrier was markedly lower than obtained with nonpolarized monolayers of 
H441 cells. Together, this suggests that polarized epithelial cells may impede uptake.
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18.2  Use of In Vitro Models of Respiratory Epithelial  
Barriers in Biopharmaceutical Research

18.2.1  Drug Absorption Studies Using Tracheobronchial 
Epithelial Cells

Despite the fact that the alveolar epithelium with its extremely thin barrier (<0.5 mm) 
and vast surface area (>100 m2) is regarded as the most favorable site from which to 
achieve delivery of therapeutic molecules into the systemic circulation following 
inhalation, several cell lines of the tracheobronchial origin have been employed to 
gain mechanistic information on drug transport and metabolism in the lung. This 
can be explained, in part, by the relative ease and low costs by which continuously 
growing tracheobronchial cell lines can be maintained, compared to primary cultures 
of AEC. The airways also constitute the target for therapeutic compounds for asthma 
and COPD and, depending upon the site of deposition and physicochemical properties 
of an inhaled compound, may contribute significantly to the pulmonary absorption 
of inhaled therapeutics.

18.2.1.1  Drug Permeability

The permeability of a large number of compounds has been measured in airway 
epithelial cell culture models, and the results of these studies have been reviewed 
[17], with dependence on molecular size and lipophilicity being seen in the Calu-3 
and 16HBE14o− cell lines. Observations in these cell lines were similar to those 
made in primary rabbit tracheobronchial cell cultures. The use of airway epithelial 
cell models in pulmonary biopharmaceutical research in general appears to be well 
justified, since permeability (P

app
) values observed in such in vitro cell culture 

models appear to be predictive of absorption from intact lungs [35]. Drug delivery 
applications such as absorption enhancement and the effects of inhaled formulation 
excipients on drug permeability have also been investigated using these two cell 
lines [17].

18.2.1.2  Active Transport Mechanisms in Tracheobronchial Epithelial Cells

 ABC-Transporters

P-glycoprotein (P-gp) expression and functionality have been determined in several 
lung cell culture models. Studies of cultures of primary human bronchial epithelial 
cells have revealed the presence of P-gp [94, 95]. Interestingly, expression of 
P-gp appears to be time-dependent with mRNA levels increasing from day 7 to day 
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21 [96]. In agreement with this, P-gp-mediated transport of digoxin was apparent 
in cultures after 21 days, but not after 14 days. Functional studies suggested a 
basolateral localization of P-gp [95]. In 16HBE14o− cells, expression of P-gp has 
been shown at both mRNA and protein levels [46, 97, 98]. In contrast to normal 
human bronchial epithelial cells, immunocytochemical staining indicates that it 
is localized at the apical membrane in this cell line [46]. Functional activity was 
measured with Rh123 and the transport was inhibited by the P-gp inhibitor, vera-
pamil [46]. For Calu-3 cells, published data are somewhat conflicting, in that 
some groups observed net secretion of the P-gp substrate [95, 99, 100], while 
others observed P-gp-mediated absorption [101], and another report says an 
undetectable level of P-gp expression [102]. Such inconsistencies may also be 
explained in part by the use of P-gp substrates and inhibitors which are nonspecific. 
Indeed, net secretion of Rh123 across Calu-3 cells may be explained by additional 
multidrug resistance-associated protein 1 (MRP1) activity in these cells (most 
likely with a basolateral localization), because Rh123 is also an MRP1 substrate 
[103]. Moreover, it appears that different Calu-3 clones may have been utilized 
in these studies, whereby the cell line may yield different phenotypes dependent 
upon the culture conditions used by investigators. Illustrating this, studies by 
Madlova and colleagues [95] suggested that functional expression of P-gp 
occurred only in Calu-3 monolayers at passages over 50 grown on cell culture 
inserts for 21 days. However, this hypothesis was contradicted in findings by 
Brillault et al. [98] who detected P-gp in Calu-3 cell layers at passages 22–30 
grown for just 15 days and showed P-gp-mediated transport of moxifloxacin. 
In CFBE41o− CF airway epithelial cells, P-gp was expressed at both message 
and protein levels, although it lacked functionality in the efflux or secretion of 
Rh123 [89]. Whether this is a result of the CF phenotype or a finding specific to 
the cell line is unclear.

MRP1 protein has been shown to be expressed in freshly isolated human bron-
chial epithelial cells, where the efflux of carboxy-dichlorofluorescein (an MRP1 sub-
strate) was inhibited by MK571, a specific MRP inhibitor [94]. Both 16HBE14o− and 
Calu-3 cell lines have also been reported to express MRP1 basolaterally, which is 
thought to contribute to the net absorption of certain substrates (e.g., monochlorobi-
mane GSH conjugate) [103, 104]. Analysis of human respiratory epithelial cell 
culture models by PCR for ABC transporters revealed high levels of MRP1, MRP3, 
MRP5, and MRP7 and moderate levels of MRP2 and MRP6 [97]. While transcripts 
for MRP4 and MRP8 were detected in human bronchial epithelial cells, they were 
either absent or very weakly expressed in both Calu-3 and 16HBE14o− cell lines 
[97]. In 16HBE14o− cells, immunohistochemical staining for MRP1 was strong, 
while that for MRP4 was weak [105]. BCRP transcripts were detected in all human 
bronchial epithelial cell cultures [97]. While reports are conflicting as to mRNA 
levels in Calu-3 [97, 106], protein expression appears relatively high with immuno-
cytochemical staining indicating apical localization. 16HBE14o− cells exhibit 
abundant expression [97]. Moreover, its high expression in 16HBE14o− was con-
firmed by strong immunostaining [105]. A summary of drug transporter expression 
in in vitro cell culture models of the respiratory epithelium is given in Table 18.1.
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Table 18.1 Summary of drug transporter expression in in vitro cell culture models of the respiratory 
epithelium

Protein name In vitro model
Cellular 
localization References

ABC transporters
Pgp/MDR1 hBEpC; Calu-3 (inconclusive data); 

16HBE14o−; CFBE41o-; A549; rat ATII; 
rat type I-like; human ATII; human type 
I-like

Apical/
basolateral 
(inconclu-
sive data)

[46, 89, 
94–102, 
107, 108]

MRP1 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; rat ATII; rat type I-like; human 
ATII; human type I-like

Basolateral [94, 97, 100, 
103, 104]

MRP2 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; human ATII; human type I-like

[97]

MRP3 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; human ATII; human type I-like

[97]

MRP4 hBEpC; Calu-3; A549; human ATII; human 
type I-like

[97]

MRP5 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; human ATII; human type I-like

[97]

MRP6 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; human ATII; human type I-like

[97]

MRP7 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; human ATII; human type I-like

[97]

MRP8 hBEpC; Calu-3; human ATII; human type 
I-like

[97]

BCRP hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; human ATII; human type I-like

Apical [97, 105, 106]

ABCA1 MLE-12; A549, human ATII, rat ATII, mouse [109]
ABCA3 A549; MLE-15; human ATII rat ATII; murine 

ATII
[110, 111]

SLC transporters
GLUT1 Rat ATII [112]
GLUT2 H441 Apical & 

basolateral
[113]

GLUT4 Rat ATII; H441 [112, 113]
GLUT5 Rat ATII [112]
SGLT1 Rat ATII [112]
OCT1 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 

MLE-12; A549; rat ATII; murine ATII
[97, 114–117]

OCT2 Calu-3 (inconclusive data); 16HBE14o− 
(inconclusive data); MLE-12; rat ATII 
(inconclusive data); murine ATII

[97, 114–116, 
118]

OCT3 hBEpC; Calu-3; 16HBE14o−(inconclusive 
data); A549; rat ATII

[97, 114, 115, 
117, 118]

OCTN1 hBEpC (inconclusive data); Calu-3; 
16HBE14o−; BEAS-2B; A549

Apical [97, 115, 117]

OCTN2 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549

Apical [97, 115, 117]

PEPT1 Calu-3; 16HBE14o−; BEAS-2B; A549 Apical [97, 119]
(continued)
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 SLC-Transporters

Investigations into organic cation transporter (OCT) mRNA transcripts have revealed 
different expression patterns with an apparent dependence on culture conditions. 
All five OCTs were detected in Calu-3 and 16HBE14o− cell lines when grown in 
cell culture flasks at high passage numbers [114]. However in a separate study, 
RT-PCR analysis of both bronchial cell lines and primary bronchial cells showed an 
absence of OCT2 [97]. Furthermore, OCT3 transcripts were not detected in 
16HBE14o−, while primary bronchial cells did not exhibit a signal for OCTN1 
[97]. When grown at an AIC, primary human bronchial epithelial cells exhibited 
high levels of OCTN1 and OCTN2, which was localized at the apical membrane 
[115]. However, they expressed only low amount of OCT1-3 under these conditions 
[115]. OCT1 and OCT2 may mediate acetylcholine release and reabsorption from 
epithelial cells [130] and involvement of OCTN1 and OCTN2-mediated drug 
absorption from the airways in a pH-dependent manner has been demonstrated 
[115]. With respect to carrier-mediated cationic drug absorption in functional (i.e., 
electrically tight) cell layer cultures, only limited information on drug absorption 

Protein name In vitro model
Cellular 
localization References

PEPT2 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549; L2; rat ATII; murine ATII

[97, 119–121]

LAT-1 Rat ATII [121]
ATB0+ Rat ATII; murine ATI [122, 123]
SVCT1 Rat ATII Apical [124]
SVCT2 Rat ATII Apical [124]
OAT1 No [97]
OAT2 No [97]
OAT3 No [97]
OAT4 Calu-3; 16HBE14o−; BEAS-2B; A549 [97]

SLCO transporters
OATP1A2 hBEpC; Calu-3; BEAS-2B; A549 [97]
OATP1B1 Calu-3; A549 [97]
OATP1B3 Calu3; BEAS-2B; A549 [97]
OATP1C1 Calu3; A549 [97]
OATP2A1 No [97]
OATP2B1 Calu3; A549 [97, 125]
OATP3A1 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 

A549
[97]

OATP4A1 hBEpC; Calu-3; 16HBE14o−; BEAS-2B; 
A549

[97]

OATP5A1 Calu-3; BEAS-2B; A549 [97]

Lung resistance protein
LRP hBEpC; Calu-3; 16HBE14o−; CFBE41o-; 

A549
[46, 89, 

126–129]

Table 18.1 (continued)
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profiles is available. Net absorption of salbutamol (albuterol) across both Calu-3 
and 16HBE14o− cell layers has been shown [114]. A further study revealed that 
positively charged b

2
-agonists such as salbutamol and formoterol are capable of 

modulating the activity of OCTs [115].
The presence of a high-affinity peptide transporter PEPT2 in bronchial epithelium 

has been demonstrated by measuring the uptake of oligopeptides into bronchial 
cells following intratracheal instillation [131]. The functional expression of PEPT2 
in primary cultured human lung cells isolated from the trachea, bronchi, and bron-
chioles of multiple donor subjects has also been demonstrated [132]. While expres-
sion of PEPT2 transcripts has been shown in both primary human bronchial epithelial 
cells and bronchial cell lines, expression of PEPT1 appears to be restricted to Calu-3 
and 16HBE14o−, with no signal detected in primary human bronchial epithelial 
cells [97]. In Calu-3 cells grown at an AIC both PEPT1 and the PEPT2*1 variant 
were detected [119]. Using Western blot, expression of PEPT1 was confirmed and 
shown to localize on the apical cell membrane [119]. RT-PCR analysis of the gene 
for cationic amino acid transporters expressed in Calu-3 cells detected amplicons of 
the expected size for SLC7A1 (coding for hCAT1 transporter), SLC7A2 (for tran-
scripts hCAT2B and hCAT2A), SLC7A4, SLC7A6 (for y+LAT2), SLC7A7 (for 
y+LAT1), SLC3A2 (for 4F2hc/CD98), and SLC6A14 (for ATB0+) [120]. In H441 
cells, the glucose transporter GLUT-2 was found to be localized at both apical and 
basolateral membranes [113].

Organic anion transporters (OAT) have been characterized for their ability to 
mediate the absorption and elimination of endogenous and exogenous organic 
anions. In human bronchial epithelial cell culture models, OAT1, OAT2, and OAT3 
transcripts were absent. In the case of OAT4, mRNA was detected only in Calu-3 
and 16HBE14o− cells [97].

 Lung Resistance Protein (LRP)

Lung resistance protein (LRP) is expressed in normal human bronchial epithelium 
as well as in other tissues potentially exposed to toxins [126, 127]. LRP was reported 
to be expressed in both Calu-3 cells [128] and 16HBE14o− model [46]. However, 
the role of LRP in different cellular locations is not clear to date.

 Organic Anion Transporting Polypeptides (OATP)

OATPs are capable of transporting diverse classes of endogenous solutes and xeno-
biotic compounds. Expression of this family of transporters has been shown to vary 
considerably between different in vitro models of the bronchial epithelia. Calu-3 
cells appear to express all OATP transporters except for OATP1A2 [97]. By contrast, 
16HBE14o− cells showed transcripts for just OATP3A1 and OATP4A1 [97]. 
Similarly, normal bronchial cells exhibited expression for OATP3A1 and OATP4A1, 
in addition to OATP1A2 [97].



430 S.T. Buckley et al.

18.2.1.3  In Vitro–In Vivo Correlation Using Tracheobronchial  
Epithelial Cells

Data are emerging slowly on the use of in vitro respiratory epithelial models as 
predictive screens for drugs administered via pulmonary routes [39, 48, 133, 134]. 
Although excellent predictive power has been achieved, the experimental conditions 
are far from the reality where a patient would be administered with the drug as an 
aerosol cloud, since a significant proportion of absorption from the lung is likely to 
occur from the alveolar region.

18.2.2  Drug Absorption Studies Using Alveolar Epithelial cells

With the lung emerging as an attractive noninvasive delivery route for systemic 
absorption of biopharmaceuticals and fast acting conventional drugs, it appears pivotal 
to gather knowledge about modes of transport and the fate of these compounds at 
the distal blood–air barrier, i.e., the alveolo-capillary barrier. Although an in vitro–in vivo 
correlation (IVIVC) using AEC monolayers could not be established definitively at 
present time, various in vitro models can help elucidate underlying transport mecha-
nisms of drug molecules, as well as their metabolic stability in the lung. Therefore, 
the available in vitro systems need to be carefully characterized and validated prior 
to using them in the context of biopharmaceutical research.

Absorptive processes have first been studied in the context of ion and fluid clearance 
from the lung in health and disease (e.g., edema), which were conducted largely 
using monolayers of rat pneumocytes [e.g., 135]. Following studies of active and 
passive ion movement across alveolar epithelium using the in vitro model, translo-
cation of plasma proteins (which are commonly found in the alveolar lumen, e.g., 
albumin, immunoglobulin G, and transferrin) was investigated [136]. Since rat-based 
monolayers have been considered the gold standard in elucidation of AEC physiology/
biology for several decades, it is not surprising that the same well-established 
primary rat pneumocyte monolayer model was also employed for drug delivery 
studies [137–139]. However, as stated above, newer models based on different animal 
species (which might more closely resemble human, e.g., derived from porcine lung 
[27]) were developed and a number of laboratories also started to use human AEC 
monolayers for drug absorption studies [63, 140].

Effros and Mason showed an apparent inverse relationship between molecular 
weights and rates of in vivo lung clearance of hydrophilic molecules of different 
sizes, both in log scales [141]. A similar relationship has also been found in two 
in vitro alveolar epithelial models of primary rat [142] and human [63] monolayers. 
By contrast, FITC-dextran permeabilities observed with A549 cells [64] are over two 
orders of magnitude greater than those found using primary AEC monolayers [17].

Active transport mechanisms by which some compounds traverse the distal lung 
blood–air barrier are more likely to provide new insights and improved strategies 
for pulmonary delivery of drugs into the systemic circulation, and targeting drugs to 
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lung parenchymal cells [143]. The expression pattern of ATP-binding cassette 
(ABC)-transporters in both the healthy and pathological lung has recently been 
reviewed by van der Deen et al. [144]. Several transporters have been identified in 
AEC, which might have an impact on pulmonary bioavailability of drugs, especially 
lipophilic drugs (e.g., cytostatics). P-glycoprotein (P-gp, MDR1) is probably the 
best characterized efflux pump in the body. In 2001, Lehmann and coworkers 
reported the presence of P-gp and multidrug resistance-associated protein 1 (MRP1) 
in rat ATII cells in primary culture [94]. These findings were later confirmed using 
both human and rat lung tissue sections as well as ATI cell-like monolayers by 
immunohistochemistry and efflux studies using vinblastine and rhodamine 123 as 
respective substrates for P-gp and MRP1 [107, 108]. More recently, it has been 
shown that MRP-1 is located at the basolateral surface of primary cultures of both 
rat ATI-like and ATII cells [145]. Moreover, indomethacin, an inhibitor of MRP-1, 
increased the basolateral to apical transport of fluorescein across rat ATII cell mono-
layers [145]. In A549 cells, LRP has been detected at the nuclear envelope and in 
the cytoplasm [129].

ABCA1 and ABCA3 gene transcripts were found in cell lines (e.g., A549) of 
human lung origin, in freshly isolated ATII cells of human, rat, and mouse, as well 
as different tissues of rat, but the highest expression of ABCA1 and ABCA3 was 
observed in murine ATII cells [109, 110]. Molecular and biochemical studies show 
that ABCA1 mediates basolateral surfactant efflux, while ABCA3 is found in the 
limiting membrane of lamellar bodies [111]. Both transporters are members of a 
subfamily of ABC-transporters that are predominantly known to be involved in the 
regulation of lipid transport and membrane trafficking. Indeed, rat ATI-like cells 
have been shown to release lipid to apoA-I protein, and produce particles resem-
bling high-density lipoprotein, suggesting a potentially important role for ABCA1 
in maintaining lipid homeostasis in the lung [146]. It should also be noted that there 
are some conflicting reports regarding the activity and localization of ABC-
transporters in mammalian AEC [144].

Other solute transporters (SLC) are also expressed in the alveolus. The mRNA 
transcripts of glucose transporters, GLUT1, GLUT4, GLUT5 and SGLT1, all have 
been detected in freshly isolated rat ATII cells by reverse transcription-polymerase 
chain reaction (RT-PCR) and western blot analyses. However, a gradual loss of sodium-
glucose co-transport activity and transcription during transdifferentiation of rat ATII 
cells towards the type I-like cell phenotype in culture has been reported [112].

Efficient gas exchange and other functions (e.g., active Na+ absorption) in alveoli 
are thought to be tied to transepithelial clearance of luminal proteins, albeit little is 
known about mechanisms of alveolar epithelial protein transport. Protein degradation 
followed by transport of resultant peptides and amino acids may play an important 
role in this process as well. Groneberg reported the expression and activity of the 
high-affinity proton-coupled peptide transporter, PEPT2, in rat and murine ATII 
cells [147].The neutral and cationic amino acid transporter, ATB0+, is expressed in 
mouse ATI cells in situ [122]. Recent studies using rat ATII cells suggest that this 
transporter may contribute towards recovering cationic and neutral amino acids 
from alveolar luminal fluid [123]. The important role of peptide and amino acid 
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removal was further supported by the finding of Rothenberg et al. that the arginine 
transport protein, cationic amino acid transporter 2 (CAT2), has a critical role in 
regulating lung inflammatory responses, in that CAT2-deficient mice revealed spon-
taneous inflammation in the lung [148]. More recently it has been reported that the 
rat AEC line L2 expresses PEPT2 and L-type amino acid transporter 1 (LAT-1) 
[121]. Furthermore, it appears that LAT plays an important role in mediating the 
uptake of nitric oxide by type II AECs [121].

Vitamin C (VC, l-ascorbic acid) is known to be essential for many enzymatic 
reactions. Sodium-dependent VC transporters (SVCT), SVCT1 and SVCT2, were 
recently identified and reported to be localized in the apical cell membrane of AECs 
in the lung of adult rats. These results suggest that SVCT proteins could transport 
the reduced form of VC from the airway/alveolar surface liquid into respiratory 
epithelial cells [124].

Primary rat and mouse ATII cells exhibit pH-sensitive, reversible transport of 
choline, a process blocked pharmacologically with phenoxybenzamine, an inhibitor 
of OCTs. RT-PCR products for choline transporters, OCT1 and OCT2, were detected 
in murine AEC, with only OCT2 protein being robustly expressed [116]. In 1999, 
Shen and coworkers published evidence that rabbit AEC in primary culture show a 
concentration-dependent net absorption of organic cations [149], although the 
molecular identity of the OCT involved was lacking. More recently, Ishiguro and 
colleagues [118] identified OCT3 protein expression in A549 cells and primary rat 
ATII cells. Work by Wang et al. [117] revealed OCT3, OCTN1 and OCTN2 protein 
expression in the A549 cell line. At the mRNA level, A549 cells have also been 
shown to express transcripts for OCT3, OCTN1 and OCTN2, although OCTN2 
expression was markedly lower than either OCT3 or OCTN1 [97]. Of note, our 
laboratories published data on net absorption of salbutamol across hAEpC monolayers 
[150]. Since salbutamol carries a positive charge at physiological pH, involvement 
of OCT family member(s) in the alveolar epithelial absorption of salbutamol can be 
surmised. Recently, OATP2B1 has been shown to be expressed in A549 cells, 
contributing to the uptake of amiodarone [125].

Investigations utilizing tight monolayers of either rat or human AEC showed that 
clearance of a number of endogenous proteins (e.g., immunoglobulin G, albumin 
and transferrin) occurs in a cell energy-dependent manner [140, 151–153]. These 
observations strongly suggest that transcytotic processes (e.g., caveolae-mediated 
or via clathrin-coated pits) may be responsible for removal of these endogenous 
proteins from alveolar lining fluid. Most recently, investigations by Ikehata and 
colleagues [154] suggest that albumin is internalized into type II and type I-like rat 
AECs via clathrin-mediated endocytic pathway. Moreover, it appears that type II 
cells exhibit a much higher uptake, despite occupying a much smaller surface area 
of the lung [154]. Intriguingly, these proteins were net absorbed as intact molecules 
with variable degrees of degradation [136]. Although there appears to be no significant 
species differences in absorption rates for small lipophilic drugs, some interspecies 
differences are noted with water-soluble drugs absorbed from distal airspaces of 
in vivo mammalian lungs [155]. These species differences have not been systematically 
studied yet. However, some marked differences were reported for protein absorption 
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rates found in primary human vs. rat AEC monolayers [140]. Absorption rates for 
most peptides and proteins in primary rat vs. human AEC monolayers, however, 
remain largely unknown.

18.2.3  Particle Impingement Studies

In vitro characterization of particle–cell interactions is an essential component of 
the evaluation of novel pharmaceutical aerosols for pulmonary delivery. Currently, 
in the majority of in vitro models, a suspension or solution of particles is applied to 
cells under submersion. Given that the airways are lined with just a few micrometers 
of viscous mucous or surfactant, cell monolayers covered in several millimeters of 
physiological buffers represent a poor resemblance to this. Until recently, few efforts 
have been made to accurately recreate the deposition of aerosols which occurs 
in vivo. As a result, little is known of the importance of the interaction between 
particles and cell layers in vivo. A number of groups have attempted to develop test 
systems which incorporate both an aerosol classification device and biological barrier. 
In doing so, such systems combine studies for deposition and absorption – crucial 
steps in the administration of an aerosol drug.

Studies by Fiegel et al. [42] utilized an Astra-type liquid impinger, under which 
a filter insert consisting of Calu-3 cells grown under either AIC or LCC was placed. 
Whilst AIC grown cells showed no change in barrier properties following aerosol 
administration, monolayers grown under LCC exhibited significant decreases in 
TEER and fluorescein-sodium transport. This difference was attributed to the dense 
mucous coating produced by AIC grown cells. Similar models have also been devel-
oped including a glass impinger together with 16HBE14o− cells [156] and an 
Andersen cascade impactor (ACI) in combination with Calu-3 cells [157].

Using a twin-stage impinger (TSI) incorporating a Calu-3 cell layer grown at AIC, 
Grainger and colleagues [134] investigated the permeability of large molecular weight 
hydrophilic solutes. Whilst the rate of transport of FITC-labeled dextran particles across 
the cell layer after deposition and dissolution of the particles in the cell surface secre-
tions was ~20-fold higher than those applied as a solution, the P

app
 value was found to 

be similar for both. Notably, transport of FITC-dextran particles with molecular weights 
of between 4 and 70kDa showed excellent correlation with in vivo canine pulmonary 
clearance after intratracheal instillation of dextrans of similar molecular weights.

The importance of the deposition step in administration of aerosols was illustrated 
in investigations by Bur et al. [158]. Employing a multistage liquid impinger (MSLI) 
integrated with an inverted cell layer of Calu-3, the deposition and absorption of 
three dry powder formulations of salbutamol sulfate and budenoside were evaluated. 
In the absence of size separation by the MSLI the absorption rates from the aerosol 
formulations differed, but exhibited correlation with the size of the carrier lactose 
particles. However, when the aerosols were administered in conjunction with the 
MSLI, thus ensuring separation of the drug from its carrier, all three formulations 
showed identical absorption rates, verifying their bioequivalence.
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Whilst the use of such cell culture systems is in its infancy, their benefit is clearly 
demonstrated. They enable methods of application of the drug which are of greater 
relevance, both physiologically and pharmaceutically. In doing so, they offering the pos-
sibility of improved characterization of the biopharmaceutics of aerosol formulations.

18.3  Concluding Remarks

A variety of cell culture systems for modeling the tracheobronchial epithelium have 
been developed and are currently available to the scientific community. These include 
primary cultures and cell lines of human and animal origins, in addition to airway 
cells which exhibit characteristics of lung disease such as CF. In contrast, models of 
the alveolar epithelial barrier are limited to primary cultures, with all currently available 
cell lines unable to recapitulate established in vivo properties of AECs. Moreover, 
coculture models incorporating respiratory epithelial cells together with other cell 
types (e.g., endothelial cells, macrophages, dendritic cells) continue to be developed 
further and require refinement. Given their greater complexity, they offer the potential 
to study various cell biology-related questions in the lung field (including drug 
metabolism and modulation of properties of lung air–blood barrier).

For permeability screening purposes, the good barrier properties of epithelial cells 
in vitro is essential and only cell lines and primary culture systems that form functional 
tight junctions in culture are suitable. For passively transported compounds, it appears 
that IVIVC with absorption from the rat lung can be obtained with cell lines (par-
ticularly, 16HBE14o− and Calu-3 cells) as well as primary cultures. Nontransport 
studies (e.g., metabolism of certain classes of xenobiotics) may be performed using 
cell line culture models (e.g., A549) for alveolar epithelium. However, it is important 
to note that there will always be limitations when modeling a complex organ such as 
the lung. For example, none of the currently available in vitro models for drug transport 
studies take into account the dynamic change of surface area caused by the inhalation-
exhalation cycle. Pneumocytes cultured on flexible and permeable supports that form 
a tight barrier will be useful in that regard.

Notwithstanding the difficulties and challenges surrounding various aspects of 
in vitro respiratory epithelial models, mechanistic studies of pulmonary drug delivery 
using various tracheobronchial and alveolar mucosae are expected to provide us 
with a wealth of information in the coming years that will lead to (1) newer and 
more efficient methods to treat lung-specific diseases using targeting approaches 
and (2) help improve the bioavailability of those therapeutics that yield very poor 
absorption via other routes.
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Abstract Prediction of drug delivery performance in the human lung is most often 
based on observations in commonly used laboratory animals. Even though cell cul-
tures are a useful and inexpensive tool, they are limited to the study of single or a 
few processes. The complexity and numerous biological interactions of a drug and 
delivery system can be accurately evaluated only in vivo. The anatomical and physi-
ological differences between species should be carefully considered and are 
reviewed in this chapter. In addition, the methods of aerosol delivery and dose cal-
culation are presented. Then, techniques and methods to assess drug delivery per-
formance in these in vivo models are reviewed. Lastly, animal models of disease are 
discussed. These factors are crucial for the correct interpretation of the results of 
studies and the subsequent extrapolation to humans.

Keywords Animal models • In vivo testing • Pulmonary disease models  
• Pharmacokinetics • Methods of aerosol administration • Aerosol dose • Pulmonary 
drug and vaccine delivery

19.1  Introduction

Pulmonary delivery of drugs has been employed mainly for the treatment of local respi-
ratory diseases such as asthma and chronic obstructive pulmonary disease (COPD). In 
the last two decades, the research focus on pulmonary delivery has broadened to include 
a wider range of potential applications including the treatment of local infections and 
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delivery of molecules for systemic action. The large absorptive surface area of the lung, 
thin alveolar epithelial barrier, and extensive vasculature make the pulmonary route the 
most promising noninvasive option for small and large molecules such as protein and 
peptide therapeutic compounds [1, 2]. Inhalation products are currently administered 
2–4 times a day. Benefits of controlled-release products include reduced dosage fre-
quency, extended duration of action, reduced incidence of side effects, and improved 
compliance resulting in better management of therapy and disease control [3].

The diversity of drugs and controlled-release products being proposed for pul-
monary delivery and their applications pose a challenge in terms of the evaluation 
of their biological and pharmacological action. In order to obtain a clinical response 
from inhaled products, the drug should deposit in the lower airways, be released 
from the dosage form, penetrate to the site of action or into the general circulation 
prior to clearance or metabolism.

The site of drug deposition in the lungs depends on the particle size and size 
distribution of the drug particles or droplets, the inhaler device and formulation, 
breathing patterns of the subject, and airway geometry [4]. The duration of drug 
release is restricted to the residence time in the vicinity of the site of action for 
locally acting drugs or the site of absorption for systemically acting drugs. 
Aerosolized drugs can be cleared from the respiratory tract by different mechanisms 
depending on where the droplets/particles are deposited. The rate at which a drug is 
cleared is a function of the dynamic interaction of several factors including the rate 
of mucociliary clearance, the site of deposition, the physical state of the drug (solid 
or liquid), drug-release rate from the carrier, and physicochemical properties of the 
drug such as molecular weight, partition coefficient, and charge [5]. Particles depos-
ited in the conducting airways are generally cleared by the mucociliary escalator, 
whereas particles deposited in the alveolar region are phagocytosed by macrophages 
[6]. Alveolar macrophages clear particles from the alveolar region by transport 
along the alveolar surface to the mucociliary escalator, translocation to the tracheo-
bronchial lymph, or internal enzymatic degradation [5, 7, 8]. In addition, drugs 
reaching the lung endothelium may be subject to accumulation and/or metabolism 
by enzymes present in the lumen surface of the endothelium [9]. For systemic deliv-
ery of drugs, the principal barrier to absorption is the pulmonary epithelia, but for 
local therapy, absorption through this barrier is the major clearance mechanism of 
soluble drugs. The proposed routes of absorption include transport via membrane 
pores, via the intercellular tight junctions by passive diffusion, vesicular transport, 
active transport, and drainage to the lymphatics [10–14].

The complexity of the processes described above and their interactions can be 
accurately evaluated only in vivo. Even though cell cultures are a useful and inexpen-
sive tool, they are limited to the study of single processes including mechanisms of 
drug transport in the lungs, the effect of permeation enhancers, formulation excipi-
ents or delivery systems and to assessment of the potential toxicity of a drug or 
excipients/drug delivery system [15]. Ex vivo tissue models such as the isolated 
perfused lung model (IPRL) are employed in pulmonary biopharmaceutics research 
to study the disposition kinetics of compounds delivered by the pulmonary route or 
mechanisms of drug transport [16–18]. This ex vivo model offers a number of 
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advantages over isolated cell culture models because of the maintenance of the 
structure and functionality of the tissue. IPRL models have been shown to be kineti-
cally predictive of in vivo outcomes for macromolecules, but they appear to be less 
predictive for small molecules. This has been attributed to the absence of the tracheo-
bronchial circulation in this model. Small molecules are generally absorbed in vivo 
across the thick tracheobronchial epithelia, but large molecules are not absorbed; 
therefore, the lack of circulation in this region in IPRL makes modeling their absorp-
tion difficult. Other limitations of the IPRL include short viable periods of 2–3 h for 
the tissue and the high level of training and expertise required to set up the model 
[18]. Therefore, to evaluate properly the performance of controlled-release products 
for pulmonary delivery, animal models are essential. The anatomical and physiologi-
cal differences between species available for testing should be carefully considered, 
as well as the method of aerosol delivery. These factors are crucial for the correct 
interpretation of the results of studies and the subsequent extrapolation to humans.

19.2  Animal Models for Pulmonary Drug Delivery

The evaluation of factors influencing the pulmonary delivery of drugs for local or 
systemic action in animal models allows the manipulation of the different variables 
involved in these complex processes that otherwise may not be easy or feasible in 
human subjects. Pulmonary drug delivery studies have employed different species 
including mice, rats, hamsters, guinea pigs, rabbits, dogs, sheep, monkeys, and non-
human primates. Initial studies are often conducted in small rodents such as mice, 
rats, and guinea pigs because an assortment of dosing techniques that require a 
small amount of the drug can be employed, terminal procedures can be easily per-
formed, and large numbers of these animals can be used for statistical validity. The 
use of larger species such as rabbits, dogs, sheep, and primates is considered when 
the study design is more complex or requires more sophisticated maneuvers, or 
when the administration of larger doses of drug or collection of larger amounts of 
body fluids for longer periods of time are required. Regulatory agencies and cost 
may limit the number of animals employed in these studies; therefore, this may 
influence the statistical analysis of the results [19].

Detailed reviews of the in vitro, ex vivo, and in vivo models available to assess 
pulmonary absorption and the disposition of inhaled therapeutics for local and sys-
temic delivery have been published in the past 4 years by Sakagami [18], Cryan et al. 
[19] and Fernandes [20]. Sakagami [18] and Fernandes [20] reviewed the three types 
of models, but ex vivo models are reviewed in more detail by Sakagami [18]. Cryan 
et al. [19] focused more on animal models and methods of aerosol administration. The 
present chapter outlines the anatomical and physiological differences to be considered 
in the available animal models with respect to all processes involved in the delivery, 
deposition, and final disposition of drugs delivered by the pulmonary route. Technical 
aspects of dose calculation and their impact on the result of the study are reviewed, 
and some models of disease relevant to pulmonary delivery are presented.
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19.2.1  Factors to Be Considered in the Selection  
of an Animal Model

The appropriate selection of an animal model is crucial when the quantitative 
description of airways may be used in mathematical models for predicting efficien-
cies of deposition and clearance of inhaled drugs. The structure and organization of 
cells and tissues in the lung pertaining to particular species are an important consid-
eration in the selection of an animal model when the results are to be extrapolated 
to humans. The relative rates of aerosol deposition and clearance will determine the 
amount of drug present in the different regions of the respiratory tract that will be 
available for absorption or local pharmacological action; consequently, the species 
selected for testing will influence the resulting dose to the lungs. The anatomic and 
physiological characteristics of the lungs of many mammalian species have been 
previously described, and key differences are discussed below.

19.2.1.1  Considerations on Respiratory Mechanics

The route of breathing and the respiratory mechanics are important considerations 
in the selection of an animal model for pulmonary delivery and are presented in 
Table 19.1. Humans, monkeys, and dogs breathe by both nose and mouth, while 
most laboratory animals are obligate nose breathers. This has an impact in the 
amount of aerosol that the animal is able to inhale by passive inhalation in a particu-
lar study, which may result in the underestimation of the dose when extrapolating 
the results to humans

Respiratory parameters are presented in Table 19.1. The same parameter termi-
nology is used for lung volumes in man as for other mammals, but the mechanics 
that define most of them is different [24]. Total lung capacity and residual volume 
are maximum and minimum volumes, achieved in cooperative humans by voluntary 
maximum effort, but in animals by application of external pressures whose magni-
tude and timing are not standardized.

Table 19.1 Respiratory parameters in mammals

Species Route of breathing
Respiratory rate  
(breaths/min)

Tidal volume  
(mL)

Minute volume  
(L)

Mouse Nose 163 0.15 0.023
Rat Nose 85 1.5 0.10
Guinea pig Nose 90 1.8 0.16
Rabbit Nose 46 21.0 1.07
Dog Nose/mouth 18 320.0 5.2
Monkey (rhesus) Nose/mouth 40 21.0 0.86
Human (male) Nose/mouth 12–20 400–616 5–8

Modified from Fernandes and Vanbever [20], Brown [21], Chaffee [22], and Sheldon [23]
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Marked variations are also present in the lung volume and breathing frequency 
of different species (Table 19.1). Thus, if different species inhale the same aerosol 
for the same length of time they would not receive identical doses. In addition to 
respiratory parameters, variations in ventilation, collection efficiency, lung anatomy, 
and clearance mechanisms among species outlined below will also influence the 
doses of therapeutic aerosols achieved in a particular animal model.

19.2.1.2  Anatomical and Morphological Considerations for Large Airways

In overall shape, the human lung tends to be more spherical than the lungs of other 
species. The implication of this shape is reflected in the relatively symmetrical air-
way branching scheme at all levels in the human compared with the long tapering 
monopodial airways with small lateral branches characteristic of all the other spe-
cies. The airway structures for different species are compared in Table 19.2 [25].

Airway branching, tracheal length-to-diameter (L/D) ratios, and the angle in air-
way bifurcation differ considerably among the compared species. Several studies 
have indicated that the differences in airway branching patterns, and the resulting 
effects on airflow across species can contribute to differences in regional deposition 
in the lungs [26, 27]. However, other factors such as differences in breathing patterns, 
obligate nose-breathing, and the physics of the aerosols delivered may contribute to 

Table 19.2 Comparative airway structure: from replica casts

Species
Body  
mass (kg)

Airway  
branching

Trachea L/D  
(cm)

Tracheal  
bronchus

Major airway 
bifurcations

Airway  
L/D (ratio)

Rat 0.3 Strongly 
monopodial

2.30/0.26 Rare Very sharp and  
very high  
throughout  
the lung

1.5

Hamster 0.14 Strongly 
monopodial

2.40/0.26 Absent Very sharp 1.2

Guinea pig 1 Monopodial 5.7/0.4 Absent Very sharp  
and high

1.7

Rabbit 4.5 Strongly 
monopodial

6.0/0.5 Absent Sharp 1.9

Beagle dog 10 Strongly 
monopodial

17.0/1.6 Absent Blunt tracheal 
bifurcation

1.3

Rhesus  
monkey

2 Monopodial 3.0/0.3 Absent Mixed blunt  
and sharp

2.6

Human 80 Relatively 
symmetric

12.0/2.0 Extremely  
rare

Sharp for about  
the first ten 
generations; 
relatively  
blunt  
thereafter

2.2

Modified from Phalen and Oldham [25]
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the observed effect [28]. It is probable that the way that humans breathe (oral/nasal) 
and their airway anatomy may lead to a larger amount of upper bronchial airway 
aerosol deposition and to greater deposition on localized surfaces near airway bifur-
cations compared to smaller mammals [29].

Staufer proposed that when the probability of deposition for inhaled aerosols was 
calculated by dimensional analysis it should be the same for different animals in the 
case of deposition controlled by sedimentation or turbulence mechanisms, but 
dimensional analysis should scale as (body weight)0.1 for a diffusion-dominated 
deposition [30]. By contrast, McMahon et al. suggested that diffusion-dominated 
deposition is independent of body weight [31]. Studies in six different animal models 
showed that when the total amount of aerosol deposited was divided by body weight, 
the smaller animals had received more particles/g than the larger ones, but the col-
lection efficiencies (fraction of inhaled aerosol deposited) for both the lungs alone 
and the lung, nose pharynx, and airways combined were substantially independent 
of body size.

In terms of the number of lobes, the left human lung is divided into two lobes, the 
superior and inferior, and the right lung is divided into three lobes. The right lungs 
from laboratory mammals including nonhuman primates are divided into four lobes. 
The left lungs from mice and rats are not divided, but those from larger mammals 
such as guinea pigs and rabbits are divided [32].

Table 19.3 shows the morphologic features of pleuras and bronchioles across dif-
ferent species [24]. The pulmonary or visceral pleura of large animals tend to be 
thick, whereas that of the smaller animals tends to be thin. The biological significance 
of thick or thin pulmonary pleuras appears to relate to collateral ventilation between 
adjacent lobules. Thick pleuras seen in the ox, pig, and some sheep prevent collateral 

Table 19.3 Comparative lung biology: morphologic features of pleuras and bronchioles

Species Pleuras

Bronchioles  
(nonrespiratory, 
nonalveolarized)

Structures in  
which terminal  
bronchiole ends

Bronchioles  
(respiratory)

Mouse, rat,  
hamster,  
guinea pig,  
rabbit

Thin Several generations Alveolar ducts  
or very short  
respiratory  
bronchioles

Absent or a single  
short generation

Dog, cat Thin Fewer generations Respiratory 
 bronchioles

Several generations;  
typical distal airway

Ox, sheep, pig Thick Several generations Alveolar ducts  
or very short  
respiratory  
bronchioles

Absent or single short  
generation

Macaque monkey Thick Fewer generations,  
commonly  
only one

Respiratory  
bronchioles

Several generations;  
typical distal airway

Humans Thick Several generations Respiratory  
bronchioles

Several generations

Modified from Tyler et al. [32]
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ventilation between adjacent lobules, whereas dogs have excellent collateral ventilation 
because of their thin pleuras. Thus, comparatively simple species differences in mor-
phologic aspects may relate to basic mechanisms of lung function [32].

The distal airways of the human lung consist of several generations of nonrespi-
ratory bronchioles, ending in the terminal bronchiole. This is followed by about 
three generations of respiratory bronchioles and an additional three generations of 
alveolar ducts. Distal airways of animals differ from those of humans and from 
proximal airways. Cats, dogs, and macaque monkeys, for example, have fewer gen-
erations of nonrespiratory bronchioles than other animals or humans (Table 19.3). 
Respiratory bronchioles are poorly developed in hamsters, rabbits, and guinea pigs 
may have a single short generation or none [32].

19.2.1.3  Anatomical and Morphological Considerations  
at the Cellular Level

Table 19.4 shows the morphometric characteristics of cells in the alveolar region of 
the lungs of different species [33]. Turnover times for several cell populations in the 
lung are reported to be significantly different between species [34]. In addition, 
major differences in number, diameter, volume, and functionality have been reported 
between human, monkey, and rats/hamsters alveolar macrophages [35–38], which 
may have implications for effective clearance.

The different rates of clearance among species can also influence retention and, 
therefore, the total dose to the lungs. Brain and Mensah [39] demonstrated that in 
situ pulmonary macrophages of hamster cleared insoluble gold particles faster than 
rats, rabbits, and mice. Alveolar macrophages have retention half times of 50–80 

Table 19.4 Morphometric parameters in the alveolar region of normal mammalian lungs

Sprague-Dawley rat Dog Baboon Human

Body weight (kg) 0.36 ± 0.01 16 ± 3 29 ± 3 79 ± 4
Lung volume (mL) 10.55 ± 0.37 1,322 ± 64 2,393 ± 100 4,341 ± 284
Total number of  

cells/lung (109)
0.89 ± 0.04 114 ± 13 99 ± 9 230 ± 25

Total lung cells (%)
Alveolar type I 8.9 ± 0.9 12.5 ± 1.7 11.8 ± 0.6 8.3 ± 0.6
Alveolar type II 14.2 ± 0.7 11.8 ± 0.06 7.7 ± 1.0 15.9 ± 0.8
Endothelial 42.2 ± 1.1 45.7 ± 0.8 36.3 ± 2.4 30.2 ± 2.4
Interstitial 27.7 ± 1.8 26.6 ± 0.7 41.8 ± 2.7 36.1 ± 1.0
Macrophage 3.0 ± 0.3 3.4 ± 0.6 2.3 ± 0.7 9.4 ± 2.2

Average cell surface area (mm2)
Alveolar type I 5,320 ± 694 3,794 ± 487 4,004 ± 383 5,098 ± 659
Alveolar type II 123 ± 20 107 ± 15 285 ± 85 183 ± 14
Endothelial 1,105 ± 72 1,137 ± 127 1,040 ± 209 1,353 ± 67

Modified from Crapo et al. [33]
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days in rats and about 10 times longer in humans [8]. Nguyen et al. [40] reported 
varying degrees of efficiency in the bactericidal activity of alveolar macrophages 
from humans, rabbits, rats, and hamsters. Rabbit alveolar macrophages avidly ingest 
and kill Staphylococcus aureus, whereas alveolar macrophages from rats ingest, but 
are inefficient at killing these bacteria [41].

Secretory cells of surface epithelium consist of mucous goblet-like cells from the 
nasal to the bronchial epithelium in most mammalian species including humans. In 
the pathogen-free rat, however, surface secretory cells in the thorax are mainly of 
the serous type, except for goblet cells found near the carina [42]. In addition, the 
chemical composition of the secretions stored in mucous goblet cells differs between 
species: in rats it is a nonsulfated, sialylated muco-substance, whereas in dogs it is 
sulfated, and in humans it varies with the region in the respiratory tract between 
these two types. This may have implications when selecting a model in which 
mucous secretions are important, such as for cystic fibrosis.

The Clara cell has been identified as the source of the secretory lining material 
for the bronchioles and as the site within the lung for the metabolism of xenobiotics 
via the cytochrome P-450 mono-oxygenase system. Plopper reports that Clara cells 
of humans and nonhuman primates do not share the ultrastructural features described 
for laboratory mammals [43]. In other species – dog, cat, and ferret – the nonciliated 
bronchiolar cell does not resemble that seen in either laboratory mammals or pri-
mates. Cytochrome P-450 monoxygenase activity has been demonstrated in mouse, 
rat, hamster, rabbit, and pig. No data are available regarding the activity in other 
species such as humans, guinea pig, dog, cat, and sheep.

Human basophils and mast cells are the objective of extensive study in several 
disease states, but they are of particular interest for asthma and other states involv-
ing inflammatory processes. As a consequence of antigenic activation, they release 
preformed mediators such as histamine from secretory granules within the cells. 
Therefore, differences in morphological and physiological characteristics among 
animal species need to be taken into account when performing studies involving 
these cells.

Dvorak et al. defined ultrastructural criteria useful in distinguishing basophils 
from mast cells in humans, guinea pigs, and mice [44]. Mature human basophils are 
5–7 mm in diameter, with round cytoplasmic granules containing electron-dense 
particles. Mature guinea pig basophils are similar in size to those of humans and 
mice. They appear round with irregularly distributed blunt surface projections, but 
can assume motile configurations when appropriately stimulated. A mature mouse 
basophil has a segmented nucleus, oval homogeneously electron-dense cytoplasmic 
granules, and cytoplasmic glycogen particles. Human basophils can express two 
patterns of mediator release [45] by degranulation that differ completely from that 
in the guinea pig, and nothing appears to be known about the morphologic aspects 
of degranulation in mouse basophils.

Human mast cells generally are much larger (9–12 mm) than basophils, although 
occasional cells are as small as 6–7 mm. They have granules that are more numer-
ous, smaller, and more variable than those of basophils. Guinea pig mast cells 
can be distinguished from basophils by criteria similar to those useful in humans. 
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Mouse mast cells lack cytoplasmic glycogen particles, have little Golgi apparatus or 
rough endoplasmic reticulum, and their granules are often larger than those of 
basophils.

19.2.1.4  Considerations on Lung Circulation

The pulmonary tree in humans, monkey, dog, and mouse is smoothly tapering so 
that elastic pulmonary arteries blend imperceptibly and without irregularity of wall 
thickness into muscular pulmonary arteries. This contrasts with rabbit, rat, and 
guinea pig where the elastic segment is thin-walled, and branching is associated 
with abrupt changes in lumen size and wall thickness. Similar differences are found 
in the muscular pulmonary arteries (Table 19.5). The medial thickness of muscular 
pulmonary arteries is similar in humans and monkeys, but in most other animals is 
significantly larger.

There is a pronounced variation between the species in the course, structure, and 
composition of the pulmonary veins (Table 19.5). In humans, the pulmonary veins 
are located at the periphery of the lobules in the interlobular fibrous septae, whereas 
in the mouse or sheep they are along the bronchial tree. In terms of composition, the 
pulmonary veins are muscular in guinea pigs and rats, while dogs, monkeys, and 
rabbits have pulmonary veins with thin fibrous walls like humans. Variations in 
localization, structure, and composition of pulmonary arteries and veins among dif-
ferent species may have an impact on the extent and absorption time of a drug 
delivered by the pulmonary route.

The pulmonary lymphatic vessels provide a unidirectional drainage system 
designed to maintain homeostasis of the interstitial areas by transporting excess tissue 
fluids (lymph) back to the blood stream. Leak and Jamuar reported differences in 
the quantity of pulmonary lymphatics in both pleural (superficial) and deep vessels 
[47]. Large animals have thick pleura with an extensive network of lymphatics 

Table 19.5 Pulmonary vascular characteristics in mammals

Species

Muscular pulmonary arteries

Pulmonary veinsDiameter range (mm) Medial thickness (%)

Mouse 20–300 4.4–11.7 Follow bronchial tree; cardiac 
muscle in media

Rat 20–350 2.6–26.0 Pads of smooth muscle; 
cardiac muscle in media

Guinea pig – 4.3 ± 0.2 Thin, fibromuscular wall
Rabbit 40–150 3.8–10.6 Thin, mainly fibrous wall
Beagle dog 30–120 3.9–11.7 Thin, mainly fibrous wall
Sheep 30–200 5.2–11.8 Follow bronchial tree; thin 

muscular wall
Monkey 50–160 2.1–5.2 Thin, mainly fibrous wall
Humans 100–1,000 2.0–6.9 Thin, mainly fibrous wall

Modified from Kay [46]
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throughout the connective tissue. Conversely, small animals such as the rat and 
rabbit have thin pleura with a sparse distribution of lymphatics. These differences 
between species may influence the results of studies involving drug absorption and 
disposition in and from the lung.

19.2.1.5  Considerations on Drug Absorption from the Lungs

The alveolar region in the lungs is considered to be the optimum site for systemic 
drug absorption, but the drug can be absorbed in other regions of the lung to a lesser 
extent. The mechanisms of absorption in the lungs and the factors affecting this pro-
cess have been previously described in detail [14]. Depending on molecular weight 
and chemical structure of the drug, as well as physical state and excipients of the 
formulation, the routes of drug absorption across the airway epithelium can include 
passive and active transport mechanisms involving paracellular and transcellular 
transport, pore formation, vesicular transport, and drainage into the lymphatics.

The major barriers to transport are the alveolar epithelial cells and not the under-
lying endothelial cells [48]. Even though the alveolar epithelium is highly perme-
able to water, gases, and lipophilic substances, the permeability of large, hydrophilic 
substances, such as proteins is limited [49]. For protein and peptide drugs, this may 
increase the probability of rapid degradation in the lysosomal system. All the drug-
metabolizing enzymes found in the liver are also found in the lung in smaller amounts 
[50]; however, they are present in much lower concentrations in the lungs than in the 
gastrointestinal tract [51]. The degree of drug metabolism appears to be drug-type 
dependent with small peptides being hydrolyzed rapidly, while for small molecules 
metabolism is minimal. A certain degree of metabolic clearance of insulin has been 
demonstrated in recent kinetic studies that would appear to impact on its <10% bio-
availability in both human and animals alongside mucociliary clearance [17].

Differences in the rates of absorption have been observed among different spe-
cies for hydrophilic drugs [52]. These compounds were absorbed 5 times faster in 
the mouse than in rat, and 2.5 times more slowly in rabbits than in rats. Conversely, 
lipophilic drugs were absorbed at the same rate in all species.

19.2.1.6  Variations in Biological Response

The innate responsiveness of the analogous cell, tissue, or organ may also differ 
among species, which may result in variations in the activation, degradation, excre-
tion, or mechanism of action of a determined compound in each species. For 
instance, isoniazid, an antituberculosis drug, is well tolerated in monkeys at doses 
of 100 mg/kg, whereas in dogs, doses of 20 mg/kg produce convulsion, respiratory 
failure, and death. The reason is that monkeys can inactivate isoniazid by acetyla-
tion to some extent, while dogs do not have that capability [24].

Several examples of variation in biological responses across species can be found 
in the field of toxicology such as those to the rodenticide alpha-naphthylthiourea 
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(ANTU) and the widely used herbicide paraquat. ANTU, like other lung toxic thio-
ureas, produces a fibrin-rich pulmonary edema frequently accompanied by massive 
pleural effusions. Paraquat is highly toxic to mammals and humans when ingested, 
potentially leading to acute respiratory distress syndrome. The LD

50
 for ANTU var-

ies by more than two orders of magnitude when rodents, rabbits, dogs, and monkeys 
are compared (Table 19.6). By contrast, the range of paraquat toxicity among these 
species is only about tenfold [39].

Thus, it is conceivable that a varying degree of biological responses may be 
obtained in different animal models when administering therapeutic agents by the 
pulmonary route.

19.3  Dose Calculation for Pulmonary Delivery Studies

Aerosol delivery to spontaneously breathing animals would be the most relevant 
method of drug delivery if the results of a study are to be extrapolated to therapy in 
humans. However, there are substantial limitations to conducting these studies in 
animals for comparison to humans. In addition to possible differences in the route 
of breathing, and cutoff diameter in the nose of laboratory animals [55], awake ani-
mals are difficult to train to follow particular breathing maneuvers. It is also rather 
complicated to deliver known quantities of a drug on a ventilatory air supply. 
Consequently, the dose delivered to animals cannot be easily determined.

There are numerous studies of aerosol delivery to animals in the existing litera-
ture, but the “dose” considered varies from study to study. For example, some studies 
may report the efficiency of delivery in terms of the delivered dose, without consider-
ing the fraction of the dose deposited in the periphery of the lung, which is important 
for locally acting drugs, or the absorbed dose that will determine the efficacy of drugs 
intended for systemic action. Thus, interpretation of results in these studies and 
extrapolation to humans should be made with caution. Figure 19.1 illustrates the rela-
tive magnitude of the drug amounts relating to the delivered, deposited, and absorbed 
dose compared to the total amount of drug that is placed in the device for delivery as 
well as some examples of techniques employed to determine each of these doses. The 
accuracy to determine each dose will impact on the accuracy of the results obtained.

Table 19.6 Acute toxicity (LD
50

) of alpha-naphthylthiourea and paraquat in various species  
[39, 53, 54]

Species

ANTU Paraquat

Route of administration LD
50

 (mg/kg) Route of administration LD
50

 (mg/kg)

Mouse Intraperitoneal 56 Oral 196
Rat Intraperitoneal 8 Intraperitoneal 17
Guinea pig Intraperitoneal 350 Intraperitoneal 3
Rabbit Intraperitoneal 400 Dermal 280
Dog Intraperitoneal 16 Oral 38
Monkey Intraperitoneal 4,250 Oral 50
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19.3.1  Pulmonary Administration of Drugs in Animal Models

In pulmonary delivery studies, after selection of the appropriate animal model, the 
next challenge is to achieve a large delivered dose to maximize the deposited and 
absorbed doses. The efficiency of a delivered dose is heavily influenced by the 
method of aerosol administration. Drugs can be delivered to the lungs of animals by 
passive inhalation or direct administration methods that circumvent oropharyngeal 
and/or nasopharyngeal deposition. Accurate aerosol doses can be delivered to con-
scious animals by passive inhalation by complex methods used in the field of inhala-
tion toxicology [56], but their use to deliver drugs may not be practical due to the 
requirement of large quantities of drug, the complexity of the equipment, and algo-
rithms used to calculate the dose. When accurate doses are required and the amount 
of drug is limited, direct administration methods are a good option, since a finite 
amount of material can be delivered to animals. However, since the aerosol is 
“forced” into the lungs, the site of lung deposition may be different than with aero-
sol systems depending more directly on droplet or particle size generated by the 
device. Both methods of administration are described below.

19.3.1.1  Passive Inhalation

Aerosols can be generated from solutions or suspensions of drugs and dry-powder 
formulations. Jet nebulizers, ultrasonic nebulizers, and metered dose inhalers 
(MDIs) are commonly used to generate aerosols from liquid formulations, whereas 
dry-powder inhalers, the sonic sifter, and dry-powder generators such as the Wright 
dust feed and fluidized-bed generators have been employed to aerosolize powders 
[57]. The latter ones require tenths of grams of powders and are mainly employed 
in inhalation toxicology studies. However, while contract research organizations 
may use all forms of aerosol delivery devices, most published preclinical studies for 

Initial dose in the device

Delivered dose

Deposited
dose

Absorbed
dose

Gravimetric/ Volumetric
measurement
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Characterization

Imaging
BAL
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Systemic

conc

Fig. 19.1 Relative magnitude of the amount of drug (mass or volume) that could be measured as 
the different “doses” that may be considered in pulmonary delivery studies and examples of tech-
niques to quantify them (the reciprocity is indicated by arrows) (modified from Cryan et al. [19])
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drugs conducted with passive inhalation methods have employed nebulization to 
deliver drugs into an exposure chamber. A major limitation for the delivery of par-
ticles insoluble in biologically friendly media by nebulization is the concentration 
that can be achieved in the suspension. Nebulization of highly concentrated suspen-
sions may result in particle precipitation in the nebulizer and the delivery of diluted 
aerosols. An alternative to nebulization of insoluble particles is to generate aerosols 
from dry powders. A fluidized-bed generator was considered to deliver drugs to 
positive-ventilated beagle dogs [58]. However, a large amount of drug was required, 
and the aerosol was still diluted by the introduction of compressed air, making this 
system impractical for daily delivery or multiple doses of a drug. The dry-powder 
dispersion chamber is a new system designed for the delivery of multiple doses of 
powders to small laboratory animals [59]. The apparatus is similar to a nose-only 
exposure chamber, with the advantages that the volume of the chamber is smaller 
and no air is introduced for the dispersion of powders, thus generating a standing 
cloud of highly concentrated drug powders. This chamber has been used in disposi-
tion and efficacy studies to deliver capreomycin and the investigational drug PA-824 
for the treatment of tuberculosis in guinea pigs [59, 60].

Aerosolized drugs can be delivered to conscious animals by passive inhalation in 
exposure chambers that can be for whole body, head-only, and nose-only [56]. There 
are advantages and disadvantages inherent to each chamber. Whole-body inhalation 
chambers have the capability to deliver aerosol to unrestrained animals, but the 
probability of drug absorption by other routes including oral and percutaneous 
makes the assessment of the actual inhaled dose difficult. Significant interindividual 
variation might be anticipated as animals will vary in size, lung capacity, and breath-
ing parameters. Examples of whole-body exposure chambers include those from 
CH technologies, Inc. (Westwood, NJ) (Fig. 19.2a) and the plethysmograph by 
EMMS (Hants, UK) (Fig. 19.2b).

Fig. 19.2 Examples of whole-body exposure chambers by (a) CH technologies, Inc. and (b) EMMS 
(reproduced with permission of CH Technologies, Inc., and EMMS)
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Nose-only and head-only exposure chambers are generally circular or rectangular 
devices with animal holders in the outside part of the chamber and a central duct 
where the aerosol circulates. They are usually made of clear materials to monitor the 
animals [57]. These chambers eliminate or reduce the probability of drug exposure 
by multiple routes, but animals may experience stress related to the restraint neces-
sary for these studies, and tight seals for the face or neck of the animal may be 
required [56]. Head-only exposure chambers such as the “Head dome” chamber are 
employed in studies involving large animals or human volunteers [61]. Commercially 
available nose-only exposure chambers can deliver aerosols to 4–48 animals at the 
same time and include those manufactured by CH Technologies, Inc. (Westwood, 
NJ), Intox Products, LLC (Moriarty, NM), TSE GmbH (Badhamburg, Germany), 
and ADG Developments, LTD (Herts, UK), among many others (Fig. 19.3).

The exposure chamber manufactured by ADG Developments (Fig. 19.3c) is 
designed to deliver aerosols to approximately twenty rodents. This chamber has 
been employed to deliver aerosols from rifampicin solutions and biodegradable par-
ticle suspensions for the treatment of tuberculosis [62, 63]. Independent evaluation 
of the dose delivered to each animal is strongly recommended, since inter-animal 
variability may play a role in the ultimate dose delivered. This could be addressed 
by inferring the dose from plasma concentrations in pharmacokinetic (PK) studies 
and/or using in vitro methods to estimate the dose at a given sampling flow rate.

The determination of the dose delivered to each animal in passive inhalation 
studies is complex because of variables related to the size, anatomy, and breathing 
characteristics of the animal, as well as variables pertaining to drug formulation, the 
aerosol-generating device, and the efficiency of the exposure chamber. Furthermore, 
the way that delivered dose was expressed varied from laboratory to laboratory, 
leading to confusion when comparing results performed in different laboratories. 
Therefore, in 2004 the Association of Inhalation Toxicologists (AIT) held a panel 
discussion to address the controversial issue of “How best to calculate and express 

Fig. 19.3 Examples of nose-only exposure chambers by (a) Intox Products, LLC (b) CH tech-
nologies, Inc., and (c) ADG Developments, Ltd. (reproduced with permission of CH Technologies, 
Inc., and Intox Products, LLC)
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dose in animal aerosol inhalation toxicology studies?” A document was published 
outlining, among other things, the guidelines on how to calculate and report the 
delivered dose and how to calculate respiratory minute volume (RMV), one of the 
most important factors in the calculation of delivered dose [64].

The AIT recommended that the dose should be reported as the delivered dose 
and be calculated according to the formula:

 

× × ×
=

C RMV D IF
DD ,

BW  

where DD is the delivered dose (mg/kg); C is the concentration of substance in air 
(mg/L); RMV is the respiratory minute volume of the animal or the volume of air 
inhaled in 1 min (L/min); D is the duration of exposure (min); BW is the bodyweight 
of the animal (kg); and IF is the proportion by weight of particles that are inhalable 
by the test species (respirable fraction). They suggested that the inclusion of IF was 
not essential provided that the aerosol had reasonable fraction in the respirable range 
for the intended species, but if IF was included, the way in which it was determined 
should be clearly stated. Regarding the RMV for mice, rats, dogs, and cynomolgus 
monkeys, it was recommended that it should be calculated according to the formula:

 
0.852RMV 0.608 BW ,= ×  

where RMV and BW should be expressed in L/min and kg, respectively. The AIT 
also suggested that, if the deposited dose was presented as supplementary informa-
tion, the way in which it was calculated should be clearly stated [64].

19.3.1.2  Direct Administration

Direct administration methods include intratracheal liquid instillation, spray instilla-
tion, and dry-powder insufflation, but only the last two methods deliver drug in a 
form proxy to true aerosol. The devices employed for direct administration are 
shown in Fig. 19.4. In general, they involve visualization of the trachea of the animal 
with the help of a laryngoscope to place a thin stainless-steel tube in the trachea, near 
the carina, to administer drugs. The advantages of direct administration methods are 

Fig. 19.4 Devices employed for direct intratracheal administration: (a) oral gavage needles (b) the 
MicroSprayer®, and (c) the Dry Powder Insufflator™ (reproduced with permission of Penn-Century, 
Inc., Philadelphia, PA)
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that they circumvent oropharyngeal or nasopharyngeal deposition, the dose delivered 
can be accurately measured, and a range of dose sizes can be delivered by these 
methods. Administration of drugs by these methods is performed under light seda-
tion or anesthesia; thus, depending on the animal and its health status, the use of 
these methods for multiple or consecutive dosing may not be recommendable. In 
addition, the procedure to insert the device may require training and practice, since 
multiple administrations may cause local irritation.

Direct administration devices have been employed in pulmonary delivery studies 
with animals to administer a variety of therapeutic compounds including antibiotics 
[62, 63, 65–67], antiproteases [68–70], bronchodilators [71], chemotherapy [72, 73], 
gene therapy [74, 75], lung surfactant [76], proteins and peptides [77–79], and vac-
cines [80, 81].

Oral gavage needles (Fig. 19.4a) are generally employed to deliver drugs by 
intratracheal liquid instillation in the form of a liquid bolus. Consequently, the drug 
is delivered to a limited area of the respiratory tract, mostly to the large airways, and 
it may not reach the alveolar region. In addition, if the amount of liquid delivered is 
large, it may cause significant respiratory distress in the animal, and/or a portion of 
the dose may be coughed up or swallowed. The MicroSprayer® (Penn Century, 
Philadelphia, PA) is employed for spray instillation of drug solutions or suspensions 
(Fig. 19.4b). The atomizer in the tip of a long, thin, stainless-steel tube generates a 
plume of liquid aerosol that can be deposited in the airways and deep lung. The 
droplet size of the aerosol produced by the MicroSprayer® is influenced by the phys-
icochemical characteristics, such as viscosity of the solutions/suspension to be 
delivered. Determination of droplet size before animal studies are conducted is 
strongly recommended, but for suspensions this is crucial, to ensure that the sus-
pended particles are smaller than the droplet size for an efficient aerosolization of 
the formulation. The efficiency of delivery using intratracheal liquid instillation and 
spray instillation was compared by delivering suspensions of insulin encapsulated in 
calcium phosphate particles to the lungs of rats, and the results are shown in Fig. 19.5. 
Insulin was absorbed to a greater extent when delivered by spray instillation result-
ing in glucose reduction for a longer period of time [77]. This was explained by 
differences in dose distribution. Liquid instillation delivered insulin to a smaller 
area, whereas finer droplets produced by the spray instillator may have delivered to 
a larger area, likely including the alveoli where absorption may be greater.

The Dry Powder Insufflator™ (Penn Century, Philadelphia, PA) has a small cham-
ber that can be filled manually with a small amount of dry-powder formulations 
(Fig. 19.4c). The powder is then dispersed by applying small “puffs” of air to the 
device using an empty plastic syringe, and the procedure may be repeated a few 
more times to accommodate larger doses of powder. The dose of drug powder deliv-
ered to the lungs can be determined by weighing the device before and after admin-
istration. Particle size and distribution of dry powders delivered by insufflation have 
been reported to be essentially unaffected by passage through the device, as mea-
sured by a variety of techniques [82–87]. However, the proportions of powder depos-
ited in the different lung lobes are influenced by the positioning of the stainless-steel 
tube of the device in the trachea of the animal during powder administration [88]. 
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An assortment of dry-powder formulations of different sizes have been delivered by 
the Dry Powder Insufflator™ including micronized powders [89], nanoparticles [87], 
microparticles [63, 66, 67], and large porous particles [65, 85].

19.3.2  Methods to Assess Drug Deposition

The amount of drug deposited in the lung and its distribution are key parameters in 
the evaluation of the formulation and performance of devices for pharmaceutical 
aerosols.

In particular, when the amount of inhaled drug is very small and cannot be quan-
tified by the lack of sensitivity of analytical methods, lung deposition data can act 
as a surrogate for clinical response, such as with inhaled anti-asthma drugs [90]. For 
accurate estimation of drug deposition into the lungs, the time between the exposure 
and the determination of the dose deposited should be kept to a minimum. If the 
measurement is delayed, deposition may be underestimated because much of the 
drug would have been removed by mucociliary clearance, absorption, and/or drug 
metabolism.

In experimental animals, noninvasive and invasive methods can be used to measure 
drug deposition. The main advantage with modern techniques used by noninvasive 
methods in animal studies is the possibility to follow the distribution, absorption, 
and elimination processes in vivo and the relative time course of each following 
drug administration. Radiolabeled (14C, 3H, 99mTc) drugs can easily be located and 
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Fig. 19.5 (a) Insulin serum concentration vs. time and (b) percentage of plasma glucose reduction 
from baseline vs. time curves after administration of equivalent doses of insulin solution subcuta-
neously (SC) or intratracheal spray instillation (SI) and insulin CAP-PEG particles by intratracheal 
spray instillation (SINCAPEG) (modified from Garcia-Contreras et al. [77])



460 L. Garcia-Contreras

quantified in the lung, and the detection method depends on the characteristic 
properties of the substance to be quantified (half-life, energy, and dose). Imaging 
methods employed in animal studies include gamma scintigraphy, single-photon 
emission computed tomography (SPECT), and positron emission tomography 
(PET). These methods and their scientific principles have been reviewed in detail by 
Dolovich [91].

Gamma scintigraphy, SPECT, and PET have been successfully adapted for the 
imaging of experimental animals in pulmonary drug delivery and inhalation toxicol-
ogy [72, 92–99]. These techniques have been used to image radiolabeled drugs and 
particles delivered to small animals such as mouse and rat [72, 92, 94, 98] and large 
animals such as dogs and baboons [93, 95–97, 99]. PET images are regarded as 
more accurate, detailing the regional distribution of the drug in the lungs, estimating 
deposition of large airway/small airways in vivo and functional imaging of physio-
logic and biologic processes in vivo [91]. However, the cost and complexity of this 
technique should be considered when selecting an imaging technique.

Real time in vivo fluorescence imaging is a new emerging technology that is cur-
rently used to collect temporal and spatial data from the same animal over multiple 
time points. By using drugs labeled with fluorophores such as small indocarbocya-
nine dyes, this technique can be employed in pulmonary delivery studies to allow 
real-time collection of data with significantly decreased animal numbers.

Lastly, when imaging techniques cannot be used to measure drug deposition, 
more invasive techniques such as bronchoalveolar lavage (BAL) can be employed 
for insoluble, inert particles. This technique is discussed in more detail in the next 
section.

19.3.3  Methods to Assess Absorption and Disposition  
of Drugs After Pulmonary Delivery

Once the drug has been deposited in the lungs, it can act locally or be absorbed into 
systemic circulation to have a systemic effect. Assuming that drug concentrations 
will be such that can be determined by current analytical techniques, the following 
methods can be employed to assess their absorption and disposition.

19.3.3.1  Determination of Local and Systemic Drug Concentrations

Quantification of drug concentrations in the epithelial lining fluid and lung tissue 
will give the necessary information to assess the efficacy of treatment for a drug 
intended for local action. This is not always possible, since the procedure is terminal 
for most animal models and large numbers of animals are required, making these 
studies costly and complicated by regulatory issues.

The amount of drug in the epithelial lining fluid can be estimated by analyzing 
drug concentrations in BAL fluid. BAL is the sampling of the lower respiratory 
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tracts by instillation of sterile saline and subsequent aspiration of the fluid [100]. 
Lung cells, soluble proteins, lipids, and other chemical constituents from the epi-
thelial surface of the lung can be sampled with this technique. In large animals 
such as dogs and nonhuman primates, BAL can be performed in vivo under mild 
sedation in a procedure similar to that performed in human subjects. A flexible 
fiberoptic bronchoscope is employed to pass as far as possible into the right mid-
dle lobe or left upper lobe of the lung. Normal saline solution is introduced and 
aspirated. Then, the aspirated fluid is collected and analyzed. If needed, BAL can 
also be performed in vivo for small laboratory animals [101], but for rodents, 
BAL is usually performed on excised lungs. A catheter inserted into the trachea is 
used to instill the saline solution. Typically, lavage volumes are approximately 
half of the total lung capacity of the section of the lung lavaged, but they can vary 
for small laboratory animals. Generally, two to four lavages are performed to 
evaluate drug concentration in BAL. In order to assess the dilution that may have 
occurred by addition of saline, the concentration of urea in the BAL can be mea-
sured as an endogenous marker [102] to determine drug concentrations 
accurately.

Determination of drug concentrations in tissue would likely correlate with drug 
action for locally acting drugs but may also provide information on drug metabo-
lism in lung tissue, as reported for insulin [16]. Quantification of the drug in lung 
tissue may be difficult due to complex extraction procedures that may compromise 
the integrity of the drug.

Drug concentrations in plasma and serum are required to assess the pharmaco-
logical activity of drugs intended for systemic action. The blood collection sites are 
determined based on the volume and frequency of sampling required. For studies 
that require less frequent sampling in small animals, blood can be obtained from the 
tail vein or artery, saphenous vein, and the dorsal metatarsal vein [103]. In rabbits, 
the central ear artery and marginal ear veins can also be used [103]. For studies that 
require frequent blood sampling in small rodents, such as for PK studies, a cannula 
may be implanted in the jugular vein for a short period of time (usually less than a 
week) with a relatively complex surgical procedure. In dogs and other large ani-
mals, blood is usually drawn from a superficial implanted catheter from the femoral, 
cephalic or jugular veins [104, 105], and direct collection from the jugular vein has 
been also used in few studies [106–109].

19.3.3.2  Pharmacokinetics Models for the Disposition of Drugs in the Lungs

After pulmonary delivery of drugs, PK parameters characterizing drug disposition 
are influenced by the dynamic interaction of different factors such as the site of 
deposition, clearance mechanisms, drug formulation (solid or liquid), dissolution 
rate, mechanism of absorption, and drug metabolism [110]. Mechanisms of drug 
absorption in the lungs have been reviewed extensively elsewhere [10–14, 111, 112], 
so they will not be discussed here. As described in previous sections, most of these 
factors differ among species; thus, different disposition patterns should be expected 
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in the different animal species that may influence the PKs of drugs delivered by the 
pulmonary route. PK parameters after aerosol administration of a drug can be calcu-
lated using compartmental or noncompartmental methods, and physiologically 
based PK models.

For compartmental analysis, the body is modeled as a system of compartments 
that are not physiologically or anatomically relevant. Intercompartmental transfer 
constants assume instantaneous drug distribution, and the rates of transfer between 
compartments and of drug elimination from a compartment are assumed to follow 
first-order or linear kinetics. The criteria to determine the best fitting model to a 
specific set of data are well defined [113]. The systemic disposition of most inhaled 
drugs is best characterized by one or two compartment models with central elimina-
tion, but the disposition of a few inhaled drugs fits better to a three-compartment 
model [110, 114].

When there is no appropriate compartmental model, noncompartmental analysis 
can be used. This method is not mechanistic and simply considers the body as a 
central homogeneous space, where drug input and elimination occur [114]. Drug is 
sampled in the central space, and the change of drug concentration over time is 
considered as a statistical distribution curve [115]. Calculation of PK parameters is 
based on the estimation of the area under the drug concentration–time profile.

Physiologically based pharmacokinetic (PBPK) incorporate physiologically and 
biochemically relevant information into the mathematical model describing the dis-
position of a given drug [116]. In general, a PBPK consists of different compart-
ments with each representing a particular organ. The organs of interest are selected 
based on different factors such as the route of administration of the drug, extent of 
body distribution, binding characteristics, elimination pathways, and pharmacody-
namic (PD) activity. Distribution rates are determined by the rate of blood flow to 
organs/tissues of distributional importance and partitioning between each organ/
tissue and blood. Distribution volumes are based on actual size of organ/tissue and 
the partitioning of the drug between each organ/tissue and blood. Potential advan-
tages of PBPK modeling include the ability to describe the time course of drug 
disposition in any organ/tissue of interest and the possibility of straightforward scal-
ing of PK behavior across species [117].

Two models have been proposed to address lung residence time of soluble aero-
sols. In the first one, Byron [118] developed a mathematical method to determine 
residence times in the various regions of the respiratory tract as well as the maxi-
mum deposition in these regions based on optimization of modes of inhalation and 
particle size. The limitations of this model were that it did not differentiate between 
unreleased and released drug and that it did not separate absorption rate from dis-
solution rate. Subsequently, Gonda [119] proposed a compartmental model that 
simulated the effects of release rate and multiple dosing on the duration of “free 
drug levels” in the respiratory tract. This model also accounted for the possibility 
of excipient accumulation during chronic administration as a function of drug-
release rate.
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19.3.3.3  Methods to Calculate the Rate of Absorption  
and Pulmonary Bioavailability

The classical method to determine drug absorption is to measure the disappearance 
of drugs from the lungs or their appearance in systemic circulation. The rate of 
absorption is then calculated after curve fitting of semilogarithmic plots of the % 
remaining in the lung vs. time or drug concentration over time [120]. When a drug 
is delivered by passive inhalation, estimation of the pulmonary rate of absorption is 
complicated by different situations such as gastrointestinal absorption of the drug 
swallowed, but when a drug is delivered directly to the lungs this calculation is 
straightforward.

The rate and extent of drug absorption can be estimated by the Wagner–Nelson, 
the Loo–Riegelman, and the observational methods [113–115]. The first two are 
based on curve fitting by compartmental analysis but have limitations related to the 
number of compartments in the model [121, 122]. The observational method is 
based on noncompartmental analysis and is very simple to use [113, 114]. The 
maximum concentration (C

max
) and the time to achieve that concentration (T

max
) are 

obtained directly from the drug concentration vs. time plots and are used to calcu-
late the rate of absorption. C

max
 depends on both the rate and extent of absorption 

whereas T
max

 takes discrete values and may be subject to reliability problems because 
its frequency is not normally distributed. Alternative measures include C

max
/AUC∞, 

C
max

/T
max

, C
max

/AUC
max

 [114].
The contribution of several factors such as the physicochemical properties of the 

drug, the physical state of the formulation (solid or liquid), and possible interactions 
with excipients should be considered when interpreting the constant of absorption 
calculated for a drug delivered by the pulmonary route, since they can influence this 
parameter. For example, the constant of absorption may be underestimated if the 
rate of drug absorption is limited by poor drug solubility in the lung environment. 
Slow drug absorption may in turn influence the rate of elimination resulting in a 
phenomenon identified as flip-flop kinetics [115]. This PK behavior is typical of 
controlled-release formulations and has been observed for tobramycin [123] and 
insulin [17]. Likewise, estimation of the rate of drug absorption from the lungs sim-
ply on the basis of T

max
 is not recommended, since a short systemic half life can 

influence the magnitude of T
max

.
If drug concentrations in plasma are such that can be determined by current ana-

lytical techniques, and data after IV administration of that drug is available, pulmo-
nary bioavailability can be calculated using AUCs after IV and pulmonary 
administration using the following equation:
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It is imperative to use the accurate pulmonary dose in this calculation to avoid 
overestimation of bioavailability. Therefore, if bioavailability is to be determined in 
a particular study, direct methods of administration should be employed. 
Interpretation of bioavailability values from animal studies should be made with 
caution, since depending on the species selected, this parameter could be overesti-
mated or underestimated in humans. Pulmonary bioavailability of insulin has been 
underestimated in rats and overestimated in rabbits and monkeys when compared to 
that of humans [124]. Although it is likely that factors such as differences in airway 
morphology and clearance mechanisms may have contributed to differences in insu-
lin bioavailability in these species, the dosing techniques employed in these studies 
may have played a larger role. Bioavailability may have been underestimated in rats 
because intratracheal instillation was employed for animal dosing in that study 
[125], most likely covering less than 5% of the lung surface. By contrast, bioavail-
ability may have been overestimated in studies with rabbits and monkeys where 
insulin was nebulized [126, 127], since a larger surface area is reached by this 
administration method.

The assessment of the bioavailability of drugs after pulmonary administration 
may be also limited by analytical issues related to the low drug concentrations in 
lung tissue and plasma. In these cases, an indirect method such as imaging (dis-
cussed in Sect. 19.3.2) and measurement of drug in urine (for b2-agonists) can be 
used to estimate drug bioavailability.

Lastly, when there is no other method to quantify the parent drug, the magnitude of 
its effects (pharmacodynamics) can be quantified to assess drug absorption. The 
decrease in glucose levels after administration of insulin formulations has been 
employed to assess the disposition of insulin formulations after pulmonary administra-
tion [77, 79]. The reduction of bacterial burden in affected organs after aerosol admin-
istration has also been used to assess the pulmonary disposition of antitubercular drugs 
[59, 60, 63, 66, 67].

19.4  Animal Models of Pulmonary Disease

Another important consideration in the selection of an animal model to study the 
pulmonary delivery of drugs is the availability of disease models to conduct pre-
clinical evaluations of the efficacy of drugs and formulations and their relevance to 
humans in terms of the elements of disease. The feasibility of inducing a particular 
disease in a determined animal model, the susceptibility of the animal to the dis-
ease, and the cost of inducing and maintaining the disease in humane conditions are 
of paramount importance. Table 19.7 shows some examples of existing animal 
models of pulmonary diseases and their experimental treatments. The description 
of the method to induce the specific disease is beyond the scope of the present 
chapter, but a detailed description of the methods can be found in the respective 
references.
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A number of disease models have been developed in mice because physiological 
variables such as genes can be easily manipulated and large numbers can be used in 
studies at a relatively low cost. The delivery of large doses of aerosol to mice is dif-
ficult to achieve in short periods of time and the amount of biological fluids that can 
be collected is small. Nevertheless, mice have been frequently used to investigate 
drug delivery in disease states such as cystic fibrosis [131, 156] and lung cancer [73, 
129, 130].

Guinea pigs and rats are often used for the study of drug delivery to the lungs 
because they are good models for a number of respiratory disease states. Studies of 
the comparative biology of the guinea pig have revealed that their respiratory tract 
physiology is remarkable similar to that of humans, particularly the response of the 
lung to inflammatory stimuli as well as the dermal response to both acute and 
chronic inflammatory mediators [157, 158]. For that reason, guinea pigs are consid-
ered as a good model of bronchoconstriction/bronchodilation to evaluate drugs 
employed in asthma treatment. The guinea pig is also a good model for infectious 
diseases in humans because immunologically they are more like humans than any 
other rodent [159]. A number of variables can be experimentally manipulated in 
rats, and diseases can be induced for the study of diabetes [138, 139], emphysema 
[69], influenza [80], and pulmonary fibrosis [160].

The induction of pulmonary diseases in large species is more complicated 
because of cost and requirements of regulatory agencies, but they are employed in 
preclinical studies after preliminary results have been generated in rodent models or 
when there is no other model available. The dog model has been utilized to study the 
delivery of insulin [161], anticancer agents [148], and hormones [151, 152]. Lung 
injury can be induced in sheep such that experimental treatments can be evaluated 
in this model [154, 155, 162]. Monkeys, baboons, macaques, and nonhuman pri-
mates have been employed to assess vaccine delivery [84] or to evaluate different 
therapies for cystic fibrosis [74, 75].

19.5  Summary

The human lung is the standard of reference to which the observations in com-
monly used laboratory animals are referred. The judicious choice of an animal 
species, based on the knowledge of its comparative structure and function (anat-
omy and physiology), would yield important data in the evaluation of controlled-
release formulations for pulmonary delivery and the meaningful interpretation of 
results in such studies. The susceptibility of a particular model to a particular dis-
ease and its relevance to humans should also be considered. The physicochemical 
characteristics of the drug and/or formulation and the methods of aerosol genera-
tion and delivery should be carefully controlled. Ultimately, the influence of indi-
vidual factors and their interaction should be considered in the interpretation of the 
results from studies conducted in animal models before their extrapolation to 
humans.
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Abstract This chapter focuses on the current practices of gamma imaging for the 
 purposes of quantification of lung deposition or lung dose of inhaled therapeutics. The 
chapter reviews the various methodologies required for a viable imaging study. 
Specifically, a brief background on gamma imaging, radiolabeling method development 
and validation, dose administration, image acquisition, and image analysis is presented.

Keywords  Computed tomography • Gamma scintigraphy • In vivo • Radiolabeling 
image analysis • Single-photon-emission

20.1  Introduction

The quantification of lung deposition or lung dose of inhaled therapeutics is an 
 oft-debated topic with many potential solutions in both preclinical and clinical 
 settings. These solutions have typically included three primary techniques, systemic 
pharmacokinetic analysis, in vitro measurement techniques (cascade impactors 
analysis), and deposition imaging. As with nearly all measurement techniques, each 
of these has its advantages and disadvantages.

Systemic pharmacokinetic analysis is currently used for bioequivalence analysis 
in Europe [1, 20], and several studies have shown a limited degree of correlation 
between systemic PK and pulmonary deposition [6]. However, there are several 
technical challenges to conducting PK analysis of orally inhaled products so that the 
PK data can be useful. The reasons for the complications lie in the fact that all orally 
inhaled products have a portion of their dose which deposits in locations other 
than the lung. The absorption of the test article in these areas can confound the PK 
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analysis. There are techniques that can be used to circumvent these complications 
(charcoal block, early concentration measurement, and/or subtraction of oral PK 
component) [17]. However, none of these address the fact that systemic PK analysis 
does not measure drug in its primary deposition location. Rather, it is a measure-
ment of drug that has been cleared (diffusion, absorption, mucociliary clearance, or 
other) from the primary deposition location and measured in a secondary location.

The utility of in vitro testing with cascade impactors or dose content analysis 
methods (ex-valve, ex-device measurements) to predict in vivo deposition patterns 
has been argued for [24] and against [4]. While these quality control measures may 
have shown some correlation to deposition analysis (smaller particle sizes have 
been shown to result in higher dose fraction depositing in the lungs [12, 13]), they 
are not designed nor intended to be used to predict the regional deposition in vivo.

Imaging of a radiolabeled inhalation formulation provides a direct measurement 
of the in vivo deposition. Historically, deposition analysis has been conducted with 
two different imaging modalities, gamma imaging and positron-emission tomogra-
phy  (PET). Gamma  imaging can be  separated  into  the more common 2D planar 
imaging and 3D single-photon-emission computed tomography (SPECT) imaging. 
All of these techniques again have technical challenges in both the development of 
the labeling technique and the final quantification of deposition. Regardless, as they 
provide quantification of the primary deposition location, they have established 
themselves as a mainstay for pulmonary deposition analysis [2]. To this point, 
gamma scintigraphy has been dubbed an “industry standard” for assessing deposi-
tion form inhalation devices [22].

This chapter will focus on the current practices of gamma imaging and cover the 
various methodologies required for a viable imaging study. Specially, a brief back-
ground on gamma imaging, radiolabeling method development and validation, dose 
administration, image acquisition, and image analysis is presented.

20.2  Gamma Scintigraphy

Gamma scintigraphy has been continually advancing along with the field of nuclear 
medicine since the first gamma camera was produced in 1964 [18]. A gamma cam-
era, example figure of a Siemens SPECT E.Cam shown in Fig. 20.1, is primarily 
composed of one (or multiple) radiation detectors or heads that are mounted on the 
gantry. The gantry of modern gamma cameras can be moved in a variety of different 
configurations for the acquisition of multiple different data sets.

The detectors consist of a flat crystal plane (typically sodium iodide) that is cou-
pled to a collection of photomultiplier tubes. When a gamma ray interacts with the 
sodium iodide crystal, it emits a light photon that is detected by the photomultiplier 
tube. The light signal is then sent to the computer software for reconstructions.

Located between the patient and the crystal plate is a lead filter or collimator. The 
collimator can be changed based on the isotope used and/or the needs of the study. 
Most often for inhalation deposition studies, the collimator used has small holes 
drilled in a pattern across its entire surface, hence the name parallel hole collimator. 
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These holes act as a filter to ensure that only gamma radiation traveling at a right 
angle to the detector pass through and can be detected. In this manner, the computer 
can then recreate the location of the gamma ray emission from the location it was 
detected on the head of the camera. Then the software can generate what is  commonly 
seen for gamma imaging studies, example shown in Fig. 20.2.

The two primary types of image acquisitions that are conducted are 2D and 3D. 
Planar image acquisition, 2D, has been the historical standard for inhalation 
 deposition analysis. Planar image acquisition involves the collection of anterior and 
posterior (typically at the same time with a multihead gantry) images. The images 

Fig. 20.1 Image of a 
dual-head clinical gamma 
camera

Fig. 20.2 Example gamma 
scintigraphy image
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are only representative of the location of the gamma emission is 2 dimensions and 
therefore do not reflect depth. Therefore, these images provide a valid assessment of 
organ dose and total dose. However, they only provide limited information about the 
specific location of the deposition within an organ, e.g., lung. The advantage of 
planar imaging is that the image acquisition time is fairly rapid, typically less than 
1 min, and can be conducted with a low amount of radioactivity. The disadvantage 
of planar imaging is that the organs being imaged are 3D and therefore complex 
analysis of regional deposition is not ideal.

SPECT image acquisition is a more complex imaging method that requires the 
gantry to collect data at 360° around the patient. Often multiple-headed gantries are 
used so that each detector only has to be 180° to collect all 360° of data. The resul-
tant images allow for a more accurate 3D reconstruction of the patient. However, 
additional time is required to collect 360° worth of data, often 10 min or more, 
which is a disadvantage of SPECT imaging. Several techniques can be utilized to 
decrease the acquisition times including increasing the radioactivity used, and 
employment of multiple-headed gantries can decrease time [5].

Often coupled to SPECT image acquisition is computed tomography or CT. 
Most new SPECT cameras are also multifunction instruments that include both the 
SPECT camera and a CT system. Collection of a CT image, example shown in 
Fig. 20.3, along with a SPECT image allows for specific anatomical identification. 
Further, it allows the exact outline of the lung to be defined during analysis.

20.3  Radiolabeling Aerosols

The isotope of choice for inhalation deposition analysis has been and continues to 
be Technitium-99m (Tc99m). Tc99m, in the form of pertechnetate (99mTcO

4
−), is 

one of the most common diagnostic and research tracers used in humans. This is due 

Fig. 20.3 Example CT images displaying the anatomical specificity possible when a CT is used 
in conjunction with a SPECT image
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to its relatively short physical half-life (6 h) and low gamma emission energy 
(140 KeV) that provides minimal exposure to the patients and technicians while still 
providing quality images.

The procedures that have been used to radiolabel nebulizers, pMDI [7, 9, 12, 13], 
and dry powders [8, 19] have been well described in the literature and are typically 
specific for a formulation/delivery system. These range in complexity from simple 
addition of dissolved Tc99m to a solution nebulizer to extraction of Tc99m into an 
organic, mixing with a dry powder suspended in an antisolvent and evaporation of 
the antisolvent. The majority of these procedures result in the drug being associated 
with the radiolabel rather than being chemically bonded. Because of this each 
 radiolabel must be subjected to a validation prior to its use in deposition studies 
(clinical or preclinical). It is the radiolabeling validation that establishes the 
 relationship between the drug and the Tc99m without altering the naïve particle size 
distribution. Without a well-validated radiolabel, the validity of any imaging study 
is in question.

Radiolabeling validation is the process whereby the particle size distribution 
of an aerosol is evaluated before radiolabeling, after radiolabeling, and in rela-
tionship to the activity size distribution. Throughout the radiolabeling method 
development and the validation, it is recommended to utilize a constant level of 
radioactivity. The amount of radioactivity required will be a balance between the 
expected activity levels in the regions to be imaged and ensure subject and tech-
nician safety. Typically, before the validation is initiated, clear limits are placed 
on the allowable differences between the naïve mass, radiolabeled mass, and the 
radioactivity size distributions. These studies must be conducted with a multi-
stage cascade impactor (Anderson, Next Generation Impactor, Mercer or other). 
The validation experiments should be conducted between 6 and 8 independent 
times in order to completely characterize the inter- and intra-day variability of the 
radiolabeling procedure. The tests should also be conducted to mimic the time 
course of administration, for example if 1 day of dose administration is planned 
to require 6 h then the testing should encompass ~6.5–7 h. These tests will ensure 
that the radiolabeling procedure not only does not alter the naïve particle but it 
also provides a high degree of confidence that the radiolabel will be viable the 
entire day of patient dosing.

As with any cascade impactor analysis prior to conduct of testing, the extraction/
analysis methods must be refined. For a radiolabeling study, there is the added 
 complexity that the extraction procedure must be tested for its efficiency to extract 
not only the drug but it must also be tested for its ability to extract the Tc99m. In the 
process, the solution (often an aqueous/organic mixture) is first assayed in a dose 
calibrator for radioactivity. Then depending on the laboratory set up and the  stability 
of the drug, the samples are either held for decay (typically 3 days) or immediately 
assayed for the drug via HPLC, UV, LC-MS, or equivalent. Following completion 
of activity and drug analysis, the data are plotted as percentage of total dose and 
compared with a naïve formulation, example validation summary shown in Fig. 20.4. 
If the validation experiments do not repeat or issues are observed, additional method 
development is likely required.
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20.4  Dose Administration

It is well accepted that the deposition pattern of inhalation therapeutics varies based 
on the formulation and device; however, the deposition pattern can be altered by 
other patient factors that should be considered prior to deposition imaging studies. 
The first level of control that is maintained on the homogeneity of dose administra-
tion is a well-defined set of inclusion and exclusion criteria. Important criteria to 
consider are the use of healthy subjects or patients, age, height, weight, history of 
respiratory disease, smokers vs. non smokers, and FEV1. Having these criteria well 
defined will ensure the quality of the data from the study. When defining these 
 criteria, careful consideration should be given to using healthy subjects or patients. 
Healthy patients are often easier to recruit and will result in a more homogeneous 
deposition patterns between subjects. However, the target therapeutic group for 
these inhalation products is usually patients with lung disease; therefore, the deposi-
tion patterns of similar patients are likely the most applicable data to the therapeutic 
use of the products.

Once subjects are selected based on the inclusion/exclusion criteria, they should 
be evaluated for their ability to correctly administer the inhalation dose. While the 
inhalation procedure for each formulation is formulation dependant, the inhalation 
variables, inspiratory flow rate, inhalation duration, inhalation volume, and breathe 
hold should be controlled and recorded for the administration of all doses. This type 
of control and recording is not a standard feature on inhalation devices, and it is 
usually accomplished by fitting the device with a small tube fitting, out of the  aerosol 
path and the standard patient griping locations. This tube fitting it is then connected 
to a pressure sensor and subsequently to a computer recording software. The 
 computer software is set up to provide real time feed back to the patient in terms of 
the inhalation variables. Each patient should be trained and evaluated for their 
 ability to properly inhale a formulation prior to radiolabeled dose delivery. The ideal 
method to conduct this training is by conducting training prior to the day of any 
dosing and then conducting a refresher training immediately prior to radiolabeled 
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dose delivery. These measured parameters should also be included in the summary 
of any imaging results to convey that all patients correctly administered each formu-
lation and eliminate the potential for deposition bias caused by erratic inhalation 
procedures.

On the day of dosing, the analysis of particle size distribution, in the same  manner 
as was used for the validation, should also be performed prior to and immediately 
following the patient dosing. For the actual dose administration, the pre and postde-
vice should be quantified for all appropriate parameters. These parameters are 
 usually radioactivity and weight. These two variables are required to determine that 
the dose was delivered properly and aid in image analysis.

20.5  Image Acquisition

Many aspects of image acquisition for gamma imaging studies are constant regard-
less of the type of image being collected, inhalation formulation, or the study 
design. These include subject coaching and subject positioning. As detailed above, 
there are significant areas in an inhalation deposition study that can cause  variability 
in the study data. In order to minimize the potential for the subject to add to this, it 
is highly recommended to coach them or walk them through the entire process 
from dose administration to the end of imaging. When possible it can help subject 
 comfort to have the coaching conducted by the same technician or scientist who 
worked with them on their initial breath training and will be there for all days of dose 
administration. This helps to keep the subject relaxed and increases their likelihood 
of appropriate dosing and imaging.

Prior to any coaching, it is important to consider if the study is being conducted 
with healthy subjects or patients. If patients are used, carefully balance repeating 
inhalation maneuvers or breath holds with the possibility that these may induce 
slight bronchoconstriction which may alter deposition patterns. Also consideration 
should be given to the location of waiting rooms in relationship to the imaging suite 
when patients are used. Having patients traverse long distances or several flights 
of stairs on their way to the imaging suite may also induce bronchoconstriction 
 immediately prior to dosing.

During coaching, the subject will inhale a placebo or blank inhalation device 
while reviewing the feedback from the breath monitoring system. They will then be 
positioned onto the camera bed and moved into the field of view of the detectors. 
The positioning must include both the locations of the subject in respect to the field 
of view for the detectors and the anatomical positioning. It can be advantageous to 
have the subject place their arms above their head so that they are not between the 
lungs and the detectors. This positioning can be seen from an example CT shown in 
Fig. 20.5 with the arms above and behind the head thereby minimizing tissue 
between respiratory tract and the detectors.

A low level of activity, in a point source, can be used to ensure that the patient is well 
positioned, and the designed portions of the respiratory tract are in the field of view. 
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The position of the subject on the bed and the bed position should be recorded so 
that the subject can be rapidly returned to this position following dose administra-
tion. Depending on the complexity of the image acquisition and the comfort of the 
subjects, it may be appropriate to have the gantry and the detector heads move, as 
required for the image acquisition, for the subject to feel more relaxed during the 
acquisition. If a breath hold is to be required during the image acquisition, the 
subject may be instructed to test this prior to the image acquisition. These steps 
will help the subject to relax and be comfortable with the entire process before 
dose administration.

20.5.1  Planar Image Acquisition

Planar image acquisition is typically conducted for between 30 s and 1 min, 
depending on the radioactivity in the dose and the dose fraction that deposits in 
the regions to be quantified. The image acquisition parameters including matrix 
size, zoom factor, and detector positioning (anterior and posterior is recom-
mended) are defined prior to the start of dosing. The default image acquisition for 
many nuclear medicine cameras is to collect a static image over the time course 
defined. This results in an image that is the summation of the entire image time 
course. This default can be modified to collect the data in small bundles or as a 
dynamic image over the course of the image time. This slight modification 
increases the flexibility in the data analysis as it can then be integrated over any 
time course within the image time.

For example, if dynamic imaging was conducted while a patient is inhaling the 
formulation (~10 s) and out to 1 min following completion of the inhalation. This 
data set could then be used to generate a real time inhalation video from the data 
bundles between 0 and ~10 s and a standard planar deposition image with the data bundles 
from ~10 s to 1 min. For the same acquisition if the subject sneezes or moves at 45 s, 
it is likely that the data from ~10 to 40 s can be summed and the data set for this 
subject will not be lost. In this manner, additional data can be generated often with 
a decrease in number of subjects.

Fig. 20.5 Central and 
peripheral lung regions 
(modified from [23])
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20.5.2  SPECT Image Acquisition

A SPECT image acquisition can be conceptualized as a series of planar images that 
are collected as the detector heads move around the subject. The collection of 
images is then reconstructed to generate a 3D image of the subject. As this collec-
tion is more complex than planar imaging, the development of appropriate acquisi-
tion protocols is more complex. In addition to the planar acquisition parameters, 
SPECT imaging adds the complexity of defining the number of steps (or images) to 
be collected around the 360° of the patient and the time course for each image.

Often the draw back to the use of SPECT imaging for pulmonary deposition anal-
ysis has been the time required to collect these images which is typically between 10 
and 15 min. As previously mentioned, most Tc99m radiolabels are associations 
between the radiolabel and the drug and this association can start to break down over 
the time required to collect SPECT images. To this end the  radiation dose from the 
device can be increased to decrease the time required at each step or a multi-headed 
gantry can be used to minimize the number of steps required to  collect all 360° (e.g., 
with a 2-headed gantry each head only needs to move 180° to collect 360° of data).

If a SPECT image is to be used for quantification of regional deposition, steps 
must be taken to characterize the radiolabel movement over the time course of the 
SPECT image acquisition. These steps may include a pilot study with serial planar 
images beyond the planned SPECT collection time or collecting three images (in the 
order of first planar, SPECT, and then second planar) for each subject. With the pilot 
study, the serial planar images can be quantified to characterize the movement of the 
radiolabel beyond the time required for the SPECT acquisition and then used to 
determine if the SPECT acquisition time is appropriate in comparison to the particle 
movement. When three images are collected, the first and second planar images 
(sandwiching the SPECT image) can be used to determine the difference between the 
counts in each ROI to establish the validity of the SPECT image. The serial planar 
images has the advantage that a feasible time course for a SPECT image can be 
defined and used as a target to develop an appropriate SPECT acquisition protocol 
prior to study dosing; however, it requires additional subject visits. The collection of 
three images does not require an additional subject visit but it does have the risk that the 
SPECT acquisition time course is too long and therefore not usable. However, in this 
case the initial planar image would still be viable for quantification.

20.6  Image Analysis

For all data analysis conducted on gamma scintigraphy studies, it must be appreci-
ated that the quantification is conducted on the radiolabel not the drug. With a well-
conducted radiolabeling validation study, it is reasonable to infer the relationship 
between the radiolabel and the drug for the initial deposition; however, beyond the 
initial deposition (in the absence of supporting data) no results or conclusions can 
be drawn.
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The analysis of both 2D and 3D data sets is most often conducted to determine 
the dose fraction in different regions of interest (ROI’s). The most common ROI’s 
are the oral cavity, trachea, lungs, stomach and, when appropriate, nasal cavity. 
ROI’s can be drawn through automated software systems or manually based on CT 
or transmission scans. The dose fraction is determined by converting the response 
on the image (counts in each ROI) into activity through a response curve generated 
for each study.

The need for correction factors in the quantification of dose fractions has been 
discussed throughout the literature [16]. When a correction factor is applied (tissue 
attenuation), it is designed to correct the activity that the detector measures for the 
actual activity in the region of interest. This original activity has been decreased, at 
some level, by the thickness of the biological tissue. A transmission scan is one 
commonly used method to determine a tissue attenuation correction factor (ACF). 
In this method, a large flood source filled with a gamma emitted isotope (usually 
Tc99m) is scanned at a controlled distance above the detector both with the subject 
in place and without the subject in place [3, 21]. The counts without the subject in 
place (A

o
) and the counts through the subject’s region of interest (A

t
) can then be 

used in the question below to define the ACF for this tissue.
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t
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Even with proper ACF, it is still not feasible to exactly correct for the attenua-
tion caused by the tissue as the exact distance the gamma radiation traveled through 
the tissue is not known [14]. Based on the type of study being conducted and these 
issues, the requirement for ACF may or may not be needed. Specifically, in the 
case of a crossover study to evaluate regional deposition between two formula-
tions, the use of ACF may actually increase the variability in the data analysis and 
therefore may not be required.

The area of regional lung deposition quantification has been the subject of sev-
eral different models and methods. One of the more commonly used methods is an 
analysis of the central to peripheral deposition [23]. In this method, the lung is seg-
mented into two regions, the central (C) and peripheral (P), Fig. 20.5. The central 
region comprises 33% of the lung surface area and the peripheral region encom-
passes 67% of the lung area. The ratio of the counts in these two regions is then 
calculated as the C to P ratio. With this ratio, the lower the C to P ratio the greater 
the peripheral deposition and the higher the ration the greater the central 
deposition.

As computer technology advances, the ability to further refine and segment the 
lungs for regional analysis has also advanced. Several models currently exist for 
further segmentation of the lungs [10, 11, 15]. The onion model of McDonald et al. 
uses a CT overlay with the gamma imaging data to initiate segmentation at the pri-
mary bronchus for each lung. It then segments the lung outward in either two direc-
tions (for planar data) or three directions (for SPECT data). This model can be 
adapted to the full range of preclinical and clinical data sets. An example of the 
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segmentation of a human lung using this method is shown in Fig. 20.6, with the 
changes in color representing the slices moving outward.

The advantage of this model is that it not only allows the lungs to be segmented 
into nearly infinite slices but it can also be used to mimic that of the more common 
C to P ratio. Specifically, the regions that comprise 33% of the lung area can be 
summed and compared to the remaining regions in a C to P ratio. In this manner, 
data analyzed with this method provide a more complete regional deposition analy-
sis and are still able to be directly compared to other literature data. Further, this 
model can be applied to both 2D and 3D data sets to characterize the regional depo-
sition in the lungs.

20.7  Concluding Remarks

The use of gamma imaging has continued to gain traction as a valid method to define 
both the total inhaled dose and the regional deposition. When conducted correctly, 
inhalation deposition studies provide the best method to directly quantify the dose 
delivered to the lungs and throughout the respiratory tract. These types of studies can 
and will continue to be used to control and adjust dose between preclinical and clini-
cal models. Used appropriately, these data can assist in the development of inhalation 
products with increased confidence of the dose to all regions of the respiratory tract.

Fig. 20.6 Example CT 
showing subject arm 
positioning and onion  
slicing of the lung for 
regional deposition  
analysis
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Abstract This chapter focuses on the regulatory science aspects of the postdiscovery 
development and approval of the inhaled respiratory drug products intended for 
local action. It provides a brief treatise of the CMC, in vitro and in vivo evaluations 
for development and approval of inhalation aerosols in the US. In addition, it 
includes a brief discussion on scientific considerations related to potential extended-
release inhalation drug products. Regulatory paradigms for approval of generic 
inhalation drug products are also discussed.

Keywords Asthma • Chemistry manufacturing and controls • COPD • Dry powder 
inhalers • Efficacy • Extended release • Generic inhalation drug products  
• Inhalation aerosols • In vitro performance • Metered dose inhalers • Nonclinical 
studies • Particle size distribution • Pharmacodynamics • Pharmacokinetics  
• Regulatory approval • Safety • US FDA

21.1  Introduction

The development and approval of drug products for human use in the United States 
is regulated by the Food and Drug Administration (FDA) pursuant to the Federal 
Food, Drug, and Cosmetic Act (FD&C Act). The Act with its amendments requires 
that before marketing “new drugs,” as defined by the Act, be approved by the FDA 
to insure their safety and effectiveness for the intended use. The evidence required 
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to support safety and effectiveness may vary with the chosen path of drug develop-
ment. Section 505 of the FD&C Act describes three principal pathways. The first 
avenue is the section 505(b)(1) which is applicable to the new molecular entities. 
The new drug applications (NDAs) contain full reports of investigations of quality, 
safety, and effectiveness of drug products conducted by the sponsor. The second 
pathway is 505(b)(2) which is generally used for new drug products that contain 
already approved active moiety(ies). The new product may represent a different 
salt, formulation, and/or dosage form [1]. The Agency requires evidence for quality, 
safety, and effectiveness, but some of the evidence (e.g., nonclinical pharmacology 
and toxicology) may come from studies not conducted by the sponsor. Nonetheless, 
products approved under section 505(b)(2) are marketed as stand-alone products 
and do not provide direct substitutes for similar/comparator products. The third 
regulatory pathway is provided under section 505(j) and its application is limited to 
the approval of generic drug products. These products represent therapeutically 
equivalent copies of the already marketed/approved reference listed drug products 
(RLDs). Drug applications under 505(j) are generally not required to include pre-
clinical (animal) and clinical (human) data to establish safety and effectiveness. 
Instead, the safety and effectiveness of generic drugs is demonstrated through 
acceptable quality and bioequivalence (BE) studies [2]. Generic products approved 
in the United States provide direct substitutes for the corresponding RLDs.

Figure 21.1 provides a general outline of the development and approval of new 
drugs which is a lengthy and complex process [3]. It begins with the discovery of a 
molecular entity with potential to provide certain therapy identified through extensive 
nonclinical testing. Regulatory agencies require testing that documents the character-
istics such as chemical composition, purity, quality, potency, and performance of the 
drug product. From a regulatory perspective, the postdiscovery establishment of 

Fig. 21.1 New drug development and approval process
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chemistry, manufacturing, and controls (CMC), the drug’s pharmacological profile 
and toxicological properties as well as clinical safety and effectiveness are required 
for all drug products. However, the nature of CMC development/characterizations and 
in vivo (nonclinical and clinical) testing vary with the drug product, route of adminis-
tration, and its intended use. Products made for drug delivery through the inhalation 
route represent a class of “Complex Drug Products” due to devices required to deliver 
drugs in forms that allow delivery to intended site(s) of action in the respiratory tract. 
This chapter focuses on the regulatory science aspects of the postdiscovery develop-
ment and approval of the inhaled respiratory drug products intended for local action. 
It provides a brief treatise of the CMC, in vitro and in vivo evaluations for develop-
ment, and approval of inhalation aerosol in the US. In addition, it includes a brief 
discussion on scientific considerations related to potential extended-release inhalation 
drug products. Regulatory paradigms for approval of generic inhalation drug products 
under the section 505(J) of the act are also discussed.

21.2  Chemistry Manufacturing and Controls

Inhalation drug products could be designed and developed in a variety of suitable 
dosage forms. Each dosage form has its advantages and limitations, and discussion 
pertaining to these considerations is beyond the scope of this chapter. Reliable inha-
lation drug products represent combination of proper form(s) of the drug substance(s), 
excipient(s), and suitable delivery system(s) that accurately deliver doses of the 
drug to the biological target with acceptable reproducibility. Well designed drug 
products with appropriate control protocols provide greater assurance for quality 
and reproducibility in the performance of the drug product. Robustness in such drug 
products contributes to consistent performance of the drug product through its unit 
life and shelf life, when manufactured within the boundaries established a priori for 
acceptable variations of the key manufacturing process parameters and quality attri-
butes of both the drug product components and the finished drug product. Well 
designed control protocols for the particular dosage form are intended to address the 
identity, strength, purity, quality, potency, including the consistent performance 
attributes in accord with its label claim beyond the expected shelf life.

Different considerations are involved in the design, manufacture, and controls 
for the desired drug products. A brief description of each type of the currently avail-
able inhalation drug products summarized by their established regulatory nomen-
clature is provided in Table 21.1; additional regulatory considerations for each type 
of these drug products are provided in the subsequent sections.

Although similar in many features to other drug products, the inhalation drug 
products, which are considered combination products [4], have unique features with 
respect to formulation, manufacture, controls, and particularly container closure 
system (CCS). These features are carefully considered and closely monitored dur-
ing the drug development program because changes to these elements may have 
much greater impact on the performance and stability of the inhalation drug products 
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than other more conventional dosage forms in terms of the degree of predictability 
of such changes on the delivered doses to patients throughout the unit and product’s 
shelf life. For example, unlike most other drug products, the dosing and perfor-
mance characteristics and, therefore, the clinical safety and efficacy of these prod-
ucts may depend on the design of the CCS, formulation component characteristics, 
and possible interactions between the CCS and formulation components. Moreover, 
a clinical efficacy study of such a drug product generally may not be an adequate 
measure of its ability to deliver reproducible doses to patients, due to a number of 
factors including drug administration skills and practices by patients, patient aspira-
tory flow rate and volume, the nature and sensitivity of clinical measurements, and 
the relatively small number of patients studied relative to the eventual market size 
for the product.

21.2.1  Inhalation Aerosol

Inhalation aerosol drug products, commonly known as metered-dose inhalers 
(MDIs), may consist of either a two-phase or a three-phase formulation preparation 
in a CCS comprised of a suitable container, valve and actuator components, and 
other potential accessories. The formulation typically contains therapeutically active 

Table 21.1 Nomenclature and description of inhalation drug products

Category Description

[Drug] Inhalation  
aerosol

A drug solution or suspension formulation for oral inhalation that is 
packaged under pressure and delivers a specified amount and 
quality of therapeutically active ingredient(s) upon activation of 
an accurately metered valve system

[Drug] Inhalation  
powder

A drug powder formulation for oral inhalation with the use of a 
device that aerosolizes and delivers an accurately metered 
amount and quality of the therapeutically active ingredient(s)

[Drug] Inhalation 
solution

A drug solution for oral inhalation with the use of a nebulization 
system

[Drug] Inhalation 
suspension

A drug suspension for oral inhalation with the use of a nebulization 
system

[Drug] Solution  
for inhalation

A drug solution for oral inhalation that must be diluted before it is 
administered with the use of a nebulization system

[Drug] Suspension  
for inhalation

A drug suspension for oral inhalation that must be diluted before it 
is administered with the use of a nebulization system

[Drug] for inhalation 
solution

A drug powder that upon the addition of a suitable vehicle yields a 
solution conforming in all respects to the inhalation solution

[Drug] for inhalation 
suspension

A drug powder that upon the addition of a suitable vehicle yields a 
suspension conforming in all respects to the inhalation 
suspension

[Drug] Inhalation spray A nonpressurized liquid drug dosage form for oral inhalation that is 
packaged in a container closure system, which upon activation 
delivers an accurately metered amount of fine droplets of the 
formulation
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ingredient(s) dissolved or suspended in a propellant, or a mixture of propellant(s), 
and cosolvent(s), and/or other suitable excipients in a compact pressurized aerosol 
container. An MDI product may discharge a single or up to few hundred accurately 
metered actuations containing one or more drug substances [5].

Delivery of the formulation from a pressurized container is very rapid and under-
goes a complex sequence of events in the CCS and during aerosolization [5]. For 
example, when the content of the metering chamber in the valve is released, it 
undergoes volume expansion and the liquid phase (solution or suspension) forms a 
mixture of gas and liquid while being discharged as a jet through the actuator orifice. 
The plume released from the actuator expands and the droplets undergo a series of 
processes during the propulsion and dispersion phases. The drug substance particles 
of different sizes in the droplets become progressively more concentrated and at 
different rates depending on the formulation components and vaporization rate of 
the volatile propellant(s) [6].

Selection of the components and the composition of MDI formulations are cru-
cial in defining the physical stability and the performance characteristics of the drug 
product. Additionally, for suspension MDIs, the density of the suspended materials 
of the formulation relative to the density of the liquid phase of the formulation, 
physical properties and characteristics of the solid materials, phase separation rate, 
disposition of the suspension formulation, and the potential for agglomeration of 
particles need to be considered for development of a reliable, reproducible, and 
stable drug product. Moreover, selection of the CCS components and the potential 
interactions of the suspended drug substance(s) with the various internal surfaces of 
the container, valve, and other components may also contribute to high variability in 
the delivered dose and aerodynamic particle size distribution (APSD), particularly 
upon aging. Thus, from a regulatory perspective, it is imperative that accurate quan-
titative compositional statements be included in the drug application to express the 
concentrations in the final formulation, as well as the amount of the drug substance 
delivered at the valve, mouthpiece (actuator), and integrated spacer, if any.

21.2.2  Inhalation Powder

Inhalation powder drug products, commonly also known as dry powder inhalers 
(DPIs), are designed to dispense powders for inhalation and contain active 
ingredient(s) alone or with a suitable excipient(s). Because of the phase-out of the 
chlorofluorocarbon-based propellant MDIs due to environmental concerns and 
problems associated with coordination of the breathing and inhalation maneuvers of 
MDI drug products [7–10], enormous effort has been devoted to developing DPIs 
with a variety of designs and functions for proper and efficient delivery of the drug 
substance(s) to the appropriate regions of the lungs [11–15]. Current designs include 
premetered and device-metered DPIs, all of which rely on various energy sources. 
These may include energy input from the patient inspiration, compressed gas, a 
motor driven impeller, or other means to accomplish dispersion, deagglomeration, 
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and aerosolization of the powder formulation components, including the drug 
substance(s). A DPI drug product may dispense single doses or up to few hundred 
metered-dose units of the drug substance(s).

The efficiency of drug delivery from most currently approved DPIs, which derive 
energy for drug deagglomeration and delivery from the patient, depends on the 
patient’s inspiratory effort. An inspiratory maneuver generates certain flow rate 
through the DPI depending upon the resistance to air flow offered by the device. 
Therefore, the flow rate is considered to be an important determinant of in vitro drug 
delivery from DPIs [14–16]. The devices used in different DPIs may offer different 
levels of resistance [17, 18] to air flow and, therefore, for a given inspiratory effort 
the rate of air flow through inhalers may vary with the device [19, 20]. Thus, device 
resistance influences in vivo performance of DPIs [21–25], because achievable flow 
rates vary across the target patient populations [26–30]. Therefore, the development 
of DPIs warrants, among other things, scientific considerations regarding the pow-
der formulation and its stability, device features, and the influence of flow rate on 
in vitro dose delivery and particle size distribution (PSD) of the aerosolized drug.

Premetered DPIs contain previously measured quantities of formulation in 
individual containers (e.g., capsules/blisters) that are inserted into the device by 
the patient before use [31, 32]. Premetered DPIs may also contain premetered 
dose units enclosed during manufacture as ordered multidose assemblies in the 
delivery system [33]. Device-metered DPIs have an internal reservoir containing 
a sufficient quantity of formulation for multiple doses that are metered by the 
device itself during actuation by the patient [34, 35]. However, such DPI drug 
products can be more susceptible to contamination (e.g., moisture, microbial) of 
the remaining doses. Therefore, it would be prudent to rule out possibility of con-
tamination under both in-use and misuse conditions during the design develop-
ment of such DPIs.

From a regulatory perspective, DPIs (like MDIs) are also considered complex 
drug products [16]. In DPIs, complex and subtle interactions may occur between the 
drug substance, carrier(s), and components of the CCS that may significantly affect 
the performance and hence the safety and effectiveness of the drug product [12, 15, 
36, 37]. For example, gravitational, fluid dynamic, and other interactive forces, such 
as electrostatic, Van der Waals and capillary forces, together are responsible for dif-
ferent fluidization behaviors exhibited by different powders in an inhaler [15]. 
Electrostatic forces also influence the overall efficiency of a DPI, since such forces 
are considered to be significant for attraction and adhesion between the drug sub-
stance particles, excipient(s) particles, drug substance-excipient(s), and drug sub-
stance-device surfaces. Furthermore, PSD, particle morphology, and moisture 
content of the individual components of the formulation can greatly influence the 
bulk properties and the overall product performance [38, 39]. In addition to affect-
ing bulk properties, variability of these parameters can cause increases in dose-to-
dose variability [40]. Therefore, such physical characteristics need be considered 
during development of a DPI drug product, particularly with respect to formulation 
components, manufacture and its process parameters, CCS or device, and relevant 
in-process and final quality attributes and corresponding controls.
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21.2.3  Inhalation Solutions and Suspensions

Inhalation solutions, suspensions, and related products are typically aqueous-based 
preparations and hence should be sterile [41]. For safety considerations the use of 
preservatives, stabilizing agents, and multidose containers in such drug products are 
discouraged. These drug products are intended for delivery to the lungs by nebuliza-
tion. Some products may require specified nebulizers. Nebulization involves con-
tinuous generation and delivery of fine mist of aqueous droplets containing the 
formulation components from a drug solution or suspension to the patient with the 
use of ultrasonic energy, venturi effect, or other appropriate mechanical means. The 
stability profile and characteristics of the delivered dose of these drug formulations 
intended for use with external nebulizers also need to be characterized appropriately 
with the nebulizer and under standardized nebulization conditions. For example, the 
drug application may include information on the specific nebulizer, fill volume, 
residual volume, duration of nebulization, any accessories, as well as identity, pres-
sure, and flow rate of the driving gas. Such drug preparations typically are packaged 
in single-dose semipermeable containers and also include a protective packaging to 
minimize ingress of volatile foreign contaminants, loss of solvent, and exposure to 
oxygen and light. From a regulatory perspective, appropriate embossing or deboss-
ing of such containers are normally encouraged for labeling purposes [42].

21.2.4  Inhalation Sprays

Inhalation spray products are generally aqueous-based liquid formulations and 
hence should be sterile [41] and by definition, do not contain propellant. Drug deliv-
ery from such a drug product is affected by an integral spray pump unit in the CCS, 
when activated by the patient. Each dose is delivered to the patient typically as fine 
mist of aqueous droplets that contain the formulation components. The delivered 
droplets may be generated by various means, including mechanical, power assis-
tance, and/or energy from the patient inspiration for the activation of the unit and 
generation of the spray. The mechanisms for droplet generation distinguish the vari-
ous types of inhalation sprays. Such drug products may be aimed for unit-dose or 
multidose presentations. Similar to inhalation solutions and suspensions, the use of 
preservatives and other stabilizing agents in these drug products is discouraged 
unless their presence and the respective concentrations are justified from safety and 
tolerability perspectives in clinical testing. Inhalation spray drug products may also 
be designed as premetered or device-metered presentations. A premetered unit 
contains previously measured amount of formulation in an individual container 
(e.g., blisters) that is inserted in the device for activation by the patient before use. 
A device-metered product contains sufficient amount of formulation for a prescribed 
number of multiple doses in a reservoir and each dose is delivered as an accurate 
metered spray by the device and through the unit life when activated by the patient. 
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However, design development approaches of the delivery system for device-metered 
drug products need to consider the potential contamination aspects of the remaining 
doses in the reservoir under patient use and misuse conditions.

21.2.5  Formulation Components

21.2.5.1  Drug Substance(s)

Drug substances impart clinical effectiveness of drug products. Therefore, a 
comprehensive characterization of the physical and chemical properties of the drug 
substance and understanding of their impact on the quality and performance of the 
drug product facilitates the drug development efforts and eliminate and/or minimize 
potential challenges down the stream [43, 44]. Some of the important properties of 
the drug substance can include, but are not necessarily limited to, bulk density, particle 
size distribution (PSD), particle morphology, solvates, hydrates, polymorphs, 
amorphous forms, solubility profile, and moisture content. Appropriate acceptance 
criteria utilizing validated test procedures (i.e., specifications) with emphasis on the 
critical attributes of the drug substance(s) are expected before and after any addi-
tional processing (e.g., micronization, conditioning) to ensure the continued repro-
ducibility of drug product quality and performance. Generally, the acceptance 
criteria of the drug substance are based on data for the drug substance batches used 
in nonclinical studies and in critical clinical, BE, and primary stability batches of 
drug product. At early stages of drug development, such a comprehensive approach 
in identifying the physicochemical properties of the drug substance that can influ-
ence the manufacturability, stability, and performance of the drug product, may pro-
vide enhanced continuity of the quality and batch-to-batch performance consistency 
of the resulting drug product.

21.2.5.2  Excipients

Excipients (including their quality) used in the manufacture of most MDI and DPI 
drug products are considered critical components for reproducible performance of 
such drug products. Typically, excipients are the largest constituents in these drug 
products and they, with properly selected physicochemical quality characteristics, 
play an important role in imparting the manufacturability and desired target perfor-
mance of these drug products. Other factors such as the route of administration (i.e., 
inhalation) and the sensitive nature of various patient populations (e.g., asthmatics) 
may also influence the selection of the nature and concentration of the excipients. 
The suitability of the toxicological aspects of the selected excipients for use in these 
drug products is expected to be thoroughly assessed, investigated, studied, and 
documented for their intended use.
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Thus, from a regulatory perspective full identification, thorough physicochemical 
characterization, safety evaluation, and comprehensive controls (e.g., identity, 
strength, quality, purity) of the selected excipient(s) from specified sources used in 
such drug products are considered to be critical, especially for those that comprise 
a significant portion of the formulation or if they can affect the dispersal character-
istics of the drug substance. Moreover, excipients need to meet appropriate specifi-
cations established a priori, based on physicochemical data from multiple batches 
of the excipient from a specified source used to prepare acceptable batches of the 
drug product used in nonclinical, critical clinical, BE, and primary stability studies. 
Like the active ingredients, the specifications for the excipients also need to include 
the critical relevant attributes before and after any additional processing (e.g., 
micronization, conditioning) to ensure the continued reproducibility of drug product 
quality and performance.

21.2.5.3  Manufacture and Packaging

From a regulatory perspective, a NDA is expected to include a detailed description of 
the manufacturing, processing, and packaging procedures and/or a complete batch 
record for the drug product. The manufacturing directions need to include specific 
information on, and control procedures for, operating process parameters and variables, 
as well as in-process controls of associated quality attributes of critical intermediates 
and/or at specified manufacturing steps to decrease controllable process variability 
and assure consistency in the quality and purity of the drug product.

The regulatory submission also needs to include information on validated pro-
cesses that describe in detail any additional procedure (e.g., micronization, spher-
onization, spray drying), type of equipment, operating conditions and parameters, 
as well as corresponding controls for the modification of the physical characteristics 
of the drug substance(s) and/or excipient(s) for use in the specific drug product. The 
overall final manufacturing methods are based on, and are reflection of, the proce-
dures that were appropriately generated through pharmaceutical development efforts 
and were implemented in the preparation of the critical clinical, BE, and primary 
stability batches. The sponsors should refer to guidances [44–47] relevant to manu-
facturing and packaging.

When a drug product includes blister unit, foil-foil, or secondary protective 
packaging, it is also expected that appropriate relevant information of these compo-
nents be included in the drug application. The notion of such pertinent information 
is to provide assurance for adequate sealing characteristics in terms of adhesion 
properties and mechanical performance of the units. These may include, for exam-
ple, selection and controls of appropriate materials and components, in-process 
parameters and controls of packaging operations, as well as development and estab-
lishment of suitable integrity testing and acceptance criteria for seal completeness 
and seal strength.

For inhalation aerosol drug products, to ensure their consistent and more reliable 
quality in the distribution channels, it would be a prudent that the good manufacturing 
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practice subject all units to appropriate stress heat conditions before equilibrium 
storage, followed by check weighing and spray testing of all units against set estab-
lished standards. Such an approach will enable manufacturer to cull out the units 
with marginal seal and/or inadequate performance prior to their release for distribu-
tion, and avoid serious potential safety and efficacy implications for the patients.

21.2.5.4  Specifications

Specifications are defined as the quality standards (i.e., tests, analytical procedures, 
and acceptance criteria) to confirm the quality of drug substances, drug products, 
intermediates, raw materials, reagents, components, in-process materials, CCSs, 
and other materials used in the production of drug substances or drug products [48]. 
From a regulatory perspective a full description of the specifications needs to be 
included in the NDA to ensure the identity, strength, quality, purity, and perfor-
mance of the drug product throughout its shelf life, and during the recommended 
period of patient use. Generally, the drug product specifications are based on data 
from multiple batches of the drug product used in critical clinical, BE, and primary 
stability studies. The associated analytical procedures for the test attributes need to 
be properly validated and documented [49, 50].

Tests related to in vitro performance characteristics of inhalation drug products 
are critical and need to be comprehensively established prior to initiation of the 
pivotal clinical and BE studies. Some of the tests are briefly described below. 
However, the reader should refer to the Agency guidance [16] for further details.

Table 21.2 includes the recommended pharmaceutical development and quality 
control test attributes for release and stability purposes of different inhalation drug 
products. Furthermore, solution for inhalation, suspension for inhalation, drug for 
inhalation solution, and drug for inhalation suspension drug products may require 
other test attributes, such as description, reconstitution time, moisture content, as 
applicable, prior to the addition of a suitable vehicle to yield the corresponding 
preparation (Table 21.1) and conform to the requirements presented in Table 21.2.

Table 21.3 includes a list of pharmaceutical development and final characterization 
studies for different inhalation drug products. Dosage form and drug product specific 
characterization studies are designed to characterize the performance properties of a 
given drug product and to assist in developing optimum labeling statements for the 
correct storage, use, cleaning of the device, and maintenance of the drug product. Such 
confirmatory studies based on well designed protocols are expected to be performed on 
representative batches of the drug product intended for commercialization.

21.2.5.5  Container Closure Systems (CCS)

For most inhalation drug products, unlike other conventional dosage forms, the 
clinical efficacy of the product may be directly dependent on the design, reproduc-
ibility, and performance characteristics of the CCS, which include the units that 



Table 21.2 Pharmaceutical development and QC test attributes for inhalation drug products

Test attributes
Inhalation 
aerosols

Inhalation 
powders

Inhalation 
sprays

Inhalation

Solutions Suspensions

Description (formulation  
and CCS)

Yes Yes Yes Yes Yes

Identification Yes Yes Yes Yes Yes
Assay Yes Yes Yes Yes Yes
Assay for preservatives  

and stabilizing  
excipients (if used)a

Yes Yes Yes Yes Yes

Impurities and degradation 
products

Yes Yes Yes Yes Yes

Content uniformity No Yesb Yesb Yes Yes
Delivered dose uniformity 

(DDU) through 
container life

Yes Yes Yes No No

Aerodynamic particle size 
distribution (APSD) 
through container life

Yes Yes Yes No No

Droplet size distribution 
through container life

No No Yes No No

Particle size distribution 
through container life

No No Yesc No Yes

Spray pattern Yes No Yesd No No
Foreign particulate matters Yes Yes Yes Yes Yes
Microbial limits Yes Yes No No No
Sterility test No No Yes Yes Yes
Leachables Yes No Yes Yes Yes
Water content Yes Yes No No No
Alcohol assay Yes (if used) No Yes (if used) Yes (if 

used)
Yes (if 

used)
Fill weighte Yes Yes Yes Yes Yes
Valve delivery (shot 

weight)
Yes, or 

performed 
on incoming 
valve

No Yesf or 
performed 
on incoming 
valve/pump

No No

pH No No Yes Yes Yes
Osmolality No No Yes Yes Yes
Viscosityg No No Yes Yes Yes
Delivery rate with the 

external nebulizer
No No No Yes Yes

Total amount delivered 
with the external 
nebulizer

No No No Yes Yes

APSD with the external 
nebulizer

No No No Yes Yes

a Generally, use of preservatives and other excipients are discouraged in inhalation drug products
b For premetered inhalation powder and premetered inhalation spray drug products
c For suspension preparations
d For device-metered inhalation spray drug products
e For device-metered inhalation powder and device-metered inhalation spray, and multidose inhalation 
solution and suspension drug products
f For device-metered inhalation spray drug products
g Viscosity if relevant
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Table 21.3 Pharmaceutical development and characterization studies for inhalation drug products

Studies
Inhalation 
aerosols

Inhalation 
powders

Inhalation 
sprays

Inhalation

Solutions Suspensions

Effect of temperature cycling Yes No Yes No Yes
Effect of resting times on  

performance between actuations
Yes No Yes No No

Number of actuations  
for initial and repriming

Yes No Yes No No

Deposition in delivery  
system components

Yes Yes Yes Yes Yes

Cleaning instructions  
of delivery system

Yes Yes Yes Yes Yes

Effect of shaking on performance  
of drug product

Yesa No Yesa No Yesa

Plume geometry Yes No Yes No No
In-use period determination  

for products with secondary 
protective packaging

Yes Yes Yes Yes Yes

Effect of repetitive patient use on 
performance of drug product

Yes Yes Yes No No

Effect of varying flow rates on 
performance of drug product

Yesb Yes Yesc No No

Assessment of triggering flow  
rate range for proper  
performance of drug product

Yesc Yesc Yesc No No

Drug product performance  
profile from labeled number  
of actuations till exhaustion

Yesd Yesd Yesd No No

Drug product in vitro performance 
proportionality (for multiple 
strengths)

Yes Yes Yes No No

Effect of unit orientation during 
actuation on in vitro performance

No Yes Yes No No

Content uniformity No Yese No No No
Shot weight Yes No Yese No No
Robustness for performance  

of the delivery system including 
maximum number of refills

Yes Yes Yes No No

Leak rate Yes No No No No
Preservative effectiveness (if used)f Yes Yes Yes Yes Yes
Photostabilityg No Yes Yes Yes Yes
a For suspension formulations
b For breath-activated and/or for drug product intended for use with a spacer
c For breath-activated or assisted drug products
d For products without dose lockout mechanism
e For device-metered inhalation powder and device-metered inhalation spray drug products
f Generally, use of preservatives are discouraged in inhalation drug products
g If warranted by the container
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contain, protect, meter, and deliver the formulation, including other components of 
the drug delivery system and any secondary protective packaging. For example, for 
inhalation aerosol drug products the CCS consists of the canister, valve, actuator, 
any additional accessories (e.g., integrated spacer), as well as all primary and secondary 
protective packaging, as applicable. Inhalation aerosol, inhalation powder, and 
inhalation spray drug products are also expected to include appropriate integrated 
dose-counting/indicating mechanisms to promote patient compliance [51].

The composition and relevant controls of each of the individual components of 
the CCS are considered critical for maintaining the chemical and physical stability 
of the formulation and ensuring reproducible performance characteristics of the 
drug product (e.g., delivered dose uniform [DDU] and APSD) in accord with 
the label claim. Thus, chemical composition and the quality of the materials used in the 
fabrication of these components need to be carefully selected at early development 
stages. The compositional information on most of the CCS components would be 
beneficial also in the development of the appropriate methodologies in the extract-
ables studies of the relevant CCS components and leachables studies of the drug 
product. Leachable studies are considered more critical for drug products that 
include liquid preparations (Table 21.1). For examples, inhalation aerosol formula-
tions include organic solvents; hence potential migration of compounds from the 
valve and canister components of the CCS into the formulation is a safety concern. 
Consequently, the chemical composition and quality of the materials used in the 
manufacture of these components need to be carefully selected to minimize leach-
ables without compromising the integrity or the performance characteristics of the 
drug product.

Extractable are compounds that can be generated from elastomeric and plastic 
components, or coatings of the CCS when in presence of solvents and under appro-
priate experimental conditions. Leachables (typically a subset of extractables) are 
compounds that may migrate into the formulation of the drug product from the 
elastomeric and plastic components, or coatings of the CCS as a result of direct 
contact with the formulation of the drug product under stability storage conditions. 
Leachables may also be found in the drug product as residual contaminants result-
ing from processing aids, such as lubricants and cleaning agents, employed during 
the manufacture of the drug product or the fabrication of the CCS components.

Details of extractables and leachables study protocols and safety assessment 
approaches of the resulting extractables and leachables are described in a number of 
documents [16, 42, 52–55].

Normally, it is expected that appropriate qualification studies of the CCS compo-
nents, their compatibility with the formulation, and the performance characteristics 
of the device are thoroughly investigated and well developed before initiating critical 
clinical, BE, primary stability, and relevant characterization studies. For example, 
efficient extractables and leachables testing programs early on in the drug develop-
ment process may facilitate determination of the qualification studies of the CCS 
components, safety risk assessment of the resulting extractables, and the suitability 
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of the component materials for use in such drug products. Identity and concentration 
profiles of the observed leachables are confirmed through studies of the primary 
stability batches of the drug product that include testing at multiple time-points 
through the end of its proposed shelf life. Such leachables data may also be related 
to the extractables of various CCS components obtained under different controlled 
extraction study conditions. It may be prudent to conduct appropriate and systematic 
extraction studies with batches of CCS components used in the leachables studies. 
The associated analytical method development and validation studies for extract-
ables and leachables are based on the International Conference for Harmonization 
(ICH) Guideline [49].

A properly performing drug product accurately delivers quantities of the drug 
substance in accord with the label claim (e.g., DDU) and in the desired physical 
form (e.g., APSD) through the life of the device and throughout the shelf life of the 
drug product. Furthermore, the device design considerations need to ensure rugged-
ness of the device, performance reliability of the drug product, and include features 
to prevent unintentional multiple dosing of the unit.

Relevant, supportive, and specific information and specifications on the CCS and 
its components intended for different inhalation drug products that are expected to 
be included in a NDA and supportive authorized corroborative drug master files 
(DMFs) are provided in several FDA guidances [16, 42, 52, 53].

21.2.5.6  Stability

Stability studies provide a means for assessing the physical and chemical stability, 
as well as the performance of the drug product, intended for marketing, under 
various storage and in-use conditions (Tables 21.2 and 21.3). To this end ade-
quate stability data need to be generated and appropriately assessed based on a 
well designed comprehensive and detailed stability protocol(s) [16, 49, 56]. The 
proposed expiration dating period for the marketed drug product and the in-use 
period of the compromised drug product will be based upon appropriate and 
acceptable data base generated on adequate number of qualified test batches of 
the drug product.

21.3  In Vitro Performance Evaluations

The foregoing discussion on the CMC aspects of inhalation drug products identified 
a number of in vitro evaluations applicable to the development and approval of inhalation 
products. Among these, some tests can also be applicable to other pharmaceutical 
forms whereas other tests are unique to inhalation products because they measure 
the performance of the complex drug product over time. A complete description of 
each of these tests is beyond the scope of this chapter. However, some details may 
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be found in the Agency guidance [16] and elsewhere [57, 58]. The in vitro tests 
which influence drug release from inhalation drug products and their in vivo safety 
and efficacy are required at both preapproval and postapproval (batch release) 
stages. The tests are related to the amount and quality of the delivered drug such as 
PSD, spray pattern, and plume geometry. The applicable tests are briefly described 
below due to their pre- and postapproval applicability in evaluation of the perfor-
mance of both new and generic inhalation drug products.

The amount of drug delivered is measured using the United States Pharmacopeia 
(USP) recommended apparatus in terms of delivered dose. The evaluations are 
based on the delivered (emitted ex-actuator) drug mass from primed products. The 
delivered mass of drug substance is expressed both as the actual amount and as a 
percentage of the label claim.

The form of drug delivered from inhalation products is characterized in terms of 
PSD in the aerosol plume or spray. The PSD of the emitted dose is determined 
based on cascade impaction and laser diffraction techniques [59]. Cascade impac-
tors fractionate and collect particles of one or more drug components by aerody-
namic diameter through serial multistage impactions using, for example, USP 
Apparatus 1, 3 or Apparatus 5, 6 (with appropriate accessories) and/or other com-
plimentary particle sizing methods, if applicable. Measurable levels of drug below 
the top stage of the cascade impactor are a function of the specific drug product and 
the experimental setup and procedure, including the number of actuations and 
assay sensitivity. The equipment and accessories are selected so that the majority 
of the dose is introduced into the impactor for fractionation. The cascade impactors 
are operated at the compendial (if applicable), the manufacturer recommended or 
labeled (e.g., DPIs) flow rates. In addition, a fundamental consideration in the use 
of cascade impactors is the number of actuations/inhalations per test. The Agency 
prefers the use of the fewest actuations justified by the sensitivity of the assay. 
Thus, a validated and sensitive assay should be used for quantitation of drug depo-
sition at the various sites.

Methods based on laser diffraction techniques may provide additional informa-
tion on PSD of emitted sprays. These methods analyze size of droplets in spray 
plumes irrespective of the presence or absence of particles in the droplets, and irre-
spective of the type of particle (drug or excipient or a mixture of both). Laser dif-
fraction instruments use a low-power laser transmitter. The laser beam passes 
through a filter and a collimating lens to produce as clean parallel beam. The laser 
beam is focused by a collector lens known a Fourier transform lens and focused to 
a point on a radial array of silicon diode detectors [60]. The instruments measure 
the intensity of scattered light at known distances from a central target through which 
the laser would pass in the absence of droplets [61]. The droplets passing through the 
laser beam scatter light at various angles [62]. The basic principle of determination 
of droplet size by laser diffraction is that angles at which the laser light is scattered 
are inversely proportional to the droplet size [63].

Testing for the shape of plume/spray may be limited to inhalation aerosols and 
sprays. The test methods are designed to measure spray pattern and plume geometry 
as they are relevant to the performances of the valve and the actuator [16]. The spray 
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pattern and plume geometry can be influenced by the nature of the formulation [16, 
64] and a number of factors including the size and shape of the actuator orifice, the 
design of the actuator, the size of the metering chamber, the size of the stem orifice 
of the valve [65], and the vapor pressure in the container.

Spray pattern studies characterize the spray either during the spray prior to 
impaction, or subsequent to impaction on an appropriate target such as a thin-
layer chromatography plate. The FDA also accepts studies based on nonimpaction 
methods and the recommendations made in its guidance for nasal drug products 
[66] are also applicable to spray pattern studies on inhalation aerosols. Plume 
geometry describes a side view of the aerosol cloud parallel to the axis of the 
plume. It may be evaluated by high speed freeze-frame photography or laser light 
sheet technology.

Plume geometry is described in terms of the plume cone angle and plume width 
[66]. The plume angle is based on the conical region of the plume extending from a 
vertex that occurs at or near the actuator tip. Plume width measurements may be 
reported at a single delay time while the fully developed plume is still in contact 
with the actuator tip.

21.4  In Vivo Evaluations

Evaluation of safety and effectiveness of new drugs is based on nonclinical 
studies and clinical trials in humans. The nonclinical testing includes character-
ization of the drug’s mode of action, absorption, distribution, metabolism and 
excretion (ADME), and toxicity using in vitro and in vivo (animal) systems. 
These studies establish pharmacological profile of the drug and determine its 
acute and short-term toxicity. Two or more animal species (one rodent, one non-
rodent) are tested because a drug may affect one species differently from another. 
The duration of animal studies may depend on the proposed duration of treat-
ment for the clinical studies in humans. A comprehensive discussion regarding 
nonclinical pharmacology and toxicology testing is beyond the scope of this 
chapter; interested readers may refer to published literature [67–72] and contact 
the appropriate FDA Division for up-to-date information.

Toxicology data combined with nonclinical pharmacokinetic (PK) studies 
along with pharmacodynamic (PD) determinations provide basis for modeling of 
time course and intensity of drug effects [73], the information that becomes an 
important part of the Investigational New Drug (IND) application [74]. The IND 
meeting package [75] generally includes a summary of nonclinical investigations 
and a concept sheet of a study protocol to solicit advice/input from the FDA 
reviewers regarding the IND, particularly appropriateness of dose or dosing regi-
men, safety parameters to be assessed in first time in man study. The FDA review 
teams are multidisciplinary to include nonclinical pharmacologist/toxicologist, 
chemist, pharmacokineticist, biopharmaceuticist, clinical pharmacologist, medical 
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officer, microbiologist, and statistician. Establishment of an IND provides a 
regulatory go-ahead for clinical development and evaluation of the investiga-
tional drug. However, protocols for all studies conducted in human subjects in 
US that would become part of the NDA have to be submitted for the Agency 
review regarding safety of the subjects to be enrolled in the study. If the Agency 
has safety concern(s), it may place the protocol on “clinical hold” until the iden-
tified concern(s) are satisfactorily resolved. In addition to the Agency’s approval, 
all protocols as well as the informed consent documents that volunteers sign 
prior to participating in a clinical study must be approved by institutional review 
boards (IRBs). The IRBs are independent committee of physicians, community 
advocates, and others that ensures a clinical trial is ethical and the rights of study 
participants are protected.

The clinical development program for regulatory approval for marketing of a 
drug product usually consists of three phases. Phase I investigations are generally 
conducted to study PKs, and establish safety and tolerability of the drug. These 
studies represent the first time the investigation drug is administered to humans. 
They are carried out in healthy volunteers, which are small in number – usually 
20–100 to identify metabolic and pharmacological effects of drug in humans and to 
determine the side effects associated with increasing doses and, if possible, to gain 
early evidence on effectiveness. The studies typically include formulation develop-
ment, assessment of metabolic pathways, PK and PD studies as well as determina-
tion of intrinsic and extrinsic factors (e.g., gender, food, disease and other drugs) 
which may influence the drug action.

Phase II studies are designed to determine effectiveness and further explore the 
safety of the candidate drug in humans. This phase of testing also helps determine 
the common short-term side effects and risks associated with the drug product. 
Phase II studies are typically well-controlled, closely monitored, and conducted in 
a relatively small number of patients, usually involving few hundred subjects. 
These investigations are typically dose-ranging and proof-of-concept studies in 
patients suffering from the condition the investigational drug product is designed 
to treat. Most Phase II clinical trials are randomized or randomly divided into 
groups – one of which receives the investigational drug product and the other gets 
a placebo product containing no medication. Sometimes a third group may be 
included to receive a current (if applicable) standard treatment with which the new 
investigational drug is compared. These controlled clinical studies determine safety 
and effectiveness of the drug in treating the target population and establish the 
minimum and maximum effective dose. Phase II studies may be split into “learn-
confirm” (Phase IIa) and “confirm-learn” (Phase IIb) [74, 76]. Phase IIa studies are 
used to learn drug efficacy in patients to confirm observations regarding safety, 
PKs, drug effects observed in the Phase I studies, explore biomarkers and surrogate 
endpoints and establish proof-of-concept. Phase IIb studies confirm what was 
learnt in Phase IIa and evaluate the drug in larger patient populations to further 
characterize the response surface. These studies may include subsets of patient 
population that are most likely to exhibit clinical benefit based on the observations 
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made in Phase IIa. Measures of safety and effectiveness used in the Phase II may 
be the actual endpoints employed in the Phase III pivotal clinical trials. However, 
due to relatively short duration of studies and smaller sample size convincing evi-
dence for efficacy is often not obtainable in Phase II.

Phase III studies provide expanded testing of effectiveness and safety of the 
candidate drug product, usually in randomized and blinded clinical trials. During 
this phase the safety and efficacy testing is conducted in several hundred to thou-
sands of target patients to evaluate the overall benefit–risk relationship of the drug. 
These studies provide an adequate basis for extrapolating the results to the general 
population and incorporating that information into the physician labeling. Phase III 
studies generally consist of two positive well-controlled large multicenter trials 
confirming the effectiveness and safety of the drug product. In some cases, (how-
ever infrequent) characterization of response surface based on adequate PK/PD 
data [77] from earlier clinical trials may contribute towards confirmatory evidence 
for effectiveness and safety of the drug and eliminate the need for a second pivotal 
clinical trial.

Drug testing may continue after the Agency has approved the drug products. The 
postapproval (Phase IV) clinical testing may be recommended by the Agency or 
initiated by the sponsors. Some studies focus on previously unknown side effects or 
related risk factors. Phase IV investigations include determinations of safety and 
efficacy of uses beyond the drug’s original application. These studies may test a 
proven drug in broader patient populations and compare the long-term safety and 
effectiveness. These investigations also collect and analyze long-term safety data on 
patients treated in normal practice.

The forgoing provides a brief statement regarding the in vivo testing of new 
drugs which is intended to provide information regarding drug safety (short and 
long term) and effectiveness, clinically effective dosing regimens, suitability for 
treating special populations (e.g., pediatric and geriatrics) and PK consideration 
for use in special populations (e.g., patients with renal and/or hepatic impairment) 
and concomitant administration of other drugs. Though in vivo evaluation paradigms 
generally applicable a wide range of drugs are also relevant to inhalation drugs, 
these drug products warrant special consideration due to their complex nature of 
drug products, mode of drug delivery, and target sites for effectiveness (local) and 
safety (local and systemic). Thus, the conventional protocols for nonclinical evalu-
ation would require modification to accommodate issues unique to the inhalation 
drug delivery including possibility of local toxicity and unintended systemic effects. 
Administration of drugs through the inhalation route may cause greater toxicity 
than observed with other routes. Furthermore, inhaled dose is more difficult to 
determine than intravenous or oral doses, and it is harder to relate dose in laboratory 
animals to that in man for inhalation exposure than for other routes of administra-
tion. Extrapolation of animal toxicity data to man is also more complicated because 
people generally inhale through the mouth, whereas most laboratory animals inhale 
primarily through the nose. Special studies on pulmonary function, mucociliary 
clearance, or immune response may be needed, depending on the nature of the 
inhaled pharmaceutical.
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Clinical evaluation of the inhalation drug products is also complicated by the very 
fact that these products are combination of drug and device. The clinical studies are 
designed to evaluate the safety of the drug product including the drug moiety, the 
excipients and device components. In addition, the clinical studies evaluate the per-
formance and reliability of the device over its proposed use life [78]. Additional 
evaluation may be required for characterization of the dose delivery from the device 
with respect to special populations (e.g., pediatrics, severely compromised asthmatics 
and chronic obstructive pulmonary disease patients), because the device-patient 
interactions may differ substantially among the targeted patient populations.

Common to all clinical evaluations is the determination of the safe and effective 
dose and the appropriate dosing intervals. Selection of dose(s) for the pivotal Phase 
III studies is generally based on the available information (from previous studies) 
including PK, PD, or clinical data relevant to the expected clinical benefit from the 
selected drug. If the sponsor intends to market more than one dose, the placebo-
controlled clinical trials are designed to provide assessment of relative effectiveness 
and safety at the target doses. Furthermore, if the targeted benefit(s) is not explored 
in the short-term studies, the definitive Phase III trials may include a range of doses 
while taking into consideration the risk-benefit assessments. The dose selected for 
the new product is supported by adequate efficacy and safety data.

Determination of the appropriate dose(s) and dosing interval forms the basis of 
clinically relevant dosing regimens. Dosing interval may be influenced by, among 
other things, PK and PD properties of the drug. Dosing intervals for the pivotal 
clinical trials are generally based on the available information regarding duration of 
the clinical effect(s). The validity of the selected dosing intervals is established by 
periodic evaluations of clinical effects of the drug at the end of its dosing interval 
(immediately prior to the next dose). The chosen dosing interval should be adequate 
to provide the clinical benefit over the selected period.

The focus of this chapter is on inhaled respiratory drugs. The principal use of 
majority of the orally inhaled respiratory drug products is for the treatment of two 
major pulmonary diseases, asthma and chronic obstructive pulmonary disease 
(COPD). Though some of the available drug products might be indicated for both 
diseases, clinical testing requires consideration unique to the disease and its 
treatment.

21.4.1  Asthma

The NHLBI guidelines [79] define asthma as “a chronic inflammatory disorder of 
the airways in which many cells and cellular elements play a role: in particular, mast 
cells, eosinophils, T lymphocytes, macrophages, neutrophils, and epithelial cells. In 
susceptible individuals, this inflammation causes recurrent episodes of wheezing, 
breathlessness, chest tightness, and coughing, particularly at night or in the early 
morning. These episodes are usually associated with widespread but variable 
airflow obstruction that is often reversible either spontaneously or with treatment. 
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The inflammation also causes an associated increase in the existing bronchial 
hyperresponsiveness to a variety of stimuli. Reversibility of airflow limitation may 
be incomplete in some patients with asthma.” The guidelines categorize the asthma 
medication in two broad groups: (1) quick-relief medications used to treat acute 
symptoms and exacerbations, and (2) long-term control medications used to achieve 
and maintain control of persistent asthma. Among the locally acting inhaled drugs, 
short-acting beta-agonists (albuterol, levalbuterol) are the recommended reliever 
drugs, whereas the controller drugs include corticosteroids, long acting beta-agonists 
(salmeterol, formoterol) and cromolyn sodium and nedocromil. The quick-relieving 
action of the reliever drugs is principally due to their ability to assert acute broncho-
dilation which is short-lived (4–6 h). On the other hand, manifestation of the clinical 
efficacy of controller drugs may take anywhere from less than an hour (long acting 
beta-agonists) to several days (corticosteroids). The noted difference in the onset 
and duration of action may influence many aspects of the PK, PD, and clinical study 
designs for evaluation of the two classes of the drug products.

21.4.1.1  Reliever Dugs

The programs for clinical efficacy assessment of reliever (bronchodilator) drugs 
include dose-ranging studies, cumulative-dose safety studies, and definitive efficacy 
and safety studies [78]. The dose-ranging studies are generally single-dose, multi-
ple-period, placebo-controlled, evaluations based on bronchodilation or bronchop-
rotection endpoints. The preferred measure of efficacy for most asthma drugs is 
bronchodilation and is primarily based on the forced expiratory volume in the first 
second (FEV

1
). Other models (e.g., bronchoprotection) may be used but their utility 

is limited to studies of PD responses; the data may not be used to support definitive 
clinical outcome. In bronchoprotection studies, the efficacy is generally based on 
the concentration of the provocative agent which induces bronchospasm to reduce 
the postdose FEV

1
 by a defined percentage. Currently methacholine is the only 

approved provocative agent. The bronchodilator activity of the test drug is measured 
in terms of the amount of methacholine that reduces FEV

1
 by 20%. The amount 

may be expressed in terms of concentration (PC
20

) or dose (PD
20

) of methacholine. 
The tests are conducted according to the established guidelines [80].

The cumulative-dose safety studies are primarily intended to assess PD measures 
of systemic exposure. These studies are based on sequential administration of drug 
(e.g., 1 puff, 2 puffs, 4 puffs every 30 min) to assess PD safety [78] using appropri-
ate safety endpoints (see Sect. 21.4.3).

Consistent with the requirements for approval of all new drugs, the approval of 
new inhalation drug products require evidence for effectiveness based on at least 
two randomized and controlled Phase III trials. The Agency expects the two trials to 
be positive and replicative. For the reliever drugs, the clinical studies are based on 
at least 12 weeks of active treatment [78] and the postdose serial FEV

1
 as the pri-

mary measure of efficacy. The study duration and design may be influenced by the 
history of the device and formulation.
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21.4.1.2  Controller Drugs

The Agency recommends dose-ranging studies and definitive efficacy and safety 
studies [78]. PK assessments are important to address drug safety in the Dose-
ranging studies. The design of the studies for clinical evaluation of corticosteroids 
is influenced by a noted lack of dose response based on conventional primary effi-
cacy endpoint FEV

1
 [81–84]. The sponsors may consider alternative study designs 

with consultation of the review Division.
The duration of the pivotal efficacy studies is at least 12 weeks. Primary effica-

cies variables include predose FEV
1
, occurrence of exacerbation, withdrawal of 

known effective drug(s), symptom score, etc. [78]. Secondary endpoints may 
include, but not limited to, rescue medicine use, bronchial hyperresponsiveness, 
symptom scores, and nocturnal awakenings.

21.4.2  COPD

COPD is characterized by the airflow limitation that is not fully reversible [85]. The 
airflow obstruction is usually progressive and is associated with an abnormal inflam-
matory response of lungs to noxious particles, gases, or cigarette smoking. COPD 
patients may also exhibit a varying degree of lung tissue destruction, and heteroge-
neity in symptoms of the disease [86]. Most common symptoms include cough, 
excess sputum production, and dyspnea [85].

Clinical paradigms for evaluation of inhaled drugs for COPD are generally based 
on the same principles as used for asthma drugs, however with particular focus on 
reduction of airway obstruction. Due to uniqueness of this disease the Agency rec-
ommends [86] a variety of points to consider for the development of a program for 
clinical evaluation of COPD drugs. These considerations include, but not limited to, 
Target Disease and Indication, Types of Therapeutic Agents for COPD, Study 
Populations, Dose Selection, Efficacy Variables, and Study Duration.

COPD is a complex disease which consist of entities (emphysema and bronchi-
tis) which are clinically and histologically distinct [87, 88] and the selected drug 
may affect one not the other. A determination of the target disease/indication will 
influence many aspects of the clinical studies. The drug may be intended to improve 
one or more elements of the disease including airflow obstruction, symptoms, exac-
erbations, progression of the disease [89]. Therefore, clinical evaluation of each of 
the COPD targets warrants careful selection of the clinical endpoints and study 
designs which may support specific indication(s) [86].

The noted complexity of COPD also influences the choice of target population 
enrolled for the clinical trials. Though, the chosen drug may selectively impact one 
of the subsets (chronic bronchitis or emphysema), these subsets may coexist [87, 88]. 
Thus, development of clinical protocols to evaluate one subset would require 
careful selection of the patient enrollment criteria. If the clinical trials are deigned 
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to evaluate therapy for one subset of the disease, the approved indication will be 
accordingly restricted to that subset [86].

Like many other drugs, the assessment of efficacy of COPD drugs may be based 
on primary and secondary efficacy variables. The primary measures of activity of 
drugs for COPD are selected to address the desired outcome, which may include 
improvement of airflow obstruction, symptoms, exacerbations, or mitigation of the 
disease. Air flow obstruction is generally based on pulmonary function testing 
through spirometry for FEV

1
 measurements because FEV

1
 and a ratio of FEV

1
 and 

forced vital capacity (FVC) are the most useful indices of airflow impairment from 
the airway obstruction [90, 91] and is accepted as a variable to support efficacy. A 
change in postdose FEV

1
 for a bronchodilator drug and change in predose FEV

1
 for 

a nonbronchodilator drug are considered to be the valid indicators of improvement 
in airflow [86].

The primary efficacy variable chosen to reflect symptom relief should demon-
strate the desired improvement which is clinically relevant. For example, for drugs 
developed for improvement in exacerbations, the primary efficacy variable should 
be a clinically relevant measure of exacerbations reflecting improvements in sever-
ity, duration and frequency of exacerbations. Comparison of pre- and postexacerba-
tion FEV

1
 may be considered a primary efficacy variable [86].

FEV
1
 is also a preferred primary efficacy variable to assess efficacy of drugs 

developed to mitigate progression of COPD. Serial measurements of FEV
1
 over 

time might be used to support alteration of disease manifested as change in postdose 
decline in FEV

1
 [86]. However, a change in FEV

1
 may not support a claim of alter-

ing disease progression, if the chosen drug itself is a bronchodilator.
Secondary efficacy variables generally provide information to support to the pri-

mary efficacy. In COPD, secondary assessments may be useful in evaluating the 
relevance of mean changes in FEV

1
, the primary endpoint variable. Commonly used 

secondary efficacy variables include various measures of lung function, exercise 
capacity, symptom scores, activity scales, and health-related quality of life measure-
ments [86].

An important consideration in the design of any clinical trials is the duration of 
the active treatment. Since the drugs for COPD may be developed for one or multiple 
indications, the study duration may vary with the proposed indication [86]. To estab-
lish efficacy of drugs intended to reduce airflow obstruction, treatment duration may 
be 3 or 6 months for bronchodilators or nonbronchodilator agents, respectively. For 
drugs intended to provide symptom relief or to mitigate exacerbations the duration of 
treatment should be at least 6 months or 1 year, respectively. If a therapeutic agent 
that is developed to modify lung structure, treatment durations may be few years. 
Longer durations of treatment may be required to adequately assess safety [86].

Proper design and conduct of studies to evaluate COPD drugs require consider-
ation of many other factors including, but not limited to, study designs, concomitant 
treatments, management of smoking and device characteristics particularly with 
respect to the patient’s ability to generate adequate air flow. A detailed discussion of 
these topics is beyond the scope of this chapter. The sponsor should refer to the 
relevant Agency guidances and contact the review Division for up-to-date advice.
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21.4.3  Safety Considerations

The locally acting orally inhaled drug products are developed for drug delivery to 
the respiratory tract. However, depending upon the efficiency of the delivery device 
a significant portion of the emitted dose gets deposited in the oropharyngeal cavity 
with opportunity for absorption into the systemic circulation. Therefore, paradigms 
for evaluation of safety of orally inhaled drugs warrant consideration for local 
(respiratory tract) and systemic safety. Whereas the local toxicity may be due to the 
interaction of cells/tissue with the drug and its metabolites, excipients or leachables 
(if any), systemic toxicity principally arises from presence of drugs and metabolites 
in the systemic circulation. Both bronchodilators and maintenance drugs are known 
to assert systemic side effects manifested through drug related changes in PD end-
points (e.g., serum potassium and cardiac toxicity for beta-agonists [92–94] and 
anticholinergics [95, 96] and markers of possible adrenal suppression by corticos-
teroids [97–102]). Some of the systemic effects of corticosteroids (e.g., growth 
[103–105] and bone density [106, 107]) would require long-term safety assessments 
based on appropriate endpoints. The duration and design of safety studies may vary 
with the history of the drug product (e.g., new product (drug and device) or refor-
mulated product (formulation or device change)).

21.5  Combination Drug Products

Based on 21 CFR sections 3.2 and 300.50, the combination products may include 
two or more active drugs or drug(s) and device. The combination products approved 
for respiratory diseases may include one or more active drugs with appropriate 
device(s). The products which include two individual active drugs which might 
contribute (despite distinctly different mechanisms of action) to the same clinical 
outcome such as improvement in lung function indicated by postdose FEV [86], 
attenuation of obstruction, relief of symptoms, and the combined clinical effect is 
generally greater than that of the individual components. The currently approved 
products include combinations of a bronchodilator and a corticosteroid [33, 108–110] 
or two bronchodilators with different modes of action [111].

Evaluation of combination products would require assessment of product perfor-
mance (in vitro) based on measurements of individual components. Similarly, the 
in vivo PK studies would include measurement of systemic exposure form individ-
ual components in the combination products. These studies would require special 
consideration with respect to assay sensitivity and blood sampling times, because 
the concentration-time profile of the two active drugs may be distinct, both qualita-
tively and quantitatively.

Considerations for clinical evaluation of combination products in pivotal trials 
depend upon the actives in the combination. Determination of efficacy generally 
includes comparison of the clinical effect(s) of the combination product to each of 
its individual components in the same clinical study to show that the combination 
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product provides clinical benefit that is superior to each of its constituents [33, 108–110]. 
The Agency requires clinical data supporting the contribution of each component to 
the efficacy and the safety of the combination product in the population of interest.

21.6  Extended-Release Inhalation Drug Products

Extended-release dosage forms are defined, from regulatory perspective, as pharma-
ceutical preparations that release a drug (or drugs) in such a way to allow a reduction 
in dosing frequency as compared to the drug (or drugs) presented as an immediate 
release (IR) preparation [112]. Similarly, the USP describes them as preparations that 
are formulated in such manner as to make the contained medicament available over 
an extended period of time following ingestion [113]. Other terms, such as controlled-
release, sustained-release, prolonged-action, and repeat-action have been used in the 
literature to describe similar drug release mode. However, for regulatory and phar-
macopeial purposes and for consistency the phrase “extended-release” has been 
adopted. Some of the desired goals of such preparations may include decreasing dos-
ing frequency and thus increasing patient convenience and compliance, and prolong-
ing duration of action with potentially decreasing side effects of the drug.

Recently, there have been noted research interest and focus on ER inhalation 
drug products [114–118]. Different potential approaches in developing ER inhala-
tion preparations include, but not limited to, liposomes, biodegradable microspheres, 
and other polymeric materials. However, to date there are no approved ER inhala-
tion preparations in USA.

The quality considerations for ER inhalation drug products, from a regulatory 
perspective, are similar to the corresponding IR inhalation drug products described 
above in various sections and in Tables 21.2 and 21.3. However, depending on the 
type of the product formulation, its composition, drug release mechanism and its 
profile, and frequency of administration specific additional information and specifi-
cations would be applied to characterize the product and to ensure batch-to-batch 
reproducibility. For example, for liposomal preparations, information on lipid com-
position and nonlipid components would be expected. Characterization of such drug 
products may include morphology and lamilarity determination, liposomal integ-
rity, phase transition temperature, encapsulated and unencapsulated drug substance 
content, lipid content, stability of lipid components and their degradation profile, 
in vitro release profile of the drug substance from the liposomal drug product, etc. 
The in vitro release profile criterion of the drug substance from the formulation 
matrix would be appropriate to all ER inhalation drug products using suitable and 
validated test methods and procedures. The release criteria are expected to be related 
to or based upon batches that will be used in the nonclinical, PK, clinical efficacy, 
and primary stability studies.

From the therapeutic view point, drug products marketed in ER formulations 
are generally developed to provide therapeutic effects of drugs over prolonged 
periods with fewer administrations than required for same level of therapy using 
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the IR formulations of the same drugs. One dosage unit of extended-release 
product may contain multiple doses found in the immediate release unit [119]. 
Therefore, the total dose used in an ER formulation over a dosing interval may 
generally be the same as would be required from multiple dosing with the IR for-
mulation over the same period.

Though ER products are available in a variety of dosage forms, there are no 
approved ER products for delivery to the respiratory tract. The current lack of 
approved ER formulation of drugs for diseases of the respiratory tract may be due 
to a number of factors such as the need for immediate bronchodilatory action neces-
sary for rescue of the subjects suffering from episodes of acute bronchospasm, 
availability of long acting bronchodilators (like formoterol and salmeterol) products 
that maintain lung caliber for prolonged periods, and the lack of need for sustained 
formulations of maintenance drugs (e.g., corticosteroids) due to the notable pro-
longed time for the onset as well as duration of their action. Other factors which 
may contribute to deterrence for the potential commercial development of ER inha-
lation drug products may include, among others, long-term safety considerations for  
the excipients intended for use in such inhalation drug products at the proposed 
concentration and total daily intake. Development of controlled release formula-
tions may require the use of excipients that have not been approved for the inhala-
tion route of administration. Therefore, safety issues also may arise from potential 
local (lung) toxicity concerns [120–122] due to sustained presence of these drugs 
and/or combinations of drugs and excipients.

Recent scientific advancements with potential for development of ER products 
include advances in application of nanotechnology. Pharmaceutical/medicinal use 
of nanotechnology in drug development has attained significant attention [123–125]. 
In addition, its potential in the development of drug formulations for pulmonary 
diseases has been discussed [126–131]. Delivery of drugs to the lungs in large 
porous matrices may cause retention of the particles in the lungs accompanied with 
a prolonged drug release [132]. These particles have numerous advantages over 
other delivery systems due to their unique characteristics such as small particle size, 
large surface area, and the capability of changing their surface properties. So far the 
FDA has not approved an orally inhaled drug product prepared from substance(s) 
using nanoparticles. Employment of nanoparticles in locally acting respiratory 
products warrants, among other, careful consideration of both local and systemic 
toxicity [133–135] due to the drug-excipient interactions, substance (drug and/or 
excipient)-tissue interaction, and possible increase in bioavailability of the drug due 
to small particle size [136–138].

21.7  Generic Inhalation Drug Products

The FD&C Act has been amended at many occasions. In 1984, the Hatch-Waxman 
amendments (Drug Price Competition and Patent Term Restoration Act of 1984) 
created Section 505(j) of the Act [21 USC 355 (j)] established a process for the 
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abbreviated new drug application (ANDA) for approval generic versions of approved 
pioneer drugs. Based on these amendments, manufacturers of generic drugs are 
required to show (among other things) sameness in active ingredient, dosage form, 
route of administration, labeling, quality, performance characteristics, and intended 
use. In addition, the applicants are required to demonstrate acceptable in vitro and 
in vivo performance of generic products.

Like the product specificity of the CMC information required for the NDAs, the 
contents of the ANDA CMC packages may vary with the drug, drug product, and its 
intended use. The Office of Generic Drugs (OGD) has not issued guidance for CMC 
portion of the applications seeking approval of respiratory drugs. However, in prin-
ciple, the above mentioned CMC considerations related to respiratory drugs are also 
applicable to the development of generic respiratory drugs.

As stated above, safety and efficacy of generic drugs is based on BE studies. 21 
CFR 320.24(b) provides in the descending order of preference a list of approaches 
that are used for documentation of BE. The listed methods include: (1) an in vivo 
test in humans in which the concentration of the active ingredient or active moiety, 
and, when appropriate, its active metabolite(s), in whole blood, plasma, serum, or 
other appropriate biological fluid is measured as a function of time, (2) an in vitro 
test that has been correlated with and is predictive of human in vivo bioavailability 
data, (3) an in vivo test in humans in which an appropriate acute pharmacological 
effect of the active moiety, and, when appropriate, its active metabolite(s), is mea-
sured as a function of time if such effect can be measured with sufficient accuracy, 
sensitivity, and reproducibility, (4) well-controlled clinical trials that establish the 
safety and effectiveness of the drug product, for purposes of measuring bioavail-
ability, or appropriately designed comparative clinical trials, for purposes of dem-
onstrating BE, (5) a currently available in vitro test acceptable to the FDA that 
ensures human in vivo bioavailability, and (6) any other approach deemed adequate 
by FDA to measure bioavailability or establish BE. The type of studies required for 
documentation of BE may vary with the drug product. For majority of drug products 
which act through systemic circulation, acceptable performance of the generic 
products is generally based on in vivo PK studies and in vitro dissolution comparing 
the generic product and the corresponding RLD [2].

For many drug products which act through systemic circulations and some 
locally acting products [139], the Agency does not require the formulations of the 
generic products to be the same as that of the innovator as long as the required BE 
criteria are met. The generic product formulations may differ both qualitatively 
and quantitatively from the corresponding RLDs with respect to inactive ingredi-
ents. However, that allowance is not applicable to generic inhalation drug products. 
The Agency currently uses a “Weight of Evidence” approach [140, 141] to include: 
(1) Qualitative (Q

1
) and Quantitative (Q

2
) sameness of formulation, (2) acceptable 

comparative in vitro performance, (3) equivalent systemic exposure, and (4) equiv-
alent delivery to the local site of action (lung). Among these four components, the 
latter three require comparative studies to support BE between the generic and 
reference products.
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Currently, the applicants seeking approval of generic respiratory drugs are 
required to provide evidence supporting all four element of the “Weight of Evidence” 
approach, and the elements are evaluated individually. The following provides a 
brief description of concepts and methods for determination of equivalence of 
generic drugs based on this approach.

21.7.1  Q
1
 and Q

2
 Sameness of Formulations

The Q
1
 sameness implies that the generic product contains the same inactive 

ingredients as the RLD, and the Q
2
 sameness means that the generic product con-

tains all inactive ingredients at concentrations within ±5% of the concentrations in 
the RLD [66].

21.7.2  In Vitro Equivalence

The available draft BA/BE guidance for Nasal sprays and Aerosols [66] provides 
the Agency recommendations regarding in vitro tests. Some of these tests in prin-
ciple are applicable to inhalation aerosols. Regulatory considerations for in vitro 
testing can be found in recently published articles [58, 66, 140, 141].

Comparative in vitro performance of conventional dosage forms may be based 
on single lot each of the test and reference products. However, for inhalation aero-
sols, the OGD requires demonstration of comparative in vitro performance using 
three batches of the generic and RLD products. The test product batches should be 
manufactured consistent with the Current Good Manufacturing Practices (cGMP) in 
a production facility using equipment of the same design and operating principles 
as will be used for commercial batches. The operations should be performed by 
appropriately qualified individuals and the batches fully packaged.

The FDA recommends establishment of comparative in vitro performance of 
generic MDIs based on a series of tests which include Single Actuation Content, 
APSD, Spray Pattern and Plume geometry (where applicable) analyses, and Priming/
Repriming. The first two tests are also applicable to DPIs which may require addi-
tional considerations for device resistance and air flow rates [140]. Many inhalation 
products are designed to deliver multiple doses. Therefore, another consideration 
relevant to testing in vitro performance of inhalation products is the use life of these 
products, because potential changes in physicochemical properties of the formula-
tion and wear and tear of the metering device over the use life of the drug product 
may influence drug delivery. The in vitro performance is evaluated at different 
stages of the product life divided into Beginning, Middle, and End sectors [16, 66]. 
Information regarding the apparatuses, measurements, and other relevant consider-
ations can be found in the available literature [16, 58, 140].
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21.7.3  Equivalent Systemic Exposure

Determination of equivalent systemic exposure following administration of the test 
and RLD products is generally based on measures of rate and extent of drug absorp-
tion represented by the first peak blood concentration (C

max
) and area under the 

blood concentration vs. time curve (AUC) [142]. For the drugs which act through 
systemic circulation, systemic exposure provides the sole evidence of drug delivery 
to all sites of action implicated in safety and effectiveness. However, its role in 
approval of generic inhalation aerosols in the US has evolved from a “Safety 
Evaluation” study [143] to one of the four components of the “Weight of Evidence” 
approach [144]. Currently, the FDA does not accept the systemic exposure as a sur-
rogate for drug delivery to the local site of action [58, 141, 144]. The Agency’s lack 
of acceptance is principally due to the uncertainty regarding a direct relationship 
between the drug detected in the systemic circulation to the drug reaching the site 
of action (lung). The emitted dose of inhalation aerosols does not rely on the sys-
temic circulation for delivery of the drugs to the local site(s) of action. The inhaled 
drugs may appear at the local sites in the respiratory tract before they penetrate 
through lung to reach the systemic circulation (Fig. 21.2). Furthermore, drug deliv-
ery to the systemic circulation may occur from nonpulmonary sites (e.g., the gastro-
intestinal tract). Therefore, the Agency does not accept systemic exposure data as 
evidence of delivery to the local site(s) of action in the respiratory tract.

The systemic exposure studies are generally conducted based on PK measure-
ments following administration of single maximum labeled adult dose of the generic 
and reference products. The BE studies are generally conducted in adult healthy 

Fig. 21.2 Disposition of aerosolized dose
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volunteers [142] representative of gender and race of the target populations. 
The studies are preferably based on randomized crossover (or partial replicate or 
replicate) designs enrolling adequate number of subjects. Blood (plasma/serum) 
concentrations of parent drug and/or metabolite (if applicable) are determined fol-
lowing administration of the test and reference products using validated assays 
[145]. The blood concentration vs. time data are used to compute bioavailability 
metrics AUC and C

max
. Equivalence of systemic exposure from the test and refer-

ence products is based on the natural log-transformed AUC and C
max

 data using the 
conventional two-one sided tests (ANOVA) procedure [146, 147], or appropriate 
statistical procedure [147] if partial replicate or replicate design is used.

21.7.4  Equivalent Local Delivery

Demonstration of equivalence of drug delivery to the local site(s) of action includes 
determination of equivalence of local effect(s) based on PD endpoints or clinical 
measurements. PD studies are preferred over clinical measurements [21 CFR 
320.24(b)] because they may provide greater sensitivity to detect potential differ-
ences in dose delivery to the local site(s) of action.

Unlike the single-dose studies used for establishment of BE of systemically 
active drugs, documentation of BE based on PD methods requires multiple doses 
which are necessary for demonstration of the assay sensitivity in terms of dose 
response. Measures of drug activity in PD BE studies are PD responses generally 
relevant to the mechanism of action of drugs, e.g., improvement in FEV

1
 as indica-

tor of bronchodilation activity of bronchodilators. The suitability of the PD method 
for BE studies is indicated by the nature of the dose–response relationship which 
may vary with the bioassay, response measures and dose range employed in the 
study. Dose–response relationships of the approved inhalation aerosols are gener-
ally nonlinear and, sometimes, very shallow [58, 141]. This is partly because the 
doses of the marketed products are near or on the plateau of dose response. In addi-
tion, the degree of shallowness in response may also vary from one study to another 
due to a number of factors including the mode of action of the drug, its potency, the 
PD measure, the study population, and severity of the disease. Therefore, PD BE 
studies require careful selection of the suitable patient population to provide ade-
quate window for demonstration of a measurable dose response using single and 
multiple actuations of the drug product.

PD BE study designs may vary with the study drug based on the nature, speed, 
and duration of its action. Among the two recognized categories of the marketed 
inhalation aerosols the “reliever” drugs provide relief from symptoms soon after 
treatment administration. These drugs are generally indicated for both prevention 
and treatment of bronchospasm. Therefore, PD effects of such drugs may be mea-
sured in terms bronchodilation or prevention of experimentally induced bronchoc-
onstriction. The most commonly used reliever drugs include the short-acting 
beta-agonists (SABA) and anticholinergics. Among the SABA, albuterol is the most 
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extensively studied drug with respect to determination of equivalence of local 
action. Based on the published literature, BE studies on albuterol MDIs may use 
either bronchodilation or bronchoprotection model [58, 141].

Results of bronchodilatation studies are highly dependent on the study popula-
tion and it may not be possible to obtain measurable dose response in certain popu-
lations [148]. On the other hand, bronchoprotection models are capable of showing 
beta-agonist effectiveness where simple bronchodilation is not [149, 150]. 
Bronchoprotection from inhaled methacholine following administration of varying 
doses of albuterol have been reported [151], and bronchoprotection from inhaled 
histamine has been previously used for documentation of BE of the generic and 
reference listed drugs [152].

Anticholinergics like iptratropium and tiotropium are the bronchodilators 
[153–155] of choice for treating COPD patients because cholinergic mechanisms 
are known to contribute to obstruction in this disease [155–158]. Therefore, 
improvements in airflow following administration of these drugs may exhibit 
measurable dose response, and the bronchodilatation model recommended for 
beta-agonists may also be useful for determination of BE of inhalation aerosols 
containing anticholinergic drugs. The bronchoprotection model based on metha-
choline-induced bronchospasm may be useful because the anticholinergic bron-
chodilators also provide protection against bronchospasm in asthmatics with 
airway hyperresponsiveness [159–161], and provide protection from inhaled 
methacholine in a dose-dependent manner [161].

Inhaled corticosteroids are important respiratory drugs. Development of in vivo 
models to determine BE of inhaled corticosteroids has been hampered by lack of 
suitable models for demonstration of dose response. Conventional studies based on 
measures of posttreatment bronchodilation generally yield flat dose response with 
this class of drugs [83, 84]. To date several in vivo methods have been suggested. 
These models include an “Asthma Stability” [162, 163] model in which the dose 
response is measured by the extent to which low and high doses of inhaled corticos-
teroids are able to sustain asthma control furnished by a “burst” of high dose of oral 
prednisone. In addition, in vivo models measuring effects of inhaled corticosteroids 
on makers of airway inflammation including sputum eosinophil [84, 164] and 
exhaled nitric oxide [58, 78, 165] are under consideration. As yet, none of these 
models have been used to document BE in support of approval of generic inhaled 
corticosteroid products.

This section has included a brief statement of the authors’ understanding of the 
FDA requirements for approval of generic orally inhaled drug products. Generic 
drug products are therapeutically equivalent copies of established RLDs; the Agency’s 
recommendations for documentation of in vitro and in vivo performance of generic 
products are generally developed by taking into consideration the relevant infor-
mation available from its approval of the corresponding RLDs. With respect to the 
focus of this book, it is noted that none of the approved orally inhaled RLDs is 
based on ER formulations. Therefore, deliberations on regulatory considerations 
for the development of generic orally inhaled drug products are likely to occur 
some years after the possible approval of novel ER orally inhaled drug products. 
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Though the general CMC and BE considerations stated above may be applicable, 
the genesis of scientific considerations for the generic ER products will depend 
upon, among other factors, advances in technology, issues specific to the in vitro 
and in vivo performance of the RLDs, the CMC, biopharmaceutic and clinical 
attributes (of the RLDs) and their appropriateness for development and evaluation 
of generic products.
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Abstract In comparison to many other pharmaceutical dosage forms, the regulatory 
picture for quality aspects of pulmonary products is still undergoing rapid and 
dynamic evolution. The purpose of this chapter is to examine aspects of product 
testing, specifications, and their accompanying regulatory processes which on one 
hand might also be considered as yet further barriers by those seeking to bring new 
inhalation treatments into fruition while oppositely embraced by others as a way to 
preserve knowledge and prevent a repetition of harmful errors. These are discussed 
in reference to the divergent international views on how to manage the integration 
of drug product and device requirements.

Keywords  Inhalation products • International regulatory divergence • Pulmonary 
products • Regulations • Risk  management • Specifications

22.1  Introduction

As the editors remarked in their preface to this book, there is great excitement 
about the potential for improved therapies via the inhalation route. However, 
whether for immediate acting or controlled release delivery systems, that poten-
tial can only be realized when basic scientific understandings from physiology, 
medicine, toxicology, and properties of materials are converted into practical 
technologies that can be reliably mass produced and placed into the hands of 
patients or therapeutic specialists. The preceding chapters have described some of 
the formidable scientific and technological barriers that must be overcome in 
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order to achieve this goal. The purpose of this chapter is to examine aspects of 
product testing, specifications, and their accompanying regulatory processes 
which on one hand might also be considered as yet further barriers by those seeking 
to bring new inhalation treatments into fruition while oppositely embraced by others 
as a way to preserve knowledge and prevent a repetition of harmful errors.

An important question to ask is “Why do we need to have specifications at all when 
medical/clinical trial data have proven that the product works in the target population 
and has been demonstrated to have a favorable benefit to risk margin?” The authors 
believe that an answer to the question lies in understanding the difference between 
“science” and “technology.” For this discussion, we define “science” to be that work 
which elucidates fundamental relationships of matter and energy as they interact in 
dimension (mass, size, temperature, etc.) and time. “Technology” is the manipulation 
of that scientific insight to achieve a particular state or behavior for certain combina-
tions of matter, energy, dimension, and time while simultaneously excluding other 
unfavorable states. More simply, the essential difference between the two terms is that 
fundamental science never fails but technology can fail and may fail in quite dramatic 
and consequential ways. It is the purpose of specifications to serve as risk manage-
ment tools to minimize or prevent technology failures. For the manufacturer, they are 
an important means of insuring that product design features and consumer expecta-
tions are consistently fulfilled. For regulatory agencies, specifications are a key com-
ponent of their mandate of protecting and improving public health. Additionally, 
openly defined specifications serve the broader purpose of institutionalizing knowl-
edge and experience from past failure situations that had serious consequences for 
which a cause has been elucidated and the means to prevent future occurrences exist. 
Therefore, in coming to an understanding of the current situation regarding specifica-
tions for inhalation aerosols and the regulatory systems behind them, it is useful to 
review some of the significant contributing events and experiences.

For inhalation products, the key contributors to the present regulatory situation 
fall into two broad categories, namely (a) the legacy originating from the early dom-
inance of pressurized metered dose inhalers (pMDIs) and their governance as tradi-
tional drug products, and (b) divergent international views on how to manage the 
integration of drug product and device requirements.

22.2  The Legacy of pMDIs

pMDIs were, from their first appearance in the 1950s nearly universally classified 
as pharmaceutical products despite the complexity of device technology embedded 
in their function. The judgment at that period of time, still somewhat applicable 
today, was that the drug being delivered was the principle element, and the delivery 
technology (e.g., canister, metering valve, and actuator) was merely enabling. 
Medical device regulation was still immature in the late 1950s and early 1960s mak-
ing it more logical to view pMDIs under already existing regulatory schemes for 
approval and marketing authorizations of pharmaceutical items. As a pharmaceutical 
item, product quality for pMDIs could also be conveniently addressed through the 
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mechanism of pharmacopeial standards and specifications which historically had 
proven themselves to be adequate technology controls across a wide variety of 
pharmaceutical product types. Therefore, managing orally inhaled preparations as 
drug products became the common practice in the major regulatory regions inter-
nationally, and product requirements were relatively homogeneous throughout the 
world since pMDIs were the predominant inhalation technology.

Beginning in the 1980s this regulatory model for oral inhaled products based on 
pMDI experience was confronted by a number of influential situations requiring 
regulatory responses that, in turn, evolved into a complex array of regulations that 
currently exist. Four factors are particularly significant:

 1. An increase in the size of the patient population using orally inhaled drug products 
(OIP)
As the incidence of respiratory diseases worldwide has risen [1], and greater 
access  to  therapies  has  increased  the  number  of  patients  using OIPs,  so  have 
Chemistry, Manufacturing, and Control (CMC) requirements. This can be inter-
preted to be evidence that regulators believe existing standards afford insuffi-
cient risk protection, especially regarding preventable product failures such as 
insufficient or inconsistent dose delivery due to actuator/valve misfunction, 
moisture-induced growth in particle size that interferes with pulmonary deposi-
tion, the need for priming and re-priming studies [2], or unrecognized depletion 
of medication or propellant, particularly in a rescue situation [3].

 2. The impact of the Montreal Protocol
In the late 1980s the advent of the Montreal Protocol precipitated the phase-out of 
chlorofluorocarbons (CFC), the major propellants first used in pMDIs on account 
of their favorable vapor pressure profiles, compatibility with a variety of drug sub-
stances, and well-established toxicological safety. Initially viewed as a simple 
technological substitution with the preferred replacement of hydrofluoroalkanes 
(HFA), many pharmaceutical development programs turned into unexpectedly 
costly and lengthy efforts to reformulate existing products. Solutions to the new 
challenges required considerable basic and applied research. As a consequence of 
this work, challenges of many long-held assumptions about performance and rel-
evance of in vitro methods and specifications surfaced. The Montreal Protocol also 
accelerated innovation and renewed interest in alternative and novel inhalation 
delivery systems such as dry powder inhalers (DPIs) and soft-mist inhalers (SMIs) 
that avoided the use of propellants. These systems some of which incorporate digi-
tal technologies, active power supplies, or dynamic feedback loops did not have 
pharmaceutical precedents and revealed inadequacies in many of the ideas about 
controlling product quality as traditional pharmaceutical items.

 3. Use of OIP for systemic drug delivery
In the 1990s there emerged increasing consideration and use of the pulmonary 
portal for systemic delivery as a way to circumvent first pass metabolism or 
obtain intravenous like pharmacokinetics without pain during administration. 
However, unlike the majority of current OIP, these agents would be used primarily 
in patients who did not have disease compromised airways where changes in 
lung function arising from the acute or chronic use of such products are clearly 
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undesirable. The drugs contained  in  some of  these OIP are,  in many cases, 
large molecule chemical entities or biologics and not the traditional small 
molecule variety meaning that certain developmental knowledge gained over 
years from small molecule examples may not apply.

 4. Increased demand for generic OIP
To combat rising healthcare costs, many governments have resorted to actively 
encouraging generic competition in all classes of pharmaceutical products as 
patent exclusivity expires for innovators. The approval of generic products relies 
heavily on in vitro testing and in vivo bioequivalence comparisons between the 
innovator and its generic replicate to validate the ability to freely substitute one 
product for the other. In the case of orally administered drugs, well-developed 
in vitro–in vivo correlations (IVIVC) and the consolidation of research experience 
in the form of the Biopharmaceutics Classification System (BCS) [4] have demon-
strated themselves to be suitable risk management tools that allow for such heavy 
reliance on these clinical surrogates. Unfortunately, the greater complexity of OIP 
systems and the lack of strong IVIVC models prevent adoption of a similar 
approach. The perceived higher risk is felt to require mitigation through enhanced 
testing and characterization [5–8].

While the four factors in the development of OIPs occurred more or less at the same 
time in all major regions of the globe, different approaches have been taken by 
regional or national bodies to react to the four events. The authors believe that dif-
ferences in the perceptions of risks, differences in the occurrence of major failures 
with impact on the public health, and differences in the assessment of such risks as 
well as the interaction between agencies, manufacturers, and patients played a major 
role in the diversification process. On the next pages, the authors illustrate the 
regional differences in more detail.

22.3  Divergent International Views on How to Manage  
the Integration of Drug Product and Device Requirements

OIPs have a dual identity problem of being pharmaceutical products and at the same 
time medical devices. As mentioned earlier, the traditional approach was to focus on 
the pharmaceutical aspects and look at the device elements as being variants of 
formulation excipients or packaging materials. As the device portion has become 
increasingly more sophisticated, this approach has come under scrutiny by various 
industry standards bodies and regulatory authorities [9, 10]. However, the manner in 
which they have responded has led to a very confusing landscape of regulatory pro-
cesses. A very illustrative example is the comparison of the EU and US systems for 
addressing CMC aspects of inhalation products.

The CMC framework in the EU represents a distributed, consensus approach 
with industry, regulatory agencies, and academia all recognized in some fashion as 
stakeholders and risk managers. Strong emphasis is given to adherence to public 
standards, directives, and guidances. In the European Union, when drug and device 
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elements are physically separable and easily identified, the Medical Device Directives 
apply for assessing the delivery mechanism, while the relevant pharmacopeial and/
or medicines standards apply to the drug portion. Confusingly, where the drug 
and device are inseparable, as in the case of pMDIs, only pharmacopeial and/or 
medicines standards [11] apply, with no consideration whatsoever given to device 
regulations.

Taking the opposite approach, the FDA takes on a more dominant, central 
approach. This US Agency continues to classify products based on a determination 
of which element, the drug or the device, contributes more to the treatment effect. 
It therefore considers inhalation products containing any pharmaceutical agent as 
drug products subject to review and approval primarily by the Center for Drug 
Evaluation and Research (CDER). Both the drug and device components are audited 
under the traditional pharmaceutical model, which favors end product testing rather 
than upstream control strategies more common to the medical device industry. 
Confusingly, under US regulations, a manufacturer can apply to have their product 
classified as a “combination product” in which review by the Center for Device and 
Radiological Health under Medical Device standards is possible.

This fragmentation in the regulatory landscape was recently surveyed by working 
groups within the International Pharmaceutical Aerosol Consortium on Regulation 
and  Science  (IPAC-RS)  who  identified  more  than  100  documents,  guidances, 
standards, specifications, and regulations governing orally inhaled drug products in 
the world (Svetlana Lyapustina, 2010, IPAC-RS, private communication). Some 
of the major bodies contributing these specifications and regulations are given in 
Table 22.1.

In summary, specifications and regulatory processes for inhalation products 
present a complex regulatory environment internationally. There is a significant 
blurring between drug and device requirements coupled with rapidly advancing 
science and technology in the area of inhalation delivery. It is reasonable to assume 
that there will be some significant changes to this landscape in the coming years 
which poses quite a problem as we now come to the details of specifications to be 
used for controlled release inhalation systems.

First and foremost, there are few, if any, such products commercially available 
today which can be examined as suitable precedents or case examples. The dilemma 
therefore becomes “What principles can be followed now that reasonably anticipate 
requirements for a controlled release inhalation product when finally coming to the 
stage of seeking governmental approval?” The authors believe that the problem can 
be dissected into key elements which provide a general framework that can be 
adapted to a wide variety of inhalation delivery concepts.

The first element deals with the definition of a controlled release inhalation product. 
Extending recent work from the IPAC-RS Risk Management Working Group [12], 
a controlled release OIP can be defined as possessing the following features:

 1. A delivery system containing a substance or mixture of substances intended to 
furnish a pharmacological action or other direct physiological effect in humans.

 2. A defined amount of the substance(s) is (are) dispersed into an aerosol form (i.e., 
a gas borne suspension of solid or liquid particles) by the system.
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Table 22.1 Organizations and agencies that define or influence specifications and standards for 
inhalation products

Region Body or organization
Selected examples of regulation or guideline 
applicable to inhalation products

European  
Union

EMA (European  
Medicines Agency)

Guideline on the Pharmaceutical Quality of 
Inhalation and Nasal Products (EMEA/
CHMP/QWP/49313/2005 Corr), June 2006 
(joint Canadian/European Guideline)

Guideline on the Specification Limits for 
Residues of Metal Catalysts or Metal 
Reagents (EMEA/CHMP/SWP/4446/2000, 
Feb 2008)

European Commission: 
Medical Device 
Directives

Council Directive 93/42/EEC of 14 June 1993 
concerning Medical Devices

United States CBER (Center  
for Biologics  
Evaluation and 
Research)

Guidance for the Content of Premarket 
Submissions for Software Contained  
in Medical Devices, May 2005

CDER (Center for  
Drug Evaluation  
and Research)

Draft Guidance for Industry: Metered Dose 
Inhaler (MDI) and Dry Powder Inhaler (DPI) 
Drug Products: Chemistry, Manufacturing, 
and Controls Documentation, Oct 1998

Guidance for Industry: Nasal Spray and 
Inhalation Solution, Suspension, and Spray 
Drug Products – Chemistry, Manufacturing, 
and Controls Documentation, July 2002

CDRH (Center  
for Devices  
and Radiological  
Health)

Design Control Guidance For Medical Device 
Manufacturers, March 1997

Reviewer guidance for Nebulizers, Metered 
Dose Inhalers, Spacers, and Actuators, 
Oct 1993

Canada Health Canada Spacers and Holding Chambers for use with 
Metered-Dose Inhalers, Updates 1 and 2, 
2008 (document Z264.1-02)

Japan MHLW (Ministry  
of Health, Labor  
and Welfare)

No specific guideline issued

International 
(Standards  
Setting  
Bodies)

International  
Organization for 
Standardization  
(ISO)

ISO Standard 20072: Aerosol drug delivery 
device design verification – Requirements 
and test methods

ISO Standard 27427: Anesthetic and respiratory 
equipment – Nebulizing systems and 
components

Pharmacopoeias  
USP

General chapter <601> Aerosols, Nasal Sprays, 
Metered-Dose Inhalers, and Dry Powder 
Inhalers

Monograph on Epinephrine Bitartrate Inhalation 
Aerosol

Ph. Eur. Monograph 0671 “Preparations for Inhalation”
JP No specific guideline issued

(continued)
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Region Body or organization
Selected examples of regulation or guideline 
applicable to inhalation products

International 
(Regulatory/
Industry 
Harmonization 
Initiatives)

GHTF (Global 
Harmonization  
Task Force)

Summary Technical Documentation for 
Demonstrating Conformity to the Essential 
Principles of Safety and Performance of 
Medical Devices (STED), Feb 2008, 
document no. GHTF/SG1/N011:2008

ICH (International 
Conference  
on Harmonization  
of Technical 
Requirements  
for Registration  
of Pharmaceuticals  
for Human Use)

ICH Q6: Specifications: Test Procedures and 
Acceptance Criteria for New Drug 
Substances and New Drug Products: 
Chemical Substances, Oct 1999

International  
(Trade 
Associations)

IPAC-RS (International  
Pharmaceutical  
Aerosol Consortium  
on Regulation  
and Science)

Best Practices for Managing Quality and Safety 
of Foreign Particles in Orally Inhaled  
and Nasal Drug Products, and an Evaluation 
of Clinical Relevance, June 2006

ASTM (American  
Society for Testing  
and Materials)

ASTM F2475 – 05: Standard Guide for 
Biocompatibility Evaluation of Medical 
Device Packaging Materials

PQRI (Product Quality 
Research Institute)

Safety Thresholds and Best Practices for 
Extractables and Leachables in Orally 
Inhaled and Nasal Drug Products, Sept 2006

Table 22.1 (continued)

 3. The aerosolized form is available for transport to the lower respiratory tract con-
sisting of trachea, bronchi, bronchioles, alveolar ducts, and alveoli.

 4. The degree of presence or rate of appearance of the substance(s) in some bio-
phase is intentionally regulated to achieve a specific temporal pattern.

From this definition of performance features, five major performance targets can be 
identified from which specific risk elements can be isolated for each target based on 
technical, anatomical, physiologic, therapeutic, or toxicologic considerations. These 
performance targets are as follows:

 1. Achieving reliable and consistent aerosolization, delivery, and deposition of the 
intended agent.

 2. Achieving the intended temporal pattern of the agent reliably and consistently.
 3. Excluding unintended materials (e.g., foreign particulates, leachables, microbio-
logical material, infectious and/or sensitizing agents, or impurities) from an OIP.

 4.  Encouraging proper use; and minimizing chances of misuse of an OIP.
 5. Reducing the likelihood of unintended effects.

Importantly, only those therapeutic or toxicologic factors controlled by the technol-
ogy of the delivery system are taken into account here. The intrinsic consequences 
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of the medicinal agent itself are not considered in these performance targets, except 
when they are affected by the temporal release pattern.

Within the area of each of the above stated major risk categories, it is clear that a 
more detailed review should be performed for each system based on its specific 
mechanisms and properties. Within each category, a systematic analysis should be 
performed with assessment in each of the following four perspectives:

 1. Device elements, including primary and secondary packaging, or integrated dose 
counting mechanism.

 2. Formulation elements.
 3. Interaction of device and formulation.
 4.  Patient factors.

Conveniently, these performance targets and risk categories can be organized into a 
matrix that allows developers to identify possible threats to achieving performance 
targets and their associations with specific OINDP risk sources. This approach orga-
nizes the complex and fragmented regulatory environment into a logical framework 
at a conceptual level and provides opportunities to apply risk management and to 
integrate formal design and planning tools into a development program. A system-
atic examination of each cell in the matrix can be performed using well-established 
risk assessment tools which first rank the threats in terms of hazard likelihood and 
hazard severity. This analysis highlights areas that require risk mitigation through a 
variety of approaches that include basic design, formulation selection, manufacturing 
processes, or the institution of specific quality control measures. For inhalation 
products without a rate controlling aspect, there are 16 cells which require consid-
eration. This is expanded to 20 cells for controlled release inhalation products with 
the addition of a performance category that covers temporal effects or release rates 
for the therapeutic component as illustrated by Table 22.2. The table has been popu-
lated with some example circumstances for a typical inhalation product but is by no 
means  exhaustive.  Particular  attention  is  drawn  to  the  column  dealing with  rate 
controlling features where the lack of developed products and widespread use makes 
true risk classification difficult at this point in time.

Although the authors expect that the basic technologies that will be used for a 
release modification of an inhalation product will be similar to the ones used, e.g., for 
oral formulations, there may be some specific risks and sources of variability that 
apply to inhalation products only. One risk concerns regional differences in lung 
transport rates (absorption, mucociliary, cell mediated) and mechanisms (phagocytosis, 
receptor-mediated endocytosis, paracellular) for specific agents as well as differ-
ences in enzymatic activities between the central and peripheral parts of the lung. In 
case of a changed deposition pattern, these regional differences in the lung may lead 
to changes of the in vivo drug release characteristic of inhaled drugs.

A second specific aspect is the large surface of the lung and its ability to serve as an 
entry port to the systemic circulation, thus also providing access for undesired compo-
nents or contaminants of the excipients which will be absorbed and may lead to unin-
tended negative effects. This may trigger higher purity requirements for the excipients 
used to achieve the release pattern than those typically applied to oral products.
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Thirdly, the energy needed for and shear forces exerted by the aerosolization 
process may distort or alter the release modifying mechanisms. Structures that may 
be prone to negative effects of shear forces are liposomes or other structures with 
defined three dimensional configurations. It appears important that such distortions 
are either completely avoided by the design of the release mechanism or, if this is 
impossible, constant over the full operation range of the device and the shelf-life of 
the product.

It should be clear that a detailed list of possible specifications for a controlled 
release inhalation product cannot be provided at present. The lack of precedents 
means that any developer needs to be thoughtful in planning the transition from 
benchtop concept to full-scale production that includes risk mitigation strategies. 
Defining meaningful numerical specifications, both for in-process controls and for 
end product testing, will be a difficult task due to the number of factors that must be 
controlled individually or in parallel due to strong factor interactions. Establishing 
and validating in vitro models that have in vivo relevance or can in fact predict 
in vivo performance in the context of a Quality-by-Design approach will be impor-
tant in overcoming this challenge.

22.4  Conclusions

In comparison to many other pharmaceutical dosage forms, the regulatory picture 
for quality aspects of pulmonary products is still undergoing rapid and dynamic 
evolution. Much of this is driven by proliferating needs for options in the treatment 
of respiratory diseases, advances in delivery technologies, and the growing use of 
the pulmonary route as a portal for the systemic delivery of therapeutic agents. 
Since neither existing drug product nor medical device regulations are adequately 
integrated to truly handle the reality that pulmonary products are drug/device com-
bination entities, individual agencies are forced to fill this gap with a growing num-
ber of specialized guidances, rules, and position statements. The emergence of 
controlled release inhalation products will most certainly add to this complexity but 
can be minimized by careful consideration of risks and thoughtful justification of 
mitigation approaches.

References

 1. US National Institutes of Health National Heart, Lung and Blood Institute (2009) Morbidity 
and mortality: 2009 chart book on cardiovascular, lung, and blood diseases. http://www.nhlbi.
nih.gov/resources/docs/2009_ChartBook.pdf. Accessed 3 May 2010

  2. Cyr TD, Graham SJ, Li KY, Lovering EG (1991) Low first-spray drug content  in albuterol 
metered-dose inhalers. Pharm Res 8:658

  3. FDA.  Guidance  for  industry:  integration  of  dose-counting mechanisms  into MDI  drug 
products. http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/ucm071731.pdf. Accessed 3 May 2010



54122  Developing Performance Specifications for Pulmonary Products

  4. Amidon GL, Lennernäs H, Shah VP, Crison JR (1995) A theoretical basis for a biopharmaceutics 
drug classification: the correlation of in vitro drug product dissolution and in vivo bioavailability. 
Pharm Res 12(3):413–20

 5. FDA. Draft guidance for industry: bioavailability and bioequivalence studies for nasal aero-
sols and nasal sprays for local action. http://www.fda.gov/downloads/Drugs/Guidance-
ComplianceRegulatoryInformation/Guidances/ucm070111.pdf. Accessed 3 May 2010

  6. European Medicines Agency (EMEA). Guideline on the requirements for clinical documenta-
tion for orally inhaled products (OIP) including the requirements for demonstration of thera-
peutic equivalence between two inhaled products for use in the treatment of asthma and chronic 
obstructive pulmonary disease  (COPD)  in adults  and  for use  in  the  treatment of  asthma  in 
children and adolescents, available as http://www.ema.europa.eu/pdfs/human/ewp/415100enfin.
pdf. Accessed 3 May 2010

  7. Lee SL, Adams WP, Li BV, Conner DP, Chowdhury BA, Yu LX (2009) In vitro considerations 
to support bioequivalence of locally acting drugs in dry powder inhalers for lung diseases. 
AAPS J 11(3):414–23

  8. Adams WP, Ahrens RC, Chen ML, Christopher D, Chowdhury BA, Conner DP, Dalby R, 
Fitzgerald K, Hendeles L, Hickey AJ, Hochhaus G, Laube BL, Lucas P, Lee SL, Lyapustina S, 
Li B, O’Connor D, Parikh N, Parkins DA, Peri P, Pitcairn GR, Riebe M, Roy P, Shah T, Singh 
GJ, Sharp SS, Suman JD, Weda M, Woodcock J, Yu L (2010) Demonstrating bioequivalence 
of  locally acting orally inhaled drug products (OIPs): workshop summary report. J Aerosol 
Med  Pulm  Drug  Deliv  23(1):1–29.  http://www.pqri.org/pdfs/DTC/Articles/JAMP_article_
final_draft.pdf. Accessed 3 May 2010

  9. Denyer J, Nikander K (2006) Does the approval of VENTAVIS® with the I-neb™ AAD® sys-
tem present a new approach to the regulatory approval of nebulized drugs with novel delivery 
devices? Poster published at RDD 2006, Boca Raton, FL

 10. Intercenter agreement between The Center for Drug Evaluation and Research and The Center 
for Devices and Radiological Health, October 31, 1991. http://www.fda.gov/
CombinationProducts/JurisdictionalInformation/ucm121177.htm. Accessed 3 May 2010

 11. European  Commission.  Guidelines  relating  to  the  Application  of  the  Council  Directive 
90/385/EEC on active implantable medical devices and Council Directive 93/42/EEC on 
medical devices. http://ec.europa.eu/enterprise/sectors/medical-devices/files/meddev/2_1_ 
3____07-2001_en.pdf. Accessed 3 May 2010

 12. Horhota S, Leiner S, Berger R, Purrington A, Kärger S, Lyapustina S, Butterworth N, Patel R, 
Davidson B, Johansson E, Grant A, Smith MA. Rationalized approach to chemistry, manufac-
turing and control (CMC) requirements for orally inhaled and nasal drug products (OINDPs) 
based on risk management. http://ipacrs.com/PDFs/Posters/Risk%20Management.pdf. 
Accessed 3 May 2010



wwwwwwwwwwwww



543H.D.C. Smyth and A.J. Hickey (eds.), Controlled Pulmonary Drug Delivery, 
Advances in Delivery Science and Technology, DOI 10.1007/978-1-4419-9745-6, 
© Controlled Release Society 2011

Dr. Hugh Smyth is an Assistant Professor of Pharmaceutics at the University of 
Texas, Austin. He is a recipient of the Young Investigator in Pharmaceutics and 
Pharmaceutical Technology Award of the American Association of Pharmaceutical 
Scientists and has published in many different aspects of pulmonary drug delivery. 
Drs. Hickey and Smyth share a research interest in the delivery of drugs to the lungs 
for the treatment and prevention of a number of diseases.

Dr. Anthony Hickey is a Professor of Molecular Pharmaceutics and Biomedical 
Engineering at the University of North Carolina at Chapel Hill. He is a fellow of the 
Institute of Biology, American Association of Pharmaceutical Scientists and the 
American Association for the Advancement of Science. He has published several 
edited and authored volumes in the fields of pharmaceutical aerosols, process 
engineering and particulate science.

About the Editors



wwwwwwwwwwwww



545

A
Abbreviated impactor measurement (AIM) 

concept, 388–392
ABC-transporters, 425–426
Acorn II® jet nebulizer. See Jet nebulizers
Active DPIs, 205
Adaptive aerosol delivery nebulizers, 230
Aerodynamic diameter

DPI formulations, 206
low density porous particles, 94
lung disposition, 128
mucociliary escalator, 106
nanodisperse microspheres, 349
nebulizer, 230
particle engineering, 286–288

Aerodynamic particle size distribution (APSD)
cascade impactors, 383
CCS components, MDIs, 493, 501
in vitro equivalence, 515

Aerohalor, 69
Aeroneb Pro® vibrating mesh nebulizer, 229
Aerosol administration methods

direct administration, 457–459
passive inhalation, 454–457

Aerosol delivery
particle deposition mechanisms, 5
targeted anatomical sites, 4–5

Aerosol drug inhalation, 492–493
Aerosol electrostatics

direct measurement
ELPI, 394–395
eNGI, 395–396

dynamic systems, Faraday cage method, 
393–394

indirect measurement, 396–398
triboelectrification, 392–393

Aerosolization systems
inhaler technology

aerosol, 75
categories, delivery system, 76
nebulizer, pMDIs and DPIs, 76, 77

particle engineering technologies
milling, 78
spray drying, 79

powders
drug aerosolization, 91–92
drug deposition, 92–94
elongated particles, 95
low density porous particles, 94
mixing, 89–91
particulate interactions, 87–89

sprays
droplet formation, 81–86
evaporation, 86
solution/suspension formulation, 80–81
suspension aerosols aggregation, 86–87

Aerosol particle deposition
influencing factors

mode of inhalation, 5–6
obstructive diseases, 7–8
oropharyngeal morphology, 6–7

mechanisms, 5
Aerosol particle transport

diffusion
enhancement methods, 157–158
vs. hydrodynamic diameter, 154
measurement methods, 155–157
mucus network, 153–154
PEG coating, 157–158
Stokes–Einstein equation,  

152–153
drug retention time, 144

Index



546 Index

Aerosol particle deposition (cont.)
mucociliary escalator

histology, airway epithelial culture, 
149–150

mucolytic agents, 150–151
physicochemical properties, 151–152

submersion
conducting airways, physical 

properties, 148
limitations, 149
particle wetting, 147
process, Young equation, 146–147
in vivo animal studies, 146

surface spreading
surface tension, 144–145
surfactant, 145

therapeutic delivery vs. traditional drug 
delivery, 143

Aerosol submersion process
conducting airways, physical properties, 

148
limitations, 149
particle wetting, 147
process, Young equation, 146–147
in vivo animal studies, 146

AFM. See Atomic force microscopy (AFM)
AFM colloid probe technique, 400–403
Air-jet nebulizer, 81
Airways

aerosol delivery
particle deposition mechanisms, 5
targeted anatomical sites, 4–5

alveolar cells, 9–10
b adrenergic receptors, 10
basal cells, 9
binding affinities, corticosteroids, 11
blood flow, 12–14
cell type and regional thickness, 4
ciliated columnar cells, 9
clara cells, 9
conducting zone

damages, dry gas inspiration, 3
function, 2
influencing factors, lung deposition, 2

endothelin receptors, 11
glucocorticoid receptors (GR), 11
goblet and mast cells, 9
prostacyclin receptor (PR) agonists, 12
respiratory zone, 3–4
secretions, 14–15
selectivity and duration of effect, 38–41
smooth muscle cells, 9
structure, 447–449

Albumin, 135–137, 268

Alveolar epithelial cell lines (AEC)
absorption, 421–422
A549 cell line, 421
continuous cell cultures, 421–423
immortalised cell lines, 421
L–2 cells, 422
MLE cell lines, 422
P-glycoprotein, 425–426
primary cell cultures, 418–419
proteolytic enzymes, 422–423
transepithelial electrical resistance (TEER), 

421
vitamin C, 432

Alveolar macrophage clearance, 27, 104
avoidance, 114–120
morphometric parameters, 449
in vivo animal models, 444

Alveolar macrophages (AM), 326
Amorphous sugars

controlled release function, 256
trehalose microparticles and insulin 

releases, 256, 257
Andersen cascade impactor (ACI), 385–387
Antisense oligodeoxynucleotide (AS-ODN) 

delivery, 329
APSD. See Aerodynamic particle size 

distribution (APSD)
Aradigm AerX™ aerosol. See metered dose 

liquid inhalers (MDLI)
Asthma

cigarettes, 63
inhalation drug products

controller drugs, 509
definition, 507
medication groups, 508
reliever dugs, 508

powders, 63
Atomic force microscopy (AFM) method, 

398–399
Atomizers. See Jet nebulizers
ATP-binding cassette (ABC) transporters, 

133–134
Atropine, 67

B
Bennet’s inhaler, 53
Bergson tubes, 57–58
Bioerodable nanoparticles, 358–360
Biological and macromolecule degradation, 

120–121
Bovine serum albumin(BSA) microspheres. 

See Albumin
Bronchoalveolar lavage fluid (BAL), 317



547Index

Broncho alveolar lavage fluid (BALF), 328
Budesonide formulation, 342, 343

C
Camptothecin therapy, 325
Cancer

camptothecin therapy, 325
cisplatin SLIT and paclitaxel therapy,  

324, 325
interleukin–2 (IL–2) therapy, 324
liposome-encapsulated 9-NC (L–9NC) 

therapy, 325
sustained release lipid inhalation targeting 

(SLIT), 324
transferrin receptors (TfR), 325, 326

Carrageenan, 268–269
Cascade impactors (CIs)

Andersen cascade impactor (ACI), 385–387
APSD measurement, 383–384
development considerations, 387
multistage cascade impactor, schematic 

diagram, 385
simplification

AIM concept, 388–392
EDA metrics, 387–388

single-stage inertial impactor, 384–385
CCS. See Container closure systems (CCS)
CD. See Cyclodextrins (CD)
Chitosan, 269–270. See also Polyplex-

mediated transfection
Chronic obstructive pulmonary disease 

(COPD)
aerosol particle deposition, 7
in vivo evaluations, inhaled respiratory 

drugs, 507, 509–510
Ciprofloxacin, 268, 322
Cisplatin SLIT, 324, 325
Cohesive–adhesive balance (CAB) 

measurement method, 403
Combustion-derived nanoparticles (CDNP), 

356–357
Compendial methods. See Cascade impactors
Conducting airways

cells, 9
damages, dry gas inspiration, 3
function, 2
influencing factors, lung deposition, 2

Conjugate excipients
controlled release function, 248
definition, 244
dextran, 248–249
PEGylation, 249

Container closure systems (CCS), 498–502

COPD. See Chronic obstructive pulmonary 
disease (COPD)

Copolymers, 248
Cosolvents, HFA-based formulations, 172–173
Cyclodextrins (CD)

base structures, 250
chemical structures, 251
controlled release function

CDs alone, 253
mechanism, 252
with PLGA, 255

types use, pharmaceutical formulations, 
250, 251

Cystic fibrosis (CF) model, 423

D
Dextran, 248–249
Diffusional transport

enhancement methods, 157–158
vs. hydrodynamic diameter, 154
measurement methods

diffusion chambers, 155
single particle tracking, 155–157

mucus network, 153–154
PEG coating, 157–158
Stokes–Einstein equation, 152–153

Dipalmitoylphosphatidylcholine (DPPC), 316
Direct controlled crystallization, 298–299
Disease models. See Cystic fibrosis (CF) 

model
Disease prevention therapy, plasmid DNA

advantages, 374–375
principles, vaccination

advantages, 373
vs. gene therapy, 372
potential barriers, 373, 374

transport into lung
intracellular barriers gene therapy,  

370, 376
studies, overview of, 376
in vitro and in vivo immunogenicity, 376

Diskhaler, 71
DissoCubes™ technology, 293
Dissolution kinetics, 22–24
Dose calculation, in vivo animal models

aerosol administration, 454
drug deposition assessment, 459–460
pharmacokinetics models, drug disposition, 

461–462
pulmonary bioavailability, 463–464
quantification,drug concentrations, 460–461
rate of absorption, 463–464

Doxorubicin, 350



548 Index

DPIs. See Dry powder inhalers (DPIs)
Droplet formation

nebulizer
count median diameter (CMD), 82
droplet size, 82–83
efficiency, 84
mass output rate, 84
primary droplet diameter (d), 82, 83
vibrating-mesh, 82

pMDI
critical bubble radius (Rc), 85
droplet diameter (D

i
), 85

Rayleigh-Taylor instability, 86
velocity droplet function time, 85

Drug absorption avoidance
considerations, in vivo animal models, 452
formulations

liposomes, 110–111
microparticles, 111–112
PEGylation, 113
prodrugs, 113

structural modification, 109
Drug aerosolization, 91–92
Drug deposition, 92–94
Drug diffusion, polymer system, 266
Drug formulations

liposomes, 110–111
microparticles, 111–112
PEGylation, 113
prodrugs, 113

Drug solubility screening, propellants
online reversed-phase HPLC system, 405
in situ method, 404–405

Drug transporters, 32–34
Dry powder inhalers (DPIs)

advantages, 205
aerosolization systems, 76, 77
challenge, 207
computational fluid dynamics (CFD), 207
development (see Powder 

de-agglomeration principles, DPI)
device classification, 205
Exubera®, 207
formulating factors, liposomes, 318
formulations, 205–206
inhalation drug products, 493–494
inter-particulate interaction methods

AFM colloid probe technique, 400–403
CAB measurement, 403

limitations, 205
manufacturing process

aerosolization, 218
blenders, 217–218
device design, 219

micronization, 217
primary manufacture, 217

nebulizers, 204
Newton’s patent, 61
objectives, 203–204
particle engineering technologies, 289–290
passive device, 205
performance, 204
pMDIs, 204
vs. pMDIs, 166
powder de-agglomeration principles

air classifier technology, 211–212
device resistance and flow rate, 

214–215
mechanical forces, 208–209
meshes and screens, 215–216
NovolizerTM, 212
sustained exposure, flow stream, 

210–212
turbulence inducement, 207–208
TwincerTM, 212
vibration induced dispersion, 212–214

pulmonary delivery strategies
aggregated nanoparticles, 352–354
AIR® technology, 355
nanodisperse microspheres, 349–352
vs. nebulized dispersions, 349
PulmoSphere® technology, 354–355
rapid freezing technology, 355

regions, device, 207

E
Efficient Data Analysis concept, 387–388
Electrical low pressure impactor (ELPI), 

394–395
Electrical next generation impactor (eNGI), 

395–396
EPAS. See Evaporative precipitation into 

aqueous solution process (EPAS)
E-SPART analyzer, 396–398
Evaporative precipitation into aqueous 

solution process (EPAS), 300–301
Excipients

amorphous sugars, 257
CD

base structures, 250
chemical structures, 251
controlled release function, 252–255
types use, pharmaceutical formulations, 

250, 251
conjugate excipients

controlled release function, 248
definition, 244



549Index

dextran, 248–249
PEGylation, 249

defintion, 237
findings, sustained release, 238
glass transition temperature (Tg), 256
HFA-based formulations, pMDIs, 172
inhalation drug products, 496–497
liposomes

half-lives, liposome-encapsulated 
3H-terbutaline, 242, 243

pharmacokinetics, 240–241
phospholipids, chemical structure, 238
rate of release, 239
vs. solution formulations, 239–242

microcrystals, 257–258
polymers

copolymers, 248
defintion, 243
mechanisms, controlled release, 244
natural and synthetic types, 243, 

245–247
suspensions, 258

F
Faraday cage method, 393–394
Fine particle fraction (FPF), 288
Flow-though cell system, 406–407
Fluid energy milling technology, 291–292
Food and Drug Administration (FDA), 489
FPF. See Fine particle fraction (FPF)
Fumaryl diketopiperazine (FDKP), 354

G
Gamma imaging. See Imaging
Gamma scintigraphy

clinical gamma camera, 476–477
image acquisitions types, 477–478
SPECT image acquisition, 478

Gelatin, 270–271
Generic inhalation drug products

equivalent systemic exposure, 516–517
local equivalent, 517–519
Q

1
&Q

2
 sameness, 515

safety and efficacy, BE studies, 514
in vitro equivalence, 515
Weight of Evidence approach, 514–515

H
Henbane, 51
2H,3H-perfluoropentane (HPFP), 170
High pressure homogenization

microfluidizer, 292–293
piston-gap, 293–294
uses, 292

History
emerging themes, 72
henbane, 51
native smoking pipes, 52
nineteenth century

advertisements, inhalers, 64–65
asthma powders and cigarettes, 63
Bergson tubes, 57–58
Carbolic Smoke Ball advertisement, 66
Dr. Worst’s inhaler advertisement, 66
Humphrey’s inhaler, 56
Nelson inhaler, 62
Newton’s patent, dry powder inhaler, 61
Sales–Girons’ portable atomiser,  

57–58
Siegle’s inhaler, 59

seventeenth and eighteenth centuries
Bennet’s inhaler, 53
Mudge inhaler, 54–55
Stern inhaler, 54

twentieth century
aerohalor, 69
atropine, 67
Maxim’s pipe of peace, 67
MediHaler advertisement, 70
Pneumostat electric compressor 

nebulizer, 68
rotahaler and turbuhaler, 71
spinhaler and diskhaler, 71

Humphrey’s inhaler, 56
Hyaluronic acid (HA), 119, 271–272
Hydrofluoroalkane (HFA)-based formulations, 

pMDIs
cosolvents, 172–173
excipients, 172
particle technologies, 188–190
solubility and solvation

atomic force microscopy, 183–185
binding energy, 181
electrostatic or dispersive forces, 183
ester-based polymers, 178
excipients and APIs, 175–177
modeling, 174
polarity, fragment, 180, 182
rational surfactant design, 186–188
shape, fragment, 182
solvation forces, 183–186
surfactants, 174, 178–179

solubility enhancers, 172–173
solute solubility, 174–179

Hydroxypropyl-b-cyclodextrin (HPBC), 189



550 Index

I
Iloprost, 327
Imaging

dose administration, 480–481
gamma scintigraphy

clinical gamma camera, 476–477
image acquisitions types, 477–478
SPECT image acquisition, 478

image acquisition
planar image acquisition, 482
SPECT image acquisition, 483
subject coaching and subject 

positioning, 481
image analysis

central and peripheral lung regions, 
482, 484

lung regional deposition, 485
radiolabeling aerosols

inhalation deposition analysis,  
478–479

validation process, 479–480
Inhalation deposition analysis

imaging
dose administration, 480–481
gamma scintigraphy, 476–478
image acquisition, 481–483
image analysis, 483–485
radiolabeling aerosols, 478–480

radiolabeling aerosols, 478–480
radiolabeling validation, 479–480
in vitro testing, 475–476

Inhalation drug products
combination products, 511–512
extended-release dosage forms, 512–513
FD&C Act, 489–490
generic drug products

equivalent systemic exposure, 516–517
local equivalent, 517–519
Q

1
&Q

2
 sameness, 515

safety and efficacy, BE studies, 514
in vitro equivalence, 515
Weight of Evidence approach, 514–515

manufacturing and controls
DPIs, 493–494
drug substances, 496
excipients, 496–497
MDIs, 492–493
solutions and suspensions, 495
sprays, 495–496

NDA, 490
new drug development and approval 

process, 489–490
reference listed drug products (RLDs), 

490, 514, 518

in vitro evaluations
plume geometry, 503–504
PSD, 503
spray pattern, 503–504

in vivo evaluations
asthma, 507–509
clinical development program,  

505–507
COPD, 509–510
nonclinical testing, 504–505
safety considerations, 495

Inhaled particle–respiratory fluid interactions. 
See Aerosol particle transport

Insulin liposomes, 318
Interleukin–2 (IL–2) therapy, 324
In vitro cell culture models

alveolar epithelial cell lines (see Alveolar 
epithelial cell lines)

co-culture models, 424
continuous cell cultures

alveolar epithelial cell lines, 421–423
disadvantages, 419
vs. primary cell cultures, 419
tracheobronchial epithelial cell lines, 

419–421
cystic fibrosis (CF), 423
drug absorption studies

alveolar epithelial cells, 430–433
tracheo-bronchial epithelial cells, 

425–430
particle impingement studies

multistage liquid impinger (MSLI), 433
twin-stage impinger (TSI), 433–434

primary cell cultures
alveolar epithelia, 418–419
tracheo-bronchial epithelia, 418

tracheo-bronchial epithelial cells (see 
Tracheo-bronchial epithelial cells)

In vitro performance testing
aerosol electrostatics

direct measurement, 394–396
dynamic systems, Faraday cage 

method, 393–394
indirect measurement, 396–398
triboelectrification, 392–393

cascade impactors (CIs)
Andersen cascade impactor (ACI), 

385–387
APSD measurement, 383–384
development considerations, 387
multistage cascade impactor, schematic 

diagram, 385
simplification, 387–392
single-stage inertial impactor, 384–385



551Index

static characterization methods
drug solubility screening, propellants, 

404–405
inter-particulate interaction, DPI, 

400–403
surface morphology, 398–400

in vitro dissolution studies
dissolution medium, 410–411
experimental difficulties, 406
flow-through cell, 406–407
ideal test procedure, 405–406
membrane holder, 407–409

In vivo animal models
disease models, 464–467
dose calculation

aerosol administration, 454–459
drug deposition assessment,  

459–460
pharmacokinetics models, drug 

disposition, 461–462
pulmonary bioavailability, 463–464
quantification,drug concentrations, 

460–461
rate of absorption, 463–464

vs. ex vivo tissue models, 444–445
IPRL models, 445
local respiratory diseases treatment, 

443–444
selection factors

airway structure, 447–449
biological response, 452–453
cells,alveolar region, 449–451
drug absorption, 452
lung circulation, 451–452
morphologic features, pleuras and 

bronchioles, 448–449
respiratory mechanics, 446–447

treatments, 465–466
IPRL model. See Isolated perfused lung 

(IPRL) model
Isolated perfused lung (IPRL) model,  

444–445

J
Jet mills. See Fluid energy milling technology
Jet nebulizers

affecting factors, 225–226
choice, 227–228
design models, 227
mechanism, 225
particle engineering technologies, 288
schematic diagram, 226
shortcomings, 227

L
L-a-Dipalmotoyl phosphatidylcholine 

(DPPC), 277
Large porous particles (LPPs), 114, 265, 266
Levonorgesterol therapy, 318
Lipid-coated budesonide microcrystals, 289
Lipoplex. See Lipoplex-mediated transfection
Lipoplex-mediated transfection, 369
Liposome-encapsulated 9-NC (L–9NC) 

therapy, 325
Liposomes

availability reasons, 315, 316
classification

dependent parameters, 314
size and lamellarity, 315

drug absorption avoidance, 110–111
formulating factors

BAL, rigidity and stability, 317
DPI, 318
particle size, 316–317
surface charge, 317

half-lives, liposome-encapsulated 
3H-terbutaline, 242, 243

nebulisation
duration, 320
factors influencing jet nebulisation, 319
vs. jet and vibrating mesh nebulisers, 

319
non-extruded small size reduction, 320
stealth effect, 321

particle size and surface charge, 316–317
pharmacokinetics, 240–241
phospholipids, chemical structure, 238
rate of release, 239
vs. solution formulations, 239–242
in vitro, preclinical and clinical studies

cancer, 324–326
macrophage targeting, 326–327
nucleotide delivery, 329–330
PAH, 327
peptide and protein delivery, 328–329
pulmonary infections treatment, 

322–324
Lung absorption

diffusion control
half-life vs. lipophilicity, 130–131
half-life vs. molecular weight, 131–132

nonabsorptive clearance, 137–138
transporter control

ATP-binding cassette (ABC), 133–134
BCRP, 133–134
endocytotic, 135–137
solute-linked carrier (SLC/SLCO), 135
uptake transporter, 135



552 Index

Lung clearance mechanisms
absorption, epithelial cells, 104–105
administration methods, healthcare, 

101–102
alveolar macrophages, 104
drug release vs. dosage form, 102
factors,drug release rate, 102–103, 105
metabolic degradation, 105–106
mucociliary escalator, 103–104

Lung disposition
absorption vs. nonabsorptive clearance, 

128–129
aerodynamic diameter, 128

Lung resistance protein (LRP), 429

M
Macrophage clearance avoidance

macrophages, 119–120
particle shape

actin staining, 117
schematic diagram, phagocytosis 

occurrence, 118
particle size

LPPs and NPs, 114
macrophage uptake, 116
Trojan particles, 115
VMD and cumulative release profiles, 

115
stealth characteristics, 118–119

Macrophage targeting, 326–327
MDI. See Metered-dose inhaler (MDI)
MDLI. See Metered dose liquid inhalers 

(MDLI)
Metered-dose inhaler (MDI)

inhalation drug products, 492–493
particle engineering technologies, 289

Metered dose liquid inhalers (MDLI)
AerX® system, 233
Aradigm AerX™ aerosol, 232

Microcrystals
controlled release function, 256
in vitro and in vivo studies, 257

Microencapsulation. See Drug formulations
Microparticles

composites, 266
drug absorption avoidance, 111–112

Microprecipitation technology, 300
Milling technology

fluid energy, 291–292
mechanical process, 291
wet, 292

MRP1 protein, 426–428
MSLI. See Multistage liquid impinger (MSLI)

Mucociliary clearance
avoidance

aerodynamic targeting, 106–107
extracellular barriers, 107–108
schematic diagram, 103

pulmonary drugs, 24–27
Mucociliary escalator

aerosol particle transport
histology, airway epithelial culture, 

149–150
mucolytic agents, 150–151
physicochemical properties, 151–152
schematic diagram, 103

lung clearance mechanisms
aerodynamic targeting, 106–107
schematic diagram, 103

nanodisperse microspheres, 351
in vivo animal models, 444

Mucolytic agents, 150–151
Mudge inhaler, 54–55
Multistage cascade impactor, 385
Multistage liquid impinger (MSLI), 433

N
NanoCluster SN™ process, 306
NanoEdge™ technology, 293
Nanoengineered particle, 357–358
Nanoparticles (NPs)

adsorption, distribution, metabolism and 
excretion (ADME), 336

disadvantages, 266
drug delivery

absorption, 339–341
particle deposition vs. particle size, 

338, 339
publications, nanomedicine, 337

macrophage clearance avoidance,  
114–115

pulmonary delivery strategies
DPI, 349–355
drug encapsulated nanodispersions, 

345–347
lipid nanoparticles, 347–349
nanoscale powders for redispersion, 

344–345
nebulized dispersions, 341–349
stabilized nanodispersions, 342–344

toxicology
bioerodable nanoparticles, 358–360
combustion-derived particles, 356–357
nanoengineered particles, 357–358
regulatory stance, 358

NanoPure® technology, 293



553Index

Nanopure XP technology, 293
Native smoking pipes, 52
Nebulisation, liposomes

duration, 320
factors influencing jet nebulisation, 319
vs. jet and vibrating mesh nebulisers, 319
non-extruded small size reduction, 320
stealth effect, 321

Nebulized dispersions, pulmonary delivery 
strategies

drawbacks, 349
drug encapsulated nanodispersions, 

345–347
lipid nanoparticles, 347–349
nanoscale powders, redispersion,  

344–345
stabilized nanodispersions, 342–344

Nebulizers
advantages, 224
aerosolization systems

droplet formation, 81–84
inhaler technology, 75
solution/suspension formulation, 80
types, 81

disadvantage, 224–225
jet nebulizer

affecting factors, 225–226
choice, 227–228
design models, 227
mechanism, 225
schematic diagram, 226
shortcomings, 227

limitations, 224
MDLI

AerX® system, 233
Aradigm AerX™ aerosol, 232

optimization, 230–231
optimizing nebulizer

AAD system, 231
reservoir, 230

particle engineering technologies, 288
tobramycin, 224
ultrasonic nebulizer

aerosolization, 229
design, 228–229
developments, 229–230
disadvantages, 228
piezoelectric crystal, 228
schematic diagram, 229

uses, 224
Nelson inhaler, 62
Nonspecific particle trapping, 35
Noyes-Whitney equation, 305, 340
Nucleotide delivery, 329–330

O
OIPs. See Orally inhaled drug products  

(OIPs)
Oligo(lactic acid) (OLA), 273
Orally inhaled drug products (OIPs),  

531–532

P
Paclitaxel therapy, 324, 325
PAH. See Pulmonary arterial hypertension  

(PAH)
Particle engineering technologies

HFA-based formulations, pMDIs,  
188–190

high pressure homogenization
microfluidizer, 292–293
piston-gap, 293–294

inhaled aerosols
DPI, 289–290
MDI, 289
nebulizer, 288
ultrasonic nebulizers, 288–289
uses, 288

mechanisms
aerodynamic diameter (d

a
), 286

cascade impactor, 286, 287
cunningham correction factor (C

c
), 287

FPF
5
, 288

particle deposition, in lungs, 285
milling

diagram, 291
fluid energy, 291–292
wet, 292

nanoparticle-based formulations
milling, 306
nifedipine nanoparticle cluster, 307
Noyes-Whitney equation, 305
saturation solubility drugs formulated, 

304
typically and presumably, 306

porous microparticle fabrication 
techniques, 303–304

precipitation technology
application, 298
direct controlled crystallization, 

298–299
EPAS, 300–301
microprecipitation  

and sono-crystallization, 300
spherical agglomerates crystallization, 

299–300
pulmonary physiology, 284
shape factor, 286



554 Index

Particle engineering technologies (cont.)
spray drying technology

anti-asthmatic drugs and atomizers 
types, 294

controlled evaporation droplets, 298
evaporation, low-boiling-point 

solutions, 298
low density particles, 295
péclet number, 296
PNAPs, 296, 297
process steps, 294, 295
PulmoSphere™ process, 295, 296
spray freeze drying (SFD), 297

supercritical fluid (SCF) technology
griseofulvin morphology, 303
vs. SAS, 302
typical phase diagram, 301

Passive diffusion, 31–32
Passive DPIs, 205
Passive inhalation, 454–457
PBPK modeling. See Physiologically based 

pharmacokinetic (PBPK) modeling
PEGylation

drug absorption avoidance, 113
excipient conjugates, 249
nanoparticles, 192, 340, 348

Peptide and protein delivery, 328–329
P-glycoprotein, 431
Phagocytosis. See Alveolar macrophage 

clearance
Physiologically based pharmacokinetic 

(PBPK) modeling, 462
Piston-gap homogenization, 293–294
Plasmid DNA (pDNA)

aerosolization, 368–369
lipoplexes and polyplexes, 369–372
transport into lung

intracellular barriers gene therapy,  
370, 376

studies, overview of, 376
in vitro and in vivo immunogenicity, 376

vaccination
advantages, 373–375
vs. gene therapy, 372
potential barriers, 373, 374
transport into nucleus, 374

Plume geometry, inhalation drug products, 
504, 515

pMDIs. See Pressurized metered-dose inhalers 
(pMDIs)

PNAPs. See Porous nanoparticle-aggregate 
particles (PNAPs)

Poly(L-lysine) (PLL). See Polyplex-mediated 
transfection

Poly(lactic acid) (PLA), 272–273
Poly(lactic-co-glycolide acid) (PLGA), 276
Poly(vinyl alcohol) (PVA), 273–274
Poly(ethylene glycol)–1,3-

bis(carboxyphenoxy)propane-
sebacic acid (SA) (PEG-CPP-SA), 
278, 279

Polyethyleneimine (PEI). See Polyplex-
mediated transfection

Polylactide. See Poly(lactic acid) (PLA)
Polymer degradation, 266
Polymeric nanocarriers (NCs), 192–194
Polymers

copolymers, 248
PBLG-PEO-PBLG, 278
PEG-CPP-SA, 278, 279
PLA-PEG-PLA, 277, 278
poly(lactic-co-glycolide acid) (PLGA), 

275–277
definition, 243
function mechanisms

bulk degradation and surface erosion, 
268

drug delivery, mechanisms of, 266, 267
hydrogel swelling, environment 

changes, 267
limitations and safety concerns, 279
mechanism, controlled release, 244
natural and synthetic types, 243, 245–247
natural type

albumin, 268
carrageenan, 268–269
chitosan, 269–270
gelatin, 270–271
hyaluronic acid (HA), 271–272

particle size, 265
synthetic type

acrylic acid derivatives, 274–275
oligo(lactic acid) (OLA)., 273
poly(lactic acid) (PLA), 272–273
poly(vinyl alcohol) (PVA), 273–274

Polymer swelling, 266
Polyplex. See Polyplex-mediated transfection
Polyplex-mediated transfection

biodegradable polysaccharides molecular 
structure, 370

chitosan, 370, 372
PEI and PLL, 370, 371

Poly(g-benzyl-L-glutamate)-poly(ethylene 
oxide)-poly(g-benzyl-L-glutamate) 
(PBLG-PEO-PBLG), 278

Poly(lactic acid)-poly(ethylene glycol)-
poly(lactic acid) (PLA-PEG-PLA), 
277, 278



555Index

Porous nanoparticle-aggregate particles 
(PNAPs), 296, 297

Powder de-agglomeration principles, DPI
air classifier technology, 211–212
device resistance and flow rate, 214–215
mechanical forces, 208–209
meshes and screens, 215–216
NovolizerTM, 212
sustained exposure, flow stream, 210–212
turbulence inducement, 207–208
TwincerTM, 212
vibration induced dispersion, 212–214

Powder drug inhalation, 493–494
Powder formulation

drug aerosolization, 91–92
drug deposition, 92–94
elongated particles, 95
low density porous particles, 94
mixing, 89–91
particulate interactions, 87–89

Pressurized metered-dose inhalers (pMDIs)
aerosolization systems

droplet formation, 84–86
inhaler technology, 76, 77
solution/suspension formulation, 80–81

AIM concept, 389–390
components

commercial HFA, 170, 171
hardware, 168–169
hydrofluoroalkane (HFA) propellants, 

169–170
schematic diagram, 169

vs. DPI, 204
vs. DPIs, 166
environmental impact, propellants, 

166–167
formulation development, 167–168
HFA-based formulations

cosolvents, 172–173
excipients, 172
particle technologies, 188–190
solubility and solvation, 173–188
solubility enhancers, 172–173
solute solubility, 174–179

nanoparticles, non-polar APIs, 190–191
oral inhalation delivery, 

biomacromolecules, 194–195
polymeric nanocarriers (NCs), 192–194
regulatory systems

factors, 532
influencing factors, 532
montreal protocol impact, 531
patient population size, 531
systemic drug delivery, 531–532

Primary cell cultures
alveolar epithelia, 418–419
tracheo-bronchial epithelia, 418

Prodrugs
drug absorption avoidance, 113
duration of effect, 40

Product specifications
regulatory systems

drug product and device requirements, 
531–540

legacy, pMDIs, 530–532
Product testing. See Product specifications
Propellant driven metered dose inhalers. See 

Pressurized metered-dose inhalers
Pulmonary arterial hypertension (PAH), 327
Pulmonary delivery strategies

drug encapsulated nanodispersions
cation-induced alginate gelification, 

347
chemotherapeutic treatment, 345, 346
poly(lactic-co-glycolic acid) (PLGA), 

346, 347
tumor-targeting, 345

lipid nanoparticles, 347–349
nanoscale powders for redispersion, 

344–345
nebulized dispersions, 341–342
stabilized nanodispersions

air-jet and vibrating mesh nebulizers, 
343

budesonide formulation, 342, 343
synthetic or natural surfactants, 342

Pulmonary drugs
absorption

assessment, 36–38
drug transporters, 32–34
importance, lung physiology, 35–36
membrane vesicles, 34–35
nonspecific particle trapping, 35
passive diffusion, 31–32

clearance
alveolar macrophages, 27
mucociliary, 24–27

dissolution kinetics, 22–24
effect duration

biotransformation, 39–40
dissolution rate, 38–39
formulation strategies, 39
prodrugs and soft drugs, 40
protein binding, 41
tissue affinity, 39

metabolism, 27–30
Pulmonary infections treatment, 322–324
Pulmonary nebulizer machine. See Nebulizers



556 Index

PulmoSphere™ process, 295, 296
PulmoSphere® technology, 354, 355

R
Radiolabeling aerosols

inhalation deposition analysis, 478–480
validation process, 479–480

Rapid expansion from supercritical to aqueous 
solution (RESAS), 302

Rapid expansion of liquefied-gas solution and 
homogenization (RELGSH), 302

Rapid expansion of supercritical solutions 
(RESS) atomizes, 301

Regulatory systems, product testing
drug product and device requirements

CMC framework, 532–533
features, 533, 535
performance targets, 535
risk concerns, 536–540
systematic analysis, 536

inhalation products, 530
legacy, pMDIs

factors, 532
influencing factors, 532
montreal protocol impact, 531
patient population size, 531
systemic drug delivery, 531–532

RELGSH. See Rapid expansion of liquefied-gas 
solution and homogenization 
(RELGSH)

RESAS. See Rapid expansion from 
supercritical to aqueous solution 
(RESAS)

Respiratory system
airways

alveolar cells, 9–10
macrostructure and function, 3–4

lung absorption
diffusion control, 130–132
nonabsorptive clearance, 137–138
transporter control, 132–137

lung disposition, 128–129
RESS. See Rapid expansion of supercritical 

solutions (RESS) atomizes
Rifampicin, 276
Rotahaler, 71

S
Sales–Girons’ portable atomiser, 57–58
SAS. See Supercritical anti-solvent (SAS)
SCF. See Supercritical fluid (SCF)  

technology

SEDS. See Solution-enhanced dispersion by 
supercritical fluids (SEDS)

SFD. See Spray freeze drying (SFD)
SFEE. See Supercritical fluid extraction of 

emulsions (SFEE)
Siegle’s inhaler, 59
Simulated interstitial lung fluid (SILF), 410
Simulated surfactant lung fluid (SSLF), 410
Single photon emission computed tomography 

(SPECT), 476, 478, 483
Single-stage inertial impactor, 384–385
SLC/SLCO. See Solute-linked carrier (SLC/

SLCO)
SLC-transporters, 428–429
SLIT. See Sustained release lipid inhalation 

targeting (SLIT)
Small interference RNA (siRNA) delivery. See 

Antisense oligodeoxynucleotide 
(AS-ODN)

Solid lipid nanoparticles (SLN), 348
Solubility enhancers, 172–173
Solute-linked carrier (SLC/SLCO), 135
Solution-enhanced dispersion by supercritical 

fluids (SEDS), 302
Solutions and suspensions, inhalation drug 

products, 495
Solutions inhalation, 495
Solution/suspension formulation

nebulizer, 80
pMDI, 80–81

Sono-crystallization, 300
SPECT. See Single photon emission computed 

tomography (SPECT)
Spherical agglomerates crystallization, 

299–300
Spinhaler, 71
Spray drying technology

anti-asthmatic drugs and atomizers types, 
294

droplets, controlled evaporation of, 298
low-boiling-point solutions, evaporation of, 

298
low density particles, 295
nanodisperse microspheres, 349, 350
péclet number, 296
PNAPs, 296, 297
process steps, 294, 295
PulmoSphere™ process, 295, 296
spray freeze drying (SFD), 297

Spray freeze drying (SFD), 297
Spray freezing into liquid. See Spray freeze 

drying (SFD)
Spray freezing into liquid (SFL) cryogenic 

technique, 344



557Index

Sprays formulation
droplet formation

nebulizer, 81–84
pMDI, 84–86

evaporation, 86
inhalation drug products, 495–496
solution/suspension formulation

nebulizer, 80
pMDI, 80–81

suspension aerosols aggregation, 86–87
Stern inhaler, 54
Supercritical anti-solvent (SAS), 302
Supercritical fluid extraction of emulsions 

(SFEE), 302, 303
Supercritical fluid (SCF) technology, 301–303
Surface morphology

AFM imaging, 398–399
light scattering, 399–400

Surfactant proteins (SPs), 316
Suspensions

aerosols aggregation, 86–87
controlled release function, 256
inhalation, 495
in situ study, rat lungs, 258

Sustained release lipid inhalation targeting 
(SLIT), 324

T
Technosphere® technology, 354
Thin film freezing (TFF) technology, 345
Tracheo-bronchial epithelial cells

ABC-transporters, 425–426
BEAS–2B cell line, 420–421
biopharmaceutical research, 425–430
Caco–2 cells, 419–420
Calu–3, 420
drug permeability, 425

lung resistance protein (LRP), 429
MRP1 protein, 426–428
organic anion transporting polypeptides 

(OATP), 429
primary cell cultures, 418
SLC-transporters, 428–429

Transepithelial electrical resistance (TEER), 
418

Transferrin receptors (TfR), 325, 326
TSI. See Twin-stage particle impinger (TSI)
Turbuhaler, 71
Twin-stage particle impinger (TSI), 433–434

U
Ultrasonic nebulizers

aerosolization, 229
design, 228–229
developments, 229–230
disadvantages, 228
droplet formation, 81–82
particle engineering technologies, 288–289
piezoelectric crystal, 228
schematic diagram, 229

V
Vasoactive intestinal peptide (VIP), 328
Vibrating-mesh nebulizer, 82
VIP. See Vasoactive intestinal peptide (VIP)
VIP self associated with sterically stabilised 

liposomes (VIP-SSL), 328, 329
VMD. See Volume median diameter (VMD)
Volume median diameter (VMD), 115

W
Wet milling technology, 292


	Cover
	Advances in Delivery Science and Technology
	Controlled Pulmonary Drug Delivery
	ISBN 9781441997449
	Preface
	Acknowledgments
	Contents
	Contributors

	Chapter 1: Macro- and Microstructure of the Airways for Drug Delivery
	1.1 Macrostructure and Function
	1.1.1 Conducting Airways
	1.1.2 Respiratory Airways

	1.2 Targeted Anatomical Sites for Aerosol Delivery
	1.2.1 Aerosol Particle Deposition Mechanisms

	1.3 Physiological Factors Influencing Deposition
	1.3.1 Mode of Inhalation
	1.3.2 Oropharyngeal Deposition
	1.3.3 Morphological and Deposition Changes Due to Disease
	1.3.3.1 Obstructive Diseases
	1.3.3.2 Infectious Disease


	1.4 Airway Cells
	1.4.1 Relevant Cells of the Conducting Airways
	1.4.2 Relevant Cells of the Respiratory Airways

	1.5 Airway Receptors
	1.6 Blood Flow
	1.6.1 Bronchial and Pulmonary Circulation Systems
	1.6.2 Blood Flow Influence on Drug Delivery

	1.7 Airway Secretions
	1.7.1 Importance in Drug Delivery

	References

	Chapter 2: Pulmonary Drug Metabolism, Clearance, and Absorption
	2.1 Introduction
	2.2 Dissolution
	2.3 Mucociliary and Cough Clearance
	2.4 Clearance by Alveolar Macrophages
	2.5 Pulmonary Drug Metabolism
	2.6 Pulmonary Drug Absorption
	2.6.1 Passive Diffusion
	2.6.2 Drug Transporters
	2.6.3 Vesicle-Mediated Transport
	2.6.4 Nonspecific Particle Trapping
	2.6.5 Importance of Lung Physiology and Pathophysiology
	2.6.6 Assessing Pulmonary Drug Absorption

	2.7 Duration of Effect and Airway Selectivity
	2.7.1 Dissolution Rate
	2.7.2 Formulation Approaches
	2.7.3 Tissue Affinity
	2.7.4 Biotransformation
	2.7.5 Prodrugs and Soft Drugs
	2.7.6 Protein Binding

	2.8 Concluding Remarks
	2.9 Contributions
	References

	Chapter 3: Pulmonary Drug Delivery: An Historical Overview
	3.1 The Earliest History of Pulmonary Drug Delivery
	3.2 Pulmonary Drug Delivery in the Seventeenth and Eighteenth Centuries
	3.3 Pulmonary Drug Delivery in the Nineteenth Century
	3.4 Pulmonary Drug Delivery in the Twentieth Century
	References

	Chapter 4: The Physics of Aerosol Droplet and Particle Generation from Inhalers
	4.1 Introduction
	4.1.1 Background to Inhaler Technology Overview
	4.1.2 Origins of Particles: Milling and Spray Drying

	4.2 Sprays (pMDI, Nebulizer)
	4.2.1 Solution/Suspension Formulation
	4.2.1.1 Nebulizer
	4.2.1.2 pMDI

	4.2.2 Droplet Formation
	4.2.2.1 Nebulizer
	4.2.2.2 pMDI

	4.2.3 Evaporation
	4.2.4 Aggregation of Suspension Aerosols

	4.3 Powders
	4.3.1 Particulate Interactions
	4.3.2 Mixing (with Lactose or Other Excipients)
	4.3.3 Fluid Dynamics of Dry Powder Aerosols (Particle Motion in Airflow)
	4.3.3.1 Drug Aerosolization
	4.3.3.2 Drug Deposition

	4.3.4 Low Density Porous Particles
	4.3.5 Elongated Particles

	4.4 Conclusion
	References

	Chapter 5: Overcoming Lung Clearance Mechanisms for Controlled Release Drug Delivery
	5.1 Introduction
	5.2 Clearance Mechanisms Within the Lung
	5.2.1 Mucociliary Clearance
	5.2.2 Alveolar Macrophage Clearance (Phagocytosis)
	5.2.3 Absorption Through Epithelial Cells (Ciliated and Alveolar)
	5.2.4 Clearance Through Metabolic Degradation

	5.3 Overcoming Lung Clearance Mechanisms for Controlled Drug Release in the Lung
	5.3.1 Avoiding Mucociliary Clearance
	5.3.1.1 Avoidance of the Mucociliary Escalator via Aerodynamic Targeting
	5.3.1.2 Interactions with Extracellular Barriers

	5.3.2 Avoiding Rapid Drug Absorption
	5.3.2.1 Drug Structural Modification
	5.3.2.2 Drug Formulations (Microencapsulation)
	Liposomes
	Microparticles
	PEGylation
	Prodrugs


	5.3.3 Avoiding Macrophage Clearance
	5.3.3.1 Particle Size
	5.3.3.2 Particle Shape
	5.3.3.3 Stealth Characteristics
	5.3.3.4 Drug Release within/from Macrophages

	5.3.4 Avoiding Biological and Macromolecule Degradation

	5.4 Conclusion
	References

	Chapter 6: Targeted Drug Delivery Through the Respiratory System: Molecular Control on Lung Absorption and Disposition
	6.1 Introduction
	6.2 Lung Disposition: Absorption vs. Nonabsorptive Clearance
	6.3 Diffusion Control on Lung Absorption
	6.4 Transporter Control on Lung Absorption
	6.4.1 Efflux Transporter Control: ATP-Binding Cassette (ABC) Transporters
	6.4.2 Uptake Transporter Control: Solute-Linked Carrier (SLC/SLCO) Transporters
	6.4.3 Endocytotic Transporter Control: Albumin, IgG, and IgA

	6.5 Nonabsorptive Clearance Control on Lung Absorption
	6.6 Conclusions
	References

	Chapter 7: Controlled Transport for Pulmonary Drug Delivery
	7.1 Introduction
	7.2 Surfactant-Assisted Spreading for Enhanced Spatial Distribution of Aerosols
	7.3 Aerosol Submersion Within Respiratory Fluids
	7.4 Controlling Particle Transport via the Mucociliary Escalator
	7.4.1 Altering Particle Clearance via Mucoactive Compounds
	7.4.2 Effect of Particle Physicochemical Properties on Clearance

	7.5 Diffusional Transport Within Respiratory Fluids
	7.5.1 Respiratory Tract Mucus as a Barrier to Particle Diffusion
	7.5.2 Methods to Measure Particle Diffusion Through Mucus
	7.5.3 Methods to Enhance Particle Diffusion Through Respiratory Tract Fluids

	7.6 Summary
	References

	Science and Technology of Pressurized Metered-Dose Inhalers
	8.1 Introduction
	8.1.1 pMDIs vs. DPIs
	8.1.2 Environmental Impact of the Propellants Used in pMDIs
	8.1.3 Formulation Development

	8.2 Commercial pMDIs: Essential Components
	8.2.1 The Hardware
	8.2.2 The Formulation

	8.3 Formulations in HFA-Based pMDIs: Current Efforts
	8.3.1 Excipients in pMDIs
	8.3.2 Cosolvents: Solubility Enhancers in HFAs
	8.3.3 Other Excipients: Solubility and Solvation in pMDIs
	8.3.3.1 Experimental Determination and Modeling of Solute Solubility in HFAs
	8.3.3.2 Solvation in HFA Propellants: HFA-Philicity
	Effect of the Polarity of the Fragment
	Effect of the Shape of the Fragment
	Electrostatic or Dispersive
	Atomic Force Microscopy and Solvation Forces in HFAs

	8.3.3.3 Rational Surfactant Design for HFA Formulations

	8.3.4 Particle Technologies

	8.4 Future Directions of pMDIs
	8.4.1 Nanosuspensions of Poorly Water Soluble APIs in pMDIs
	8.4.2 Polymeric Nanocarriers as a Platform for the Controlled and Targeted Drug Delivery to and Through the Lungs Using pMDIs
	8.4.3 Oral Inhalation Delivery of Biomacromolecules with pMDIs

	References

	Chapter 9 Science and Technology of Dry Powder Inhalers
	9.1 Introduction
	9.2 Pulmonary Drug Delivery
	9.3 Dry Powder Inhalers
	9.4 DPI Formulations
	9.5 DPI Development
	9.5.1 Turbulence Inducement
	9.5.2 Mechanical Forces
	9.5.3 Pneumatic Forces
	9.5.3.1 Compressed Gas
	9.5.3.2 Vacuum
	9.5.3.3 Synthetic Jetting Technology

	9.5.4 Sustained Exposure to Flow Stream
	9.5.4.1 Delayed Exposure
	9.5.4.2 Air Classifier Technology

	9.5.5 Vibration-Induced Dispersion
	9.5.5.1 Capsule Vibrations
	9.5.5.2 Aeroelastic Vibrations
	9.5.5.3 Piezoelectric Driven Dispersion

	9.5.6 Electric and Magnetic Fields

	9.6 Device Resistance and Flow Rate
	9.7 Meshes and Screens
	9.8 DPI Product Manufacturing
	9.9 Conclusion
	9.10 Appendix
	9.10.1 Patents

	References

	Chapter 10: Science and Technology of Nebulizers and Liquid-Based Aerosol Generators
	10.1 Introduction
	10.2 Nebulizer Uses, Advantages, and Limitations
	10.3 The Jet Nebulizer
	10.4 The Ultrasonic Nebulizer
	10.5 Optimizing Nebulizer Delivery
	10.6 Metered Dose Liquid Inhalers
	10.7 Conclusions
	References

	Chapter 11: Excipients Utilized for Modifying Pulmonary Drug Release
	11.1 Introduction
	11.2 Liposomes
	11.2.1 What Are Liposomes?
	11.2.2 How Do Liposomes Function in Controlled Release?
	11.2.3 Examples of Common Liposomes Used
	11.2.3.1 Comparing Liposomal and Solution Formulations
	11.2.3.2 Comparing Liposomal Formulations to Each Other


	11.3 Polymers
	11.3.1 What Are Polymers?
	11.3.2 How Do Polymers Function in Controlled Release?
	11.3.3 Examples of Polymers Used for Sustained Release

	11.4 Conjugate Excipients
	11.4.1 What Are Conjugate Excipients?
	11.4.2 How Do Conjugate Excipients Function in Controlled Release?
	11.4.3 Examples of Excipient Conjugates
	11.4.3.1 Dextran
	11.4.3.2 PEGylation


	11.5 Cyclodextrins
	11.5.1 What Are Cyclodextrins?
	11.5.2 How Do Cyclodextrins Function in Controlled Release?
	11.5.3 Evidence for the Use of Cyclodextrins in Controlled Release Formulations
	11.5.3.1 Use of Cyclodextrins Only
	11.5.3.2 Use of Cyclodextrins in Concert with Other Excipients to Control Drug Release


	11.6 Alternate Modalities to Sustain Drug Release
	11.6.1 How Do These Modalities Function in Controlled Release?
	11.6.2 Examples of Alternate Modalities
	11.6.2.1 Amorphous Sugars
	11.6.2.2 Microcrystals
	11.6.2.3 Suspensions


	11.7 Conclusion
	References

	Chapter 12 Polymers for Pulmonary Drug Delivery
	12.1 What Are Polymers?
	12.2 How Do Polymers Function in Controlled Release?
	12.3 Examples of Natural Polymers Used for Sustained Release
	12.3.1 Albumin
	12.3.2 Carrageenan
	12.3.3 Chitosan
	12.3.4 Gelatin
	12.3.5 Hyaluronic Acid

	12.4 Examples of Synthetic Polymers Used for Sustained Release
	12.4.1 Poly(Lactic Acid)
	12.4.2 Oligo(Lactic Acid)
	12.4.3 Poly(Vinyl Alcohol)
	12.4.4 Acrylic Acid Derivatives

	12.5 Examples of Copolymers Used in Sustained Release
	12.5.1 Introduction to Copolymers
	12.5.2 Review of Poly(Lactic-Co-Glycolide Acid) (PLGA)
	12.5.3 Review of Miscellaneous Copolymers

	12.6 Limitations and Safety Concerns
	References

	Chapter 13 Particle Engineering Technologies for Pulmonary Drug Delivery
	13.1 Introduction
	13.2 Pulmonary Physiology and Drug Delivery
	13.3 Particle Engineering Fundamentals
	13.4 Aerosol Drug Delivery Approaches
	13.5 Particle Engineering Technologies for Pulmonary Delivery
	13.5.1 Milling Technology
	13.5.1.1 Fluid Energy Milling
	13.5.1.2 Wet Milling Technology

	13.5.2 High-Pressure Homogenization
	13.5.2.1 Microfluidizer Technology
	13.5.2.2 Piston-Gap Homogenization

	13.5.3 Spray Drying Technology
	13.5.3.1 Spray Freeze Drying
	13.5.3.2 Controlled Evaporation of Droplets
	13.5.3.3 Evaporation of Low-Boiling-Point Solutions

	13.5.4 Precipitation Technology
	13.5.4.1 Direct Controlled Crystallization
	13.5.4.2 Direct Crystallization of Spherical Agglomerates
	13.5.4.3 Sono-Crystallization
	13.5.4.4 Microprecipitation by Opposing Liquid Jets
	13.5.4.5 Evaporative Precipitation into Aqueous Solution Process (EPAS)

	13.5.5 Supercritical Fluid (SCF) Technology
	13.5.6 Porous Microparticle Fabrication Techniques
	13.5.7 Nanoparticle-Based Formulations

	13.6 Summary
	References

	Chapter 14 Liposomes for Pulmonary Drug Delivery
	14.1 Liposomes
	14.1.1 Classification of Liposomes

	14.2 Liposomes for Pulmonary Drug Delivery
	14.3 Factors to Be Considered in Formulating Liposomes for Pulmonary Delivery
	14.3.1 Particle Size and Surface Charge
	14.3.2 Rigidity and Stability of Liposomes in Bronchoalveolar Lavage Fluid (BAL)
	14.3.3 Liposomal Dry-Powder Inhalers
	14.3.4 Nebulization of Liposomes

	14.4 Experiences from In Vitro, Preclinical, and Clinical Studies Using Pulmonary Liposomes
	14.4.1 Treatment of Pulmonary Infections
	14.4.2 Cancer
	14.4.3 Macrophage Targeting
	14.4.4 Pulmonary Arterial Hypertension (PAH)
	14.4.5 Peptide and Protein Delivery
	14.4.6 Nucleotide Delivery

	14.5 Concluding Remarks
	References

	Chapter 15 Nanoparticles for Pulmonary Delivery
	15.1 Introduction
	15.2 Nanoparticles in Drug Delivery
	15.2.1 Pulmonary Delivery of Nanoparticles
	15.2.2 Absorption of Drug Nanoparticles in the Lung

	15.3 Pulmonary Delivery Strategies for Nanoparticulates
	15.3.1 Nebulized Dispersions
	15.3.1.1 Stabilized Nanodispersions
	15.3.1.2 Nanoscale Powders for Redispersion
	15.3.1.3 Drug Encapsulated Nanodispersions
	15.3.1.4 Lipid Nanoparticles

	15.3.2 Dry Powders for Inhalation
	15.3.2.1 Nanodisperse Microspheres
	15.3.2.2 Aggregated Nanoparticles
	15.3.2.3 Other Engineered Particles


	15.4 Nanoparticle Toxicology
	15.4.1 Combustion-Derived Particles
	15.4.2 Nanoengineered Particles
	15.4.3 Regulatory Stance
	15.4.4 Bioerodable Nanoparticles

	15.5 Conclusion
	References

	Chapter 16 Pulmonary Delivery of Plasmid DNA for Disease Prevention and Therapy
	16.1 Introduction
	16.2 Aerosolization of pDNA
	16.3 Lipoplexes and Polyplexes
	16.4 Principles of Plasmid DNA Vaccination
	16.4.1 Advantages of Pulmonary Vaccination
	16.4.2 Transport of Plasmid DNA Vaccines into the Lungs

	16.5 Conclusions
	References

	Chapter 17 In Vitro Performance Testing for Pulmonary Drug Delivery
	17.1 Compendial Methods
	17.2 Considerations with Cascade Impactor Use
	17.3 Simplifying the Cascade Impactor Method
	17.4 Aerosol Electrostatics
	17.4.1 Direct Measurement
	17.4.2 Indirect Measurement

	17.5 Static Characterization Methods
	17.5.1 Surface Morphology
	17.5.2 Interparticulate Interaction in Dry Powder Formulations
	17.5.3 Drug Solubility Screening for Propellants

	17.6 In Vitro Dissolution Studies
	17.6.1 Existing Test Methods and Issues Associated with Current Methods
	17.6.2 New Dissolution Approaches
	17.6.2.1 Flow-Through Cell
	17.6.2.2 Membrane Holder

	17.6.3 Dissolution Medium

	References

	Chapter 18 In Vitro Cell Culture Models for Evaluating Controlled Release Pulmonary Drug Delivery
	18.1 Introduction
	18.1.1 Primary Cell Cultures
	18.1.1.1 Primary Cell Cultures of Tracheobronchial Epithelia
	18.1.1.2 Primary Cell Cultures of Alveolar Epithelia

	18.1.2 Continuous Cell Cultures
	18.1.2.1 Tracheobronchial Epithelial Cell Lines
	18.1.2.2 Alveolar Epithelial Cell Lines

	18.1.3 Disease Models
	18.1.4 Coculture Models

	18.2 Use of In Vitro Models of Respiratory Epithelial Barriers in Biopharmaceutical Research
	18.2.1 Drug Absorption Studies Using Tracheobronchial Epithelial Cells
	18.2.1.1 Drug Permeability
	18.2.1.2 Active Transport Mechanisms in Tracheobronchial Epithelial Cells
	ABC-Transporters
	SLC-Transporters
	Lung Resistance Protein (LRP)
	Organic Anion Transporting Polypeptides (OATP)

	18.2.1.3 In Vitro–In Vivo Correlation Using Tracheobronchial Epithelial Cells

	18.2.2 Drug Absorption Studies Using Alveolar Epithelial cells
	18.2.3 Particle Impingement Studies

	18.3 Concluding Remarks
	References

	Chapter 19 In Vivo Animal Models for Controlled-Release Pulmonary Drug Delivery
	19.1 Introduction
	19.2 Animal Models for Pulmonary Drug Delivery
	19.2.1 Factors to Be Considered in the Selection of an Animal Model
	19.2.1.1 Considerations on Respiratory Mechanics
	19.2.1.2 Anatomical and Morphological Considerations for Large Airways
	19.2.1.3 Anatomical and Morphological Considerations at the Cellular Level
	19.2.1.4 Considerations on Lung Circulation
	19.2.1.5 Considerations on Drug Absorption from the Lungs
	19.2.1.6 Variations in Biological Response


	19.3 Dose Calculation for Pulmonary Delivery Studies
	19.3.1 Pulmonary Administration of Drugs in Animal Models
	19.3.1.1 Passive Inhalation
	19.3.1.2 Direct Administration

	19.3.2 Methods to Assess Drug Deposition
	19.3.3 Methods to Assess Absorption and Disposition of Drugs After Pulmonary Delivery
	19.3.3.1 Determination of Local and Systemic Drug Concentrations
	19.3.3.2 Pharmacokinetics Models for the Disposition of Drugs in the Lungs
	19.3.3.3 Methods to Calculate the Rate of Absorption and Pulmonary Bioavailability


	19.4 Animal Models of Pulmonary Disease
	19.5 Summary
	References

	Chapter 20 Imaging Pulmonary Drug Delivery
	20.1 Introduction
	20.2 Gamma Scintigraphy
	20.3 Radiolabeling Aerosols
	20.4 Dose Administration
	20.5 Image Acquisition
	20.5.1 Planar Image Acquisition
	20.5.2 SPECT Image Acquisition

	20.6 Image Analysis
	20.7 Concluding Remarks
	References

	Chapter 21 Development and Approval of Inhaled Respiratory Drugs: A US Regulatory Science Perspective * 
	21.1 Introduction
	21.2 Chemistry Manufacturing and Controls
	21.2.1 Inhalation Aerosol
	21.2.2 Inhalation Powder
	21.2.3 Inhalation Solutions and Suspensions
	21.2.4 Inhalation Sprays
	21.2.5 Formulation Components
	21.2.5.1 Drug Substance(s)
	21.2.5.2 Excipients
	21.2.5.3 Manufacture and Packaging
	21.2.5.4 Specifications
	21.2.5.5 Container Closure Systems (CCS)
	21.2.5.6 Stability


	21.3 In Vitro Performance Evaluations
	21.4 In Vivo Evaluations
	21.4.1 Asthma
	21.4.1.1 Reliever Dugs
	21.4.1.2 Controller Drugs

	21.4.2 COPD
	21.4.3 Safety Considerations

	21.5 Combination Drug Products
	21.6 Extended-Release Inhalation Drug Products
	21.7 Generic Inhalation Drug Products
	21.7.1 Q1 and Q2 Sameness of Formulations
	21.7.2 In Vitro Equivalence
	21.7.3 Equivalent Systemic Exposure
	21.7.4 Equivalent Local Delivery

	References

	Chapter 22: Developing Performance Specifications for Pulmonary Products
	22.1 Introduction
	22.2 The Legacy of pMDIs
	22.3 Divergent International Views on How to Manage the Integration of Drug Product and Device Requirements
	22.4 Conclusions
	References

	About the Editors
	Index

