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During the process of inhalable formulation development a deep knowledge of the physicochemical characteris-
tics of the drug and formulation components and the biological properties of the airways is necessary.
For example, the solubility and lipophilicity of a drug may affect therapeutic efficacy by changing the residence
time of the microparticles at the airway surface. Furthermore, the properties of microparticles, such as shape,
size and density, as well as the diseases of the respiratory tract, delivery device and inhalation manoeuvre will
have an impact on where these microparticles are deposited.
The airway epithelium is involved in the pathogenesis and treatment of respiratory diseases. Epithelial cells are
directly exposed to the environment and respond to xenobiotics. In some cases, they are the site of action for drug
molecules or the drug molecules might need to be transported across the epithelium to arrive at the site of action.
The drug particles deposited on the respiratory epithelia have to interact with the mucus lining, dissolve and get
transported through this layer. Despite advances in in vitro testing of respiratory epithelial permeability, there is
little known about how and where drugs are absorbed at a cellular level and how long they reside in the lung.
Therefore, pulmonary permeability assessment of drugs may provide insights that will allow formulations to
be developed with optimised therapeutic outcomes.
This review focuses on the integration of these physicochemical characteristics with the biological factors to pro-
vide a better understanding of the fate of microparticles after deposition on the epithelial cells.

© 2014 Elsevier Inc. All rights reserved.

Contents
1. Introduction. . . . . . . . ..o e e e e e e e e 236
2. Invitro models of pulmonary drug absorption . . . . . . . . . .. L L. Lo e e e 237
3. Transport mechanisms across respiratory epithelia . . . . . . . . . . . .. ..o 239
4.  Effects of metabolising enzymes on drug transport . . . . . . . . . . . . ... . e e e e e e e e e e 242
5. Lung physiology and disease pathophysiology . . . . . . . . . . . . . . . . ... e 242
6.  Physicochemical factors of inhalation formulations that can modify the transport of therapeutics . . . . . . . . 243
7.  Correlation of in vitro cell models to ex vivo and invivomodels . . . . . . . . . . . ... ... L. 247
8. Concludingremarks . . . . . . . . . L. . e e e e e e e e e e e 248
Conflict of interest statement . . . . . . . . . . . .. e e e e e e e e e e e e e e e e e e e e 248
References . . . . . . . . . L e e e e e e e 248

Abbreviations: ACl, Anderson cascade impactor; ASP™, fluorescent organic cation 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide; BCRP, breast cancer resistant protein;
CFTR, cystic fibrosis transmembrane conductance regulator; CYP, cytochrome P; DPI, dry powder inhaler; FITC, fluorescein isothiocyanate; MRP, multidrug resistance-associated protein;
MSLI, multistage liquid impactor; NSAIDs, non-steroidal anti-inflammatory drugs; NHBE, normal human bronchial epithelial cells; OAT, organic anion transporter; OATP, organic anion
transporting polypeptide; OCT, organic cation transporter; OCTN, organic cation/carnitine transporter; PEPT, proton-coupled oligopeptide transporter; P-gp, P-glycoprotein; pMDI,
pressurised metered dose inhaler; SAECs, small airway epithelial cells; TEER, transepithelial electrical resistance; TSI, twin stage impinger; ZO-1, zonula occludens protein-1.

* Corresponding author. Tel.: +61 2 9114 0366.

E-mail address: mhag6035@uni.sydney.edu.au (M. Haghi).

! Contributed equally to this work.

http://dx.doi.org/10.1016/j.pharmthera.2014.05.003
0163-7258/© 2014 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.pharmthera.2014.05.003&domain=pdf
http://dx.doi.org/10.1016/j.pharmthera.2014.05.003
mailto:mhag6035@uni.sydney.edu.au
http://dx.doi.org/10.1016/j.pharmthera.2014.05.003
http://www.sciencedirect.com/science/journal/01637258

236 M. Haghi et al. / Pharmacology & Therapeutics 144 (2014) 235-252

1. Introduction

Drug delivery by inhalation is becoming one of the most important
routes for non-invasive systemic delivery of drugs (Labiris & Dolovich,
2003). Some of the main advantages of administering drugs via inhala-
tion are the avoidance of liver first pass metabolism, reducing potential
side effects and achieving a quick onset of action. Although technical
knowledge and new devices and formulations have enabled the effi-
cient deposition of particles into the deep lung, improving drug deposi-
tion efficiency may not always translate into a more effective inhaled
medicine (Usmani et al., 2005). The clinical effects are not only depen-
dent upon effective aerosol generation and deposition but also upon
pulmonary absorption and effectiveness; despite the importance of
this fact, not much is known about the fate of aerosol particles after de-
position on the respiratory epithelia (Patton et al., 2010).

Development and evaluation of novel aerosol formulations require
knowledge of the deposition and transport of drug molecules across
the epithelial cell layer. The mechanisms responsible for transport of
molecules depend on the region that the inhaled particles are deposited
in, as well as the physicochemical characteristics of the drug molecule/
formulation. Lipid solubility, molecule size, and pK,-dependent
ionisation have been considered as the main factors in determining
the absorption of drug molecules (Olsson et al,, 2011). Recently, howev-
er, it has become evident that physicochemical properties alone are not
the only factors affecting the extent of drug absorption. Many cells have
specialised membrane transport mechanisms for the entry or exit of
drug molecules (Gumbleton et al., 2011). Furthermore, the physio-
chemical properties of drugs could be altered through addition of differ-
ent excipients, combination drugs and changing the drug's solid state
for targeted therapy and control of drug absorption in a predictable
manner. Fig. 1 summarises the different biological and drug physio-
chemical factors that could influence drug transport across the respira-
tory epithelial barrier.

Prior to contact with the epithelial cells, drug particles delivered to
the respiratory tract have to overcome the non-epithelial pulmonary

barrier of surfactant, alveolar macrophages, mucus and the mucociliary
escalator (Fig. 2).

1.1. Surfactant

Surfactant is a constituent of the lung lining fluid comprising a mix-
ture of phospholipids and proteins secreted by Clara cells and alveolar
type II cells. The interactions between the particle/drug and surfactant
can modify the solubility and therefore the absorption of the drug
(Fehrenbach, 2001).

1.2. Alveolar macrophages

Alveolar macrophages play a significant role in the fate of inhaled
therapeutics. They serve as the first-line of host defence against inhaled
particulate molecules. Alveolar macrophages are capable of producing a
wide range of pro- and anti-inflammatory cytokines. The macrophages
are cleared from the alveoli to the bronchioles by the lining fluid, and
then from the airways by the mucociliary escalator (Nicod, 2005).

1.3. Mucus/mucociliary escalator

Mucus, as part of the mucociliary clearance system is secreted from
serous and goblet cells and is composed of water, glycoproteins, pro-
teins, salt and lipids (Thiriet, 2011). Mucus is the first barrier to absorp-
tion of the drugs in the airways. Microparticles deposited in the
respiratory tract need to be wetted and dissolved prior to drug absorp-
tion to occur; therefore the thickness of the mucus layer determines the
concentration of the drug in the lining fluid and impacts on the fate of
deposited microparticles (Labiris & Dolovich, 2003). The ability of in-
haled particles to penetrate the mucus barrier depends on particle
size, solubility, lipophilicity and charge (Hamm et al., 1992; Samet &
Cheng, 1994).

To study the interaction and fate of microparticles in the airways, re-
spiratory epithelial cell culture models have been developed effectively

Transport across
lung epithelium

Epithelial cell
models

Physicochemistry
f

of drugs Lung biology

- - | Lung physiology

Combination Metabolism

therapy

& disease
pathophysiology

Formulations Excipients

Solubility and Solid states

permeability

pH of the
microenvironment

Efflux and influx
transporters

Fig. 1. Summary of the different factors that could influence drug transport across respiratory epithelial barrier.
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