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Abstract

This article reviews the pulmonary route of administration, aerosol delivery devices,
characterization of pulmonary drug delivery systems, and discusses the rationale for inhaled
delivery of siRNA. Diseases with known protein malfunctions may be mitigated through the use of
siRNA therapeutics. The inhalation route of administration provides local delivery of sSIRNA
therapeutics for the treatment of various pulmonary diseases, however barriers to pulmonary
delivery and intracellular delivery of siRNA exists. sSiRNA loaded nanocarriers can be used to
overcome the barriers associated with the pulmonary route, such as anatomical barriers,
mucociliary clearance, and alveolar macrophage clearance. Apart from naked siRNA aerosol
delivery, previously studied siRNA carrier systems comprise of lipidic, polymeric, peptide, or
inorganic origin. Such siRNA delivery systems formulated as aerosols can be successfully
delivered via an inhaler or nebulizer to the pulmonary region. Preclinical animal investigations of
inhaled siRNA therapeutics rely on intratracheal and intranasal siRNA and siRNA nanocarrier
delivery. Aerosolized siRNA delivery systems may be characterized using in vitro techniques, such
as dissolution test, inertial cascade impaction, delivered dose uniformity assay, laser diffraction,
and laser Doppler velocimetry. The ex vivo techniques used to characterize pulmonary
administered formulations include the isolated perfused lung model. In vivo techniques like
gamma scintigraphy, 3D SPECT, PET, MRI, fluorescence imaging and pharmacokinetic/
pharmacodynamics analysis may be used for evaluation of aerosolized siRNA delivery systems.
The use of inhalable siRNA delivery systems encounters barriers to their delivery, however
overcoming the barriers while formulating a safe and effective delivery system will offer unique
advances to the field of inhaled medicine.

Graphical Abstract

"Corresponding author mahavir@hawaii.edu, Tel.:+1-808-981-4519; fax: +1-808-981-4520.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Youngren-Ortiz et al. Page 2

Barriers of Pulmonary
siRNA Delivery

Inhalers

pMDIs DPIs

SMIs Nebulizers

Evaluation_of Pulmonary Drug Delivery Sy
In vitro o \ /T vivo
Rl T e + Isolated perfused lung || * Scinigraphy. SPECT. PET,
. MRI, fluorescence imaging

* Inertial impaction . el
o Doalirad dAe Eeta * Pharmacokinetic (PK)-animal

speidembider ooty model'clinical trial
* Laser diffraction + Pharmacodynamics (PDanimal
+_Laser Doppler velocimetry ', __modelclinical triaks

Keywords
siRNA; nanocarrier; nanoparticle; aerosolization; pulmonary; lung

1. Introduction

RNA interference (RNAI) is a process in which RNA molecules inhibit gene expression by
causing the destruction of specific messenger RNA (mRNA). Small interfering RNA
(siRNA) are double stranded RNA molecules containing 2025 nucleotides that are involved
in the RNAI pathway and interfere with the expression of a specific gene with
complementary nucleotide sequences (Agrawal N. et al., 2003). As shown in Figure 1,
siRNA degrades mRNA after transcription, thereby preventing translation, or plays a role in
RNAi-related pathways (Agrawal N. et al., 2003). siRNA has potential therapeutic
applications in treating ‘undruggable’ diseases by downregulating the expression of a target
gene in a post-transcriptional manner. Since the discovery of siRNA in 1998 by Fire and
Mello et al., the mechanisms of RNAI have been extensively reviewed (Fellmann C. and
Lowe S.W., 2014, Fire A. etal., 1998, Hannon G.J., 2002, Kim D.H. and Rossi J.J., 2007).
The siRNA possess a specific sequence that is complementary with its target mRNA that
induces site-specific cleavage and subsequent inhibition of intracellular protein synthesis.
The siRNA, once in the cytoplasm of the cell, can incorporate within the RNA-induced
silencing complex (RISC) and activates this complex. The sense strand is then removed from
the duplex and degraded by nucleases in the activated RISC complex. At the same time, the
antisense strand directs the RISC to the base-complementary sequence of the target mMRNA
located within the cell cytoplasm. Binding of mMRNA to the antisense strand in the activated
RISC eventually induces cleavage by the endonuclease Argonaute and post-transcriptional
silencing of the target gene expression. Major advantages of siRNA over small molecule
drugs or protein therapeutics are that the sequences can be rapidly designed for highly
specific inhibition of the target of interest and that the synthesis of sSiRNAs is relatively
simple because it does not require a cellular expression system, complex protein
purification, or refolding schemes (Amarzguioui M. et al., 2005).

Pulmonary diseases such as lung cancer, cystic fibrosis, pulmonary hypertension, asthma,
and chronic obstructive pulmonary disorder (COPD) have potential siRNA therapeutic
targets (Amarzguioui M. et al., 2005, Burnett J.C. and Rossi J.J., 2012, Kanasty R. et al.,
2013). Nevertheless, siRNA delivery systems are likely to have instability issues that cause
premature release of the nucleic acids, especially with systems that incorporate their cargo
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through electrostatic interactions. Due to the high negative charge density and relatively
large size of the siRNA molecules, naked siRNA molecules are not able to enter cells
efficiently (Reischl D. and Zimmer A., 2009). Pulmonary delivery of siRNA faces major
challenges that involve a lack of correlation between /n vitro and in vivo experiments,
difficulty in translation from animal models to humans, and non-applicable administration
routes used in animal studies for human use (Lam J.K.-W. et al., 2012). In Part I, we review
the modes of pulmonary delivery of siRNA, the evaluation of aerosol drug delivery systems,
and the rationale for the use of nanocarriers to overcome the barriers of pulmonary delivery
and cellular uptake of siRNA. Part Il focuses on the siRNA loaded non-viral particulates for
aerosolized delivery systems, and preparation and characterization techniques for SiRNA
loaded nanoparticles.

2. Pulmonary Route of Administration

To achieve pulmonary delivery, inhalable aerosols generated by an inhaler or nebulizer are
the preferred option. Before entering clinical trials, new therapeutic agents must demonstrate
preclinical efficacy in appropriate animal models that are translatable to humans (Laube
B.L., 2014). Pulmonary aerosols are usually administered via the inhalation, intratracheal, or
intranasal routes. Intratracheal and intranasal routes of administration are commonly used to
deliver therapeutic siRNA or other therapeutic agents to the lungs of animals due to ease of
experimental setup and control (Driscoll K.E. et al., 2000). In preclinical studies, the very
different lung anatomy of mice and humans needs to be considered while selecting the route
of administration to assess delivery and efficacy. Formulations administered via the
pulmonary route of administration are required to be nonirritating to reduce risk of
pharyngeal edema, bronchial spasm, anaphylaxis, peracute death, and chronic pulmonary
fibrosis (Turner P.V. et al., 2011). These factors are vital to the successful development of an
orally or intranasally inhaled siRNA delivery system.

2.1 Inhalation Route

The most non-invasive way to locally deliver therapeutics to the lungs is through inhalation.
Four types of inhalation devices are currently available including pressurized metered dose
inhalers (pMDIs), dry powder inhalers (DPIs), nebulizers, and soft mist inhalers (SMIs).
With appropriate developmental optimization, these devices may deliver siRNA to the lungs.
During development, key parameters should be considered for an optimum inhaler system,
as shown in Table 1.

2.1.1 Inhalation Aerosol Delivery Devices—pMDlIs are currently the most commonly
used inhalers. The therapeutic agents within a pMDI are in either a suspended particulate
state or dissolved within propellants, such as chlorofluorocarbons (CFCs) and
hydrofluoroalkanes (HFAs) (Lam J.K.-W. et al., 2012). The propellants are an indispensable
part of pMDls as they supply the energy required to aerosolize the drug for inhalation.
SiRNA or siRNA loaded nanocarriers may not be compatible with propellant vehicles which
limit the formulation of siRNA into the pMDIs (Lam J.K.-W. et al., 2012). However,
crosslinked chitosan-PEG1000 based nanocarriers with particle size of less than 230 nm
were found to be physically stable within HFA-227, highly dispersible, and successfully
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delivered to the deep lung airways using pMDIs (Sharma K. et al., 2012). Selecting a stable
and appropriate formulation for use with the pMDI devices will allow for the development
of siRNA containing pMDls.

DPIs and their formulations allow for the inhalation of aerosol clouds of dry particles. DPI
device design has a major impact on their performance. Advantages of DPIs are that they
have improved sterility and chemical stability of biomolecules compared to liquid aerosols
(Lam J.K.-W. et al., 2012). Drug deposition from inhaled DPIs is dependent on the
inspiration flow rate of the patient, and often times the illness that warrants their use of the
inhalation therapy causes their inspiration flow rates to be abnormally low (Feddah M.R. et
al., 2000, Ross D.L. and Schultz R.K., 1996). The device must be designed to minimize
these variation with respect to patient disease state (Shoyele S.A. and Slowey A., 2006).
Spray drying techniques are often used to prepare protein and peptide inhalable DPI
formulations that have demonstrated successful /in vivo delivery of therapeutic
macromolecules (Bai S. et al., 2010, Codrons V. et al., 2003, Mastrandrea L.D. and Quattrin
T., 2006, Rawat A. et al., 2008). The DPIs formulation can be used for pulmonary delivery
of siRNA. The issues and challenges that have risen from the formulation of biological
macromolecules, such as flowability, dispersibility, and biochemical stability needs to be
also considered for development of siRNA based DPIs (Chan H.-K., 2003). Considerations
for formulation of proteins as powder aerosols have been reviewed previously (Chan H.-K.,
2003). Maintaining biochemical stability of siRNA during formulation limits the processes
that may be used to prepare siRNA based dry powder formulations.

Nebulizers generate liquid aerosols that can deliver saline-based solutions or suspensions of
drug product at large volumes via inhalation (Sharma K. et al., 2013). Nebulizer treatments
usually last over several minutes, rather than single inhalation. Generated droplets have
aerodynamic diameters between 1-10 um, depending on the formulation and the type of
nebulizer device. The four major categories of nebulizers are jet (pneumatic), vibrating
mesh/membrane, smart, and ultrasonic nebulizers (Ari A., 2014, Dailey L.A. et al., 2003).

A jet, or pneumatic nebulizer, can be used to deliver suspension formulation which makes
them suitable for delivering siRNA or siRNA carrier delivery systems. Breath-enhanced jet
nebulizers release more aerosol during inhalation, whereas breath-actuated jet nebulizers
sense the patient’s inspiratory flow and deliver aerosol only during inhalation (Arunthari V.
etal., 2012, Haynes J.M., 2012, Ho S.L. et al., 2001). In an air jet nebulizer, compressed gas
draws up bulk liquid to a jet by the Bernoulli effect and atomization takes place where the
liquid emerging from the jet interacts with the shear force set up by the gas flow. Rayleigh
dispersion of bulk liquid into droplets occurs and baffles remove the coarse droplets, which
fall back into the reservoir, whereas droplets with aerodynamic diameters of < 10 yum are
available for inhalation. It has been estimated that 99% of the generated aerosols are
recycled back to the reservoir, thus the shear stress is exerted multiple times on the
formulation and hence, the possible degradation of naked siRNA during this process needs
to be evaluated (Agu R.U. et al., 2001).

Vibrating mesh nebulizers use micropumps to force liquid through a mesh or aperture plate
for aerosol generation. Suspensions, nanocarriers, and nucleic acids have been successfully
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delivered via mesh nebulizers (Elhissi A. et al., 2006, Elhissi A. and Taylor K., 2005,
Hibbitts A. et al., 2014, Lentz Y.K. et al., 2006, Luo Y. et al., 2012, Wagner A. et al., 2006,
Yoshiyama Y. et al., 2002). Mesh nebulizers have consistent and improved aerosol
generation efficiency, large fine-particle fraction, low residual volume, and the ability to
nebulize low volumes (Ari A., 2014, Dhand R., 2002, Dolovich M.B. and Dhand R., 2011,
Waldrep J. and Dhand R., 2008). Vibrating mesh/membrane nebulizers are more expensive
than jet nebulizers because of the electronics involved with controlling the vibration process.
In addition, mesh nebulizers are difficult to clean. However, mesh nebulizers are more
efficient than jet nebulizers at providing higher drug doses to patients (Ari A., 2014). The
limitations of mesh nebulizers include the blocking of the mesh or apertures during the
nebulization of viscous suspensions or the precipitation and crystallization of drug or
excipients (Ari A., 2014, Najlah M. et al., 2014). This should be a consideration when
formulating a siRNA nanocarrier suspension for nebulization.

There are two types of vibrating mesh nebulizers, termed active and passive. Active mesh
nebulizers utilize a piezoelectrical element that expands and contracts upon application of
electrical currents which then vibrates a mesh in contact with the medication to generate the
aerosol. Passive mesh nebulizers use a transducer horn that induces passive vibrations on the
mesh plate for aerosol generation (Ari A., 2014).

Smart nebulizers incorporate adaptive aerosol delivery (AAD®) technology that analyzes the
patient’s breathing pattern in order to determine the timing of aerosol drug delivery during
inhalation (Denyer J. and Dyche T., 2010). The device is able to adapt to the patients
breathing pattern, therefore it is able to reduce the aerosol losses and the variation in drug
delivery. Smart nebulizers can provide effectiveness and end of dose feedback to the patient
during therapy, which can increase patient compliance (Denyer J. and Dyche T., 2010,
Denyer J. et al., 2004).

Ultrasonic nebulizers utilize a piezoelectric crystal vibrating at high frequencies of 1-3 MHz
to produce aerosols. These types of nebulizers have the limitations of large residual volumes,
inability to aerosolize viscous solutions, and degradation of heat sensitive materials (Ari A.,
2014, Ari A. etal., 2009, Ari A. and Restrepo R.D., 2012). Therefore, ultrasonic nebulizers
may not be useful for suspensions of naked siRNA or siRNA nanocarriers (Taylor K.M. and
Mccallion O.N., 1997, Watts A.B. et al., 2008).

Chemical and physical stability of the naked siRNA during the nebulization process is of
high concern. Therefore, delivery of siRNA using nebulizers should involve the development
of a formulation which protects the siRNA from physical degradation, shear stress, and
chemical degradation mediated via hydrolysis and endogenous enzymes (Lam J.K.-W. et al.,
2012).

SMils are a recently introduced category of inhaler delivery system marketed as Respimat ®
produced by Boehringer-Ingelhem (Dalby R. et al., 2004). This technology provides a
metered dose to the user who activates the inhaler and energy from a spring imposes
pressure on the liquid container. The SMI generates the aerosol by impinging opposing
droplet streams emerging from a uniblock nozzle created using silicon wafer technology
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(Dalby R. et al., 2004). The advantages of the SMI are that it has high lung deposition due to
the low velocity of the aerosol cloud and thus minimizing the deposition in the mouth and
throat (Dalby R. et al., 2004, Hochrainer D. et al., 2005). In addition, the patient is not
required to exert excessive inspiratory force in generating the aerosol clouds associated with
DPIs. The effect on physical and chemical stability of SiRNA must be considered while
delivering a formulation via SMIs (Merkel O.M. et al., 2014, Sharma K. et al., 2013). The
feasibility of SMIs as delivery devices for non-viral sSiRNA delivery has not been explored,
but it may be a viable option.

2.2 Intratracheal Route

The intratracheal route of administration is used most often in animal studies for assessing
the inhalation delivery of various drugs. However, the clinical application of this route is
limited due to its invasive setup and uncomfortable delivery technique (Driscoll K.E. et al.,
2000, Sakagami M., 2006). The intratracheal route is not feasible for human clinical studies
due to method invasiveness that involves inserting a tube to dispense the formulation within
a surgical incision made within the tracheal rings (Lam J.K.-W. et al., 2012). The traditional
method involves the animal to be anesthetized, undergo surgical tracheotomy, and after the
trachea is exposed, an endotracheal tube or needle is inserted into the incision between the
tracheal cartilaginous rings, with the tip projected at a defined position before the tracheal
bifurcation, as shown in Figure 2. The drug solution or suspension formulation is
administered through the tube using a microsyringe and instilled into the airways. Bivas-
Benita et al. described a non-invasive intratracheal instillation that did not involve surgical
resection of the trachea that is also known as the oro-tracheal route (Bivas-Benita M. et al.,
2005). Aerosol is delivered to the lungs by placing a microsprayer over the anesthetized
animals tongue and down to the trachea or the animal is intubated and the drug is instilled in
solution or suspension form. This method has the drawbacks of difficulty in accurate
placement of the microsprayer catheter and reduced mucociliary clearance due to anesthesia.

There have been a number of studies that utilized the intratracheal route for SiRNA delivery
to the lungs (Conde J. et al., 2013, Garbuzenko O.B. et al., 2009, Merkel O.M. et al., 2009,
Moschos S.A. et al., 2007, Perl M. et al., 2005, Rosas-Taraco A.G. et al., 2009, Wang J.-C.
et al., 2010). Drug deposition by this route is less uniform than by the inhalation route of
administration (Sakagami M., 2006). Since this route avoids oropharynx deposition, the
amount of drug loss is lower compared to the inhalation route. However, this route of
delivery does not allow for determination of the effect of aerodynamic particle size on the
lung deposition, therefore the /in vivo intratracheal instillation studies in the animals do not
reflect the intricacies of lung deposition. The intratracheal instillation route of delivery is
suitable for providing proof-of-concept for local lung delivery studies in animal models.

2.2.1 Intratracheal Aerosol Delivery Devices—Intratracheal aerosolization devices
consists of an atomizer located in the distal tip of a long, narrow, stainless steel or plastic
tube used to deliver an aerosol directly to the lungs when inserted down the trachea, above
the carina or further down, in an anesthetized animal. Devices for preclinical studies include
commercially available technologies for administration of solution and for dry powder
aerosol formulations. Intratracheal delivery can be achieved through devices, such as the

Kona. Author manuscript; available in PMC 2016 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Youngren-Ortiz et al.

Page 7

Penn-Century microsprayer (Gutbier B. et al., 2010, Rosas-Taraco A.G. et al., 2009), the
Micro-Mist nebulizer (Zamora-Avila D. et al., 2009), or the Aeroprobe nebulizing catheter
(Nielsen E.J. et al., 2010). The Penn-Century, Inc. (Wyndmoor, PA, USA) offers an air-free
liquid device and an air-driven dry powder device for preclinical use (Bivas-Benita M. et al.,
2005, Morello M. et al., 2009). The miniaturized nebulizing catheter system has shown
success for targeted gene delivery to the lungs (Koping-Hoggard M. et al., 2005, Tronde A.
et al., 2002). The nebulizing catheter device (NCD) was first adapted for the delivery of
peptide therapeutics to the rat lungs (Aeroprobe ™, Trudell Medical International, London,
Ontario, Canada) (Tronde A. et al., 2002). This NCD delivers a liquid, which is transported
down a tube through a central lumen and pressurized gas is pushed through the peripheral
lumens from a compressed airway source at 50 psi. The close proximity of the liquid and gas
lumens at the distal tip produces an aerosol in the particle size range of 20-40 pm (Tronde
A. etal., 2002).

2.3 Intranasal Route

The intranasal route provides a straight forward animal model experimental setup for
delivery of siRNA to the lungs, therefore it is another common siRNA delivery route (Bitko
V. et al., 2005, Fulton A. et al., 2009, Ghosn B. et al., 2010, Gutbier B. et al., 2010, Hosoya
K.etal., 2011, Howard K.A. et al., 2006, Li B.-J. et al., 2005, Massaro D. et al., 2004,
Senoo T. et al., 2010, Tompkins S.M. et al., 2004, Zhang X. et al., 2004). The animals must
be anesthetized and siRNA formulations are then instilled into the nasal cavity to be
breathed in. Although this route has shown success in siRNA delivery to the lungs in mouse
animal models, the translation of these studies to humans has been limited. Humans are not
obligate nose breathers and have a nasal cavity that filters out the majority of particulates,
therefore human intranasal studies do not see such a high lung deposition (Hickey A.J. and
Garcia-Contreras L., 2001). Additionally, anesthetics cause the animals to have reduced
mucociliary action, therefore the reduced mucociliary clearance overestimates the
transfection efficiency of the formulations (Hinchcliffe M. and Illum L., 1999). A study by
Heyder et al. found that only 3% of monodisperse powder particles with aerodynamic
diameters of 1-5 um were deposited within human bronchial airways after intranasal
administration (Heyder J. et al., 1986). Since approximately 97% of the monodisperse
particles were deposited within the nasopharynx area, the intranasal route of delivery is ideal
for targeting this site in humans. The ALN-RSV01 siRNA, which targets the mRNA
encoding the N-protein of respiratory syncytial virus (RSV), developed by Alnylam
Pharmaceuticals (Cambridge, MA, USA), has completed phase Il clinical trials for the
treatment of human RSB infections using the intranasal route of administration (Devincenzo
J. etal., 2008, Devincenzo J. et al., 2010, Zamora M.R. et al., 2011). This naked siRNA was
delivered via a nasal spray to the upper respiratory tract.

The intranasal route may also be used to allow for systemic or central nervous system (CNS)
delivery of siRNA. Protein and peptide biological macromolecules have been previously
administered via the intranasal route to access the systemic circulation (Hinchcliffe M. and
Illum L., 1999). The nasal cavity has a relatively large surface area and vascularization for
facilitating rapid absorption. The intranasal route can access the CNS by bypassing the
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blood-brain barrier (Hanson L.R. and Frey W.H., 2nd, 2008, Kamei N. and Takeda-
Morishita M., 2015).

2.3.1 Intranasal Aerosol Delivery Devices—Intranasal delivery devices for liquid
solution or suspension include the rhynyle catheter and instillation tube. This simple
method, often used on anesthetized or sedated animals, involves the intranasal insertion of a
fine catheter or micropipette followed by instilling the liquid into the desired area to be
aspirated into the airways during breathing (Fernandes C.A. and Vanbever R., 2009). The
use of small volumes of 5 pL per nostril or 10 pL total limited drug deposition to the nasal
cavity, whereas larger volumes of 25 pL per nostril or 50 pL total allowed for deposition
with the lung upper airways (Minne A. et al., 2007). Intranasal instillation is limited due to
its hindered ability to reach the deep lung.

For the intranasal delivery of dry powders to the pulmonary route of administration, the Dry
Powder Insufflator™ for mice can be used to aerosolize the powder dose (Sinsuebpol C. et
al., 2013). This device is actuated using either an air syringe or a Penn-Century air pump,
which generates 200 pL puffs of air that generates the powder dose and carries it into the
deep lung.

2.4 Passive Inhalation Exposure Chambers for Animal Studies

Aerosol exposure chambers may be classified as nose-only, head-only, and whole-body
exposure chambers. These systems are commonly used to deliver nebulized formulations
(Cryan S.-A. et al., 2007). An example of a nose-only exposure chamber is the InExpose™
(SCIREQ®) model as shown in Figure 3. This device has been evaluated for use with
inhalable drug carrier systems containing antisense oligonucleotides and siRNA for the
treatment of lung cancer (Mainelis G. et al., 2013). Liposomes with particle size and mass
median diameter of 130 nm and 270 nm respectively, aerosolized by a jet Collison nebulizer
were found to be stable over the continuous aerosolization and a higher lung dose and
retention time compared to intravenous route was observed (Mainelis G. et al., 2013). Other
examples of nose-only exposure chambers include the Oro-Nasal and Respiratory Exposure
Systems (CH Technologies, Westwood, NJ) and the In-Tox Products Small Animal
Exposure System (Intox Products, Edgewood, NM). Nose-only and head-only exposure
chambers avoid exposure of the aerosol to other parts of body. These set-ups can be stressful
for the animal due to the restraint and exposure facemasks placed on the animals face and
neck (Cryan S.-A. et al., 2007).

The whole-body exposure setup represents a less invasive exposure chamber because rodents
are free to move during the passive aerosol delivery (Cryan S.-A. et al., 2007). Whole-body
exposure can also simulate environmental exposures to aerosols (Mihlfeld C. et al., 2008).
These exposure chambers are usually composed of a chamber where the animal resides
during the aerosol therapy, and a port where aerosol can be delivered to the inside of the
chamber (Adamcakova-Dodd A. et al., 2014, O’shaughnessy P.T. et al., 2003, Pettis R.J. et
al., 2000). When delivering a therapeutic aerosol via a whole-body exposure chamber, there
is possible administration of significant amount of formulation to other routes, such as the
oral route (Cryan S.-A. et al., 2007). Parameters that impact the variation of the study may
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include the size of the chamber, the animals size, lung capacity, the inspiratory flow rate, and
the formulation characteristics (Cryan S.-A. et al., 2007).

3. Evaluation of Pulmonary Drug Delivery Systems

Aerosolized siRNA formulations are characterized using various /n vitro, ex vivo, and in
vivo techniques that are shown in Table 2 (Mansour H.M. et al., 2009, Newman S.P. et al.,
2000). The purpose of these performance tests is primarily to establish the efficacy of the
drug product and device delivery platform have been addressed. These tests were elaborated
in Chapter <601> of the USP (Chapters U.G., 2009).

3.1 In vitro Characterization

Aerosolized siRNA formulation dissolution tests may be performed by adding the
formulation within dissolution medium vessel under constant agitation (Shah V.P. et al.,
2008, Son Y.J. and Mcconville J.T., 2009). The solution is then sampled at pre-determined
time intervals to measure the amount of siRNA released from the nanoparticles. Since there
is not a standard method developed for determining siRNA dissolution rate, various media,
such as distilled water (Dickinson P.A. et al., 2001), phosphate buffer (Murata N. et al.,
2008), simulated lung fluid (SLF) and modified SLF have been used. In addition, various
apparatus, such as the flow-through cell (Davies N.M. and Feddah M.R., 2003), standard
USP dissolution apparatus, and stirring vessels have been used. Test conditions, such as sink,
and particle introduction into the medium being either direct or by aerosolization have been
used to characterize the dissolution rate of inhaled drugs.

Inertial impaction is a standard /n7 vitro technique used to predict aerosol deposition in the
lungs (Padhi B.K. et al., 2009). The cascade impactor is the equipment of choice for particle
size analysis of most inhaled aerosols because it allow assay for mass of drug, determined
aerodynamic size directly, and provide size information that be indicative of lung deposition.
The inertial size-separation and fractionation in a cascade or sequence of single stages
within the cascade impactor apparatus measures aerodynamic particle size distribution
(APSD) (Chapters U.G., 2009, Hickey A.J., 2003). The jet stream is aimed towards a flat
impaction plate, upon which the flow of particles having high inertia is disrupted and impact
on the plate. Meanwhile, particles with lower inertia remain within the streamline airflow
and do not impact onto the plate (Chapters U.G., 2009, Hickey A.J., 2003, Merkus H.G.,
2009). Several impactor plates separate aerosol particles into size ranges according to their
aerodynamic size. The larger particles will impact on the plate, whereas the smaller ones
will remain airborne. The Stokes number, which is defined as the ratio of the stopping
distance to the orifice diameter, can be used to estimate the impaction efficiency (Mitchell
J.P. and Nagel M.W., 2003).

The available cascade impactors accepted by the United States Pharmacopeia (USP) and the
European Pharmacopeia (Ph.Eur.) are listed in Table 3 (Mitchell J.P. et al., 2010, Nichols
S.C. et al., 2013). The Andersen Cascade Impactor (ACI) is a pharmacopeial method for
pMDIs and DPIs and is the most commonly used inertial impactor instrument (Figure 4A).
Other cascade impactors include the Marple-Miller model 160 (Figure 4B) and the
multistage liquid impinger (Figure 4C) for DPIs. Nebulizers are suggested to be
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characterized by the USP <601>/Ph.Eur. 2.9.44 using the Next-Generation Impactor (NGI)
at 15 L/min or with a suitable validated cascade impactor that operates at <15 L/min
(Nichols S.C. et al., 2013).

Cascade impactors are apparatuses for measuring APSD of inhaled aerosols and are not lung
simulators or models (Mitchell J.P. and Nagel M.W., 2003). Since cascade impactors operate
at a constant flow rate, they do not simulate the environment of the respiratory tract, such as
temperature, relative humidity, and the size-selectivity of the various processes that govern
the deposition in the human respiratory tract. The constant particle velocity within a cascade
impactor contrasts with the decreasing air velocity with increasing airway generation
number in the lung. The cascade impactor stage selectivity is much steeper than selectivity
for regional deposition (Dunbar C. and Mitchell J., 2005).

Non-aerodynamic droplet or particle size distribution was determined using laser diffraction
(Chougule M. et al., 2008, De Boer A.H. et al., 2002, Padhi B.K. et al., 2009). This
technique measures the low angle scattering of monochromatic coherent light from every
particle in the measurement zone. These simultaneous measurements are combined to
contribute to the angular scattered light intensity profile. Laser diffraction has the advantages
of that it is non-invasive, rapid, has high resolution, wide-dynamic range, can measure
volume weighted particle size distribution directly, and is an absolute technique that does not
require calibration or verification using optical reticles (Lee Black D. et al., 1996). During a
laser diffraction particle size determination measurement, particles of the same size scatter
light to the same position in the detector array, where smaller particles scatter light to wider
angles (De Boer A.H. et al., 2002). Efficient data inversion algorithms ensure rapid
convergence to a valid solution. Laser diffraction method utilizes the interpretation of the
relationship between scattered light intensity and scattering angle, which is the distance from
the central axis of the photodetector. The Fraunhofer approximation is a simplified
description assuming particles absorb light completely (Eshel G. et al., 2004). In this case,
only scattering at contour is considered and the particle refractive index (Np) is not needed.
The Fraunhofer model works best when particle size is much larger than the wavelength of
light, and when the particles are opaque, spherical, and when Np is different to the refractive
index of the surrounding medium (e.g. air) (Newman S.P. et al., 2001). The Lorenz-Mie
theory is a complete description of angular light scattering process that requires a full
description of complex particle refractive index, which at times is unknown (Eshel G. et al.,
2004). The Lorenz-Mie model applies to all sizes of particles, but assumes that particles are
homogeneous, isotropic, spherical, and has a known complex Np that incorporates both
refraction and absorption components. A time-averaged data presentation mode is useful to
capture overall performance of a pulmonary inhaled product. The size distribution can be
presented in both differential and cumulative formats and the key metrics like particle size of
the 10t, 50t and 90t volume percentiles can be obtained (De Boer A.H. et al., 2002).
Laser diffraction equipment can either be an open bench or a close cell. Open bench is
simple to perform and is widely used where the aerosol can be directed across the
measurement zone. Closed sampling is necessary for DPI testing and may be needed to
control evaporation for some measurements, especially with continuous nebulizers. The
limitations for laser diffraction are that the method has no assay for drug mass, particles are
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assumed to be spherical, constant droplet density versus size, vignetting, beam splitting, and
droplet evaporation (De Boer A.H. et al., 2002).

The delivered dose uniformity assay is used to quantitatively determine the delivered dose
and dose uniformity using a dose uniformity sampling apparatus (DUSA) (Chapters U.G.,
2009). The apparatus is connected to an aerosol delivery system through a mouthpiece
adapter and a vacuum pump is connected at the other end to provide the desired air flow. The
aerosol released into the sampling apparatus is captured onto a filter that is then assayed to
quantify the delivered dose. The dose uniformity is determined from variability of the
measured delivered dose by the collection of the total mass of contents for the actuation of
the clinical dose on the label, excluding volatile propellant and low-volatile species.

3.2 Ex vivo Characterization

Ex vivo studies are used to identify lung-specific PK without interference from systemic
absorption, distribution, metabolism, and excretion (ADME) that occur during /n vivo
studies (Sakagami M., 2006). The isolated perfused lung method includes the isolation of a
lung from the body and keeping it within an artificial system under certain experimental
conditions. These tests utilize isolated perfused lung models that maintain lung tissue
functionality and architecture (Cryan S.-A. et al., 2007, Sakagami M., 2006). The isolated
perfused lung model is often used to establish the mechanisms of drug absorption and
deposition in the lungs. The shortcoming of ex vivo methods include relatively shortened
timeframes for data collections due to the viability of the perfused lungs, complex
experimental set up, and the absence of tracheo-bronchial circulation and mucociliary
clearance (Cryan S.-A. et al., 2007).

The isolated perfused lung preparation has been used in rats, guinea pigs, rabbits, dogs, and
monkeys (Sakagami M., 2006). The preparation, as shown in Figure 5A-B, consists of
peristaltic pumps and a tubing assembly to carry the perfusate to and from the lung, and a
double-jacketed artificial thorax to house the isolated perfused lung at 37°C. Perfusate flow,
which is normally at 12-15 mL/min in rat lungs, is pumped from the reservoir to the isolated
perfused lung through a central porthole of the thorax lid. The bottom of the thorax has an
opening, where the perfusate can return to the reservoir or be collected. The thorax is sealed,
which enables negative or positive pressure ventilation or the maintenance of pressure
(Sakagami M., 2006). While the animal is under anesthesia, the pulmonary circulation in
cannulated via the pulmonary artery and the lung is perfused with autologous whole blood
or a buffered artificial medium at pH 7.4 (Sakagami M., 2006). The surgical procedures
involved in preparing the isolated perfused lung model was discussed previously (Sakagami
M., 2006). Following perfusion, the formulations are administered via the tracheal port and
the perfusate samples may be collected at predetermined time points to establish absorption
profiles (Sakagami M., 2006).

3.3 In vivo Characterization

Gamma scintigraphy is a non-invasive imaging technique that allows for visualization of
drug deposition following pulmonary delivery in the respiratory tract, predicts /n vivo
efficacy, and estimates mucociliary clearance (Newman S. and Wilding 1., 1998, Newman
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S.P. and Wilding I.R., 1999, Snell N. and Ganderton D., 1999). Prior to pulmonary delivery,
the drug formulation is radio-labelled with gamma-ray-emitting radiotracer, such as
Technetium 99m (99mTc). Alternatively, the radiolabel can be incorporated or attached to
the microparticle or nanocarrier instead of the drug (Nahar K. et al., 2013). Radiolabeling
could be simply achieved by mixing a radiotracer solution with the formulation (Newman
S.P. etal., 2003). An appropriate /n vitro validation is required to ensure distribution of the
radiotracer across particle size range and that the radiotracer is not affecting the particle size
distribution (Newman S. and Wilding 1., 1998). A gamma camera is used to visualize and
quantify the drug deposition in regions of interest within the respiratory tract following
inhalation of the radiolabeled formulation. Scintigraphy data are considered an equivalency
assessment tool since the data have been demonstrated to correlate well with clinical
efficacy data (Bondesson E. et al., 2003, Newman S. and Wilding 1., 1998). After pulmonary
delivery of the formulation, a gamma camera scans the thorax and radioactive counts can be
digitalized to get a 2D image of the lungs, oropharynx, stomach, the inhalation device, and
the exhalation filter (Majoral C. et al., 2014, Nahar K. et al., 2013). The periphery of the
lungs is imaged by 89MKr ventilation or transmission scans, and is superimposed to quantify
the gamma-labelled particles to establish distribution and permeation (Conway J., 2012,
Nahar K. et al., 2013). However, the two dimensional (2D) nature of gamma scintigraphy
images make it difficult to differentiate the overlaid anatomical structures. The ratio of
peripheral to central deposition, known as the penetration index (PI), measures the extent to
which an aerosol reached the lower airways in the lung periphery (Conway J., 2012, Nahar
K. etal., 2013).

Three dimensional (3D) imaging methods, such as single photon emission computed
tomography (SPECT) overcome 2D imaging issues in distinguishing physiological
landmarks (Perring S. et al., 1994). Radiolabeled formulations are tracked by a gamma
camera that rotates completely around the subject to form a topographical image in all
planes (Conway J., 2012, Fleming J. et al., 2011, Nahar K. et al., 2013). 3D images can be
formed using computer software (Snell N. and Ganderton D., 1999). A limitation of SPECT
is the possible occurrence of regional deposition, redistribution by mucociliary clearance,
coughing, and absorption to the bloodstream during the 30 min method timeframe (Huchon
G.J. etal., 1987, Nahar K. et al., 2013). Other limitations are the requirement of a high dose
and the use of radiation. Other in vivo imaging methods have been applied to overcome
these issues, nevertheless the relatively lower cost and technical skills required are much
lower for planar gamma scintigraphy or SPECT imaging (Everard M.L., 1994, Nahar K. et
al., 2013). SPECT 3D imaging is suitable for correlating /n vitro and in vivo data (Chan H.-
K. etal., 2007, Eberl S. et al., 2006, Snell N. and Ganderton D., 1999).

Positron emission tomography (PET) utilizes positron labeled drugs that emits two high-
energy photons through electron annihilation (Cherry S.R. and Gambhir S.S., 2001,
Dolovich M.B., 2009, Nahar K. et al., 2013, Phelps M.E., 2000). These photons are
concurrently emitted at 180° from one another, then detected and counted as a single event
(Nahar K. et al., 2013). Accurate delineation regions of interest are obtained by combining
the 3D PET image with MRI or spiral CT scan of the thorax (Frauenfelder T. et al., 2015,
Yoon S.H. et al., 2014). This allows for the calculation of the percentage of the inhaled dose
deposited in these regions (Nahar K. et al., 2013). The advantage of PET is that the drug can
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act as the radioactive tracer by incorporating a positron emitting isotope

(A1, 150, 13N, 18F, 64Cy, and 1241) by isotopic substitution at trace amounts (Carvalho T.C.
etal., 2011, Chakravarty R. et al., 2014, Conway J., 2012, Park C.-W. et al., 2012). PET has
been employed to analyze lung pathology, biochemistry, inflammation, transgene
expression, and cellular responses /n vivo (Park C.-W. et al., 2012). The utility of the method
is limited by the short half-life (:1C t;/, ~20 min) of radionuclides that necessitates the need
to be close to a cyclotron during the study (Saha G.B. et al., 1992). PET has been suggested
to have no advantage over planar gamma scintigraphy and PK studies for the calculation of
total lung deposition of pulmonary inhaled formulations (Nahar K. et al., 2013, Snell N. and
Ganderton D., 1999).

Magnetic resonance imaging (MRI) does not require the radiolabeling of an aerosol to
determine qualitative and quantitative deposition of particles in the lungs, but rather is based
on the Nuclear Magnetic Resonance phenomenon. This method utilizes non-ionizable
radiation to generate images that can be augmented through the use of soft tissue contrast
mechanisms and orientations of 2D and 3D images (Nahar K. et al., 2013). The interaction
of nuclear magnetic moments of the experimental sample tissue with an external magnetic
and electromagnetic fields form spin density, T1 and T, relaxation times, and motion which
ranges from diffusion to rapid produce the signals the MRI equipment utilized to form
images. T1 and T, depend on the local nuclei environment which is subject to disease state
of the tissues, where T is the longitudinal relaxation time constant and T» is the transverse
relaxation time constant (Nahar K. et al., 2013, Thompson R.B. and Finlay W.H., 2012).
Signals measured from the nuclei are either full or half integer values of spin in proportion
to the angular momentum that results from an odd number of protons or neutrons. The
majority of MRIs measure the signal from the ubiquitous hydrogen (*H) atom, however lung
imaging performed using helium-based (3He) methods is now well established because the
non-lipid soluble properties of helium allow it to stay within the airspace (Komlosi P. et al.,
2015, Kruger S.J. et al., 2014, Nahar K. et al., 2013). Hyperpolarized 3He or 129Xe gas MRI
produce more polarization, which leads to better imaging (Mosbah K. et al., 2008, Taratula
O. and Dmochowski 1.J., 2010, Thompson R.B. and Finlay W.H., 2012). MRI has been
employed within /n vivo animal studies and within /n vitro human lung airway replicas
(Martin A.R. et al., 2008, Sood B.G. et al., 2008, Sood B.G. et al., 2010, Thompson R.B.
and Finlay W.H., 2012, Wang H. et al., 2015).

Fluorescence imaging tracks fluorescently tagged particles within an aerosol to monitor their
deposition in the lungs (Nahar K. et al., 2013, Ntziachristos V. et al., 2008). This method is
limited due to the issues of the excitation and emission fluorescence signals are scattered,
reflected, and absorbed by the tissues (Nahar K. et al., 2013, Yi D. et al., 2010). This affects
the light captured by the detector and the actual number of molecules. In addition, a
heterogeneous background signal exists because biological tissue has the capability to auto-
fluoresce (Yi D. et al., 2010). The autofluorescence background can be measured using
untreated tissue and subtracted from the experimental background or the use of near-infrared
wavelengths can be used to overcome this issue (Adams K.E. et al., 2007, Comsa D.C. et al.,
2008, Kovar J.L. et al., 2007, Murata M. et al., 2014). Fluorescent dyes are aerosolized,
delivered to the lungs via inhalation, intracheal, or intranasal routes, and imaged using an /n
vivo imaging system (IVIS). The particle deposition in the lobes of the lungs can be
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visualized and quantified using image analyzing software (Nahar K. et al., 2013).
Fluorescence imaging eliminates the need for radioactive tags, therefore it may be used to
image deposition patterns in live animals (Ntziachristos V. et al., 2008).

PK studies investigate ADME of drugs by collecting lung deposition and plasma
concentration data from either animal or human test subjects to determine the PK
parameters. These parameters include drug absorption parameters such as the peak drug
concentration (Crax), the time Cpax 0ccurs (tmax), and the absorption rate constant (k,) to
determine the absorption rate and the area under curve (AUC) to estimate bioavailability.
Also, drug distribution and elimination parameters such as clearance (CL), volume of
distribution (Vd), and half-life of the drug (t1/,) can be determined. Mice and rat animal
models are commonly used in animal PK studies because of their development in modeling
various respiratory diseases, smaller drug requirement, and low cost (Cryan S.-A. et al.,
2007, Sakagami M., 2006). The drug can be administered through intranasal or intratracheal
routes or by using passive inhalation (Cryan S.-A. et al., 2007, Sakagami M., 2006, Zhang J.
et al., 2011). Intratracheal or intranasal direct administration avoids oropharyngeal
deposition, enabling accurate and reproducible dosing (Chiang P.-C. et al., 2009).

4. siRNA Delivery to the Lungs

For clinical use, siRNA needs to be delivered to the target region of the lung and be released
within the cytoplasm after entering the target cells as shown in Figure 6. Successful gene
therapy requires the effective levels of transgene expression in specific cell types to enhance
the treatment efficacy and to avoid adverse side effects caused by the expression in
inappropriate cell types.

siRNA is a highly negatively charged, hydrophilic, and large sized (approximately 13.3 kDa)
macromolecule that cannot cross biological membranes to reach their target sites. Viral
vectors have previously demonstrated cell uptake and siRNA efficacy, however, major
limitations to human therapeutic delivery exist, such as uncontrolled viral replication,
immunogenicity, tumorigenicity, and toxicity (Thomas C.E. et al., 2003). Due to these
concerns, non-viral delivery systems have been developed and successfully used to deliver
siRNA. An ideal siRNA delivery system should (1) condense siRNA into nanosized
particles, (2) protect siRNA from enzymatic degradation, (3) facilitate cellular uptake, (4)
promote endosomal escape to release siRNA to the cytoplasm where the RISC is located, (5)
have negligible effects on gene silencing activity or specificity and (6) have negligible
toxicity (Lam J.K.-W. et al., 2012, Merkel O.M. et al., 2012). Non-viral delivery systems
include naked siRNA delivery, and delivery vectors such as lipids, polymers, peptides, and
inorganic materials.

4.1 Barriers of Pulmonary Delivery of siRNA

Delivering siRNA efficiently to the lungs via the pulmonary route requires understanding of
the anatomical and physiological characteristics of the respiratory tract. The human
respiratory tract has a highly efficient gas exchange capacity and to keep particulates out
(Table 4) as discussed previously (Merkel O.M. et al., 2014). Therefore, the development of
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siRNA aerosol delivery systems should consider careful control of particle or droplet size to
bypass the lungs natural defense mechanisms.

The respiratory tract is divided into two regions, (1) the conducting airways and (2) the
respiratory region. The conducting airways encompass the nasal cavity, pharynx, trachea,
bronchi, and bronchioles and the respiratory region consists of the respiratory bronchioles
and alveoli (Lam J.K.-W. et al., 2012). The human respiratory tract has evolved to be a size
selective fractionator that prevents particulates from reaching the deep lung. For example,
the largest particles are removed at the naso- or oropharynx and progressively finer particles
deposit in the proximal, intermediate, and distal airways. The main feature of the respiratory
tract is the high degree of bifurcations that have been described according to Weibel’s lung
model to have 24 generation in total. These gradually narrowing airways from the carina to
the alveolar sacs cause increased particle velocity, which causes particles to impact the walls
of airways instead of reaching the lower regions of the lungs. Therefore, for a therapeutic
agent to reach the target site of action, it must possess aerodynamic properties to allow it to
pass through the branched airways to the deep lung.

Aerodynamic particle size distribution is an important influence on the location of lung
deposition of a formulation (Bisgaard H. et al., 2001). Three forces dominate particle motion
within an aerosol cloud: gravitational sedimentation, inertial impaction, and Brownian
diffusion. Gravitational sedimentation and inertial impaction are dominant when the
aerodynamic diameter is > 2 um. Large particles with aerodynamic particle size of > 6 pm
deposit mostly on the airway walls at bifurcations in the upper airways due to their high
momentum. Smaller particles of aerodynamic diameters of < 1 pm deposit due to Brownian
diffusion (Morén F., 1993). If submicron sized particles are delivered without a larger carrier
particle or droplet, then they would be mostly exhaled in the breath. A breath hold method
may be used to increase deposition within the lower respiratory tract, however, it has lower
efficiency. The most optimum aerodynamic particle sizes for deposition within the lower
airways are between 1 to 5 um (Agu R.U. et al., 2001, Sakagami M., 2006). As particle size
decreases below 1 um, lung deposition increases due to increased diffusional mobility (Yang
W. et al., 2008). For particles less than 100 nm in size, approximately 50% of the
nanoparticles will deposit within the alveolar region of the lungs. These nanoparticles often
enter the lungs as large agglomerates that break apart upon deposition.

The elimination pathways for nanoparticles within the lungs involve coughing, dissolution,
clearance via the mucociliary escalator, translocation from the airways, phagocytosis by
macrophages and neuronal uptake (Roy I. and Vij N., 2010, Sanders N. et al., 2009, Zhang J.
etal., 2011). Nanoparticle degradation is dependent on the composition of the delivery
system and mediated through hydrolysis, oxidation, and reduction pathways (Roy 1. and Vij
N., 2010, Rytting E. et al., 2008). After deposition in the lower airways following inhalation,
free siRNA will be susceptible to degradation from RNase, whose enzymatic activity is very
high in the lungs (Amatngalim G.D. et al., 2015, Morita T. et al., 1986, Sorrentino S., 1998).

A major pulmonary delivery barrier is the mucociliary clearance driven by the physical
action of the ciliated epithelial cells, which move the mucus and alveolar fluid towards the
upper airways, and eventually, the throat. Mucociliary clearance also includes the alveolar
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macrophages along the airways, which phagocytose foreign particles and deposits their
remains to be removed by the mucociliary escalator. Mucus is present on the respiratory
epithelium from the nasal cavity to the terminal bronchioles (Knowles M.R. and Boucher
R.C., 2002). Types of glycosylated protein, known as mucins, are the main component of
mucus (Rose M.C. et al., 2001). Mucus is a physical barrier as it increases in viscosity of the
moist surface of the lung epithelial cells, thereby reducing drug penetration and diffusion
rate (Hill D.B. et al., 2014, Mellnik J. et al., 2014). Particles that are deposited on the
mucosal layer above the ciliated epithelial cells are rapidly removed by mucociliary
clearance and are eventually either coughed out or swallowed into the gastrointestinal tract
(Knowles M.R. and Boucher R.C., 2002, Rubin B.K., 2002). The alveolar fluid is found on
the surface of alveoli epithelium as a thin layer of pulmonary surfactant which is composed
of phospholipids and surfactant-associated proteins known as SP-A, SP-B, SP-C and SP-D
(Bastacky J. et al., 1995, Possmayer F. et al., 2001). Following delivery of foreign antigen or
nanocarrier, pulmonary surfactant proteins SP-A and SP-D have been shown to play a role in
macrophage uptake by acting as opsonins and scavenger molecules (Kishore U. et al., 2006).
These pulmonary surfactants are located at the air-liquid interface of the alveoli, therefore
they can interact with particulate aerosols that reach the lower airways (Seaton B.A. et al.,
2010). Other major opsonins of the airways and alveoli of the lungs include
immunoglobulins (IgG or IgM), complement fragments (C3, C4, C5), fibronectin, and
laminin (Kuroki Y. et al., 2007, Patel B. et al., 2015). The alveolar macrophages located
within the alveoli rapidly engulf foreign particles by phagocytosis as a defense mechanism
(Patton J.S., 1996, Weinberger B. et al., 2014, Zhao F. et al., 2011).

In addition to macrophages, the other major phagocytes are the neutrophils, or
polymorphonuclear neutrophilic leukocytes (PMNs or polys), that are abundant in the blood
but are not present in normal healthy tissue (Kolaczkowska E. and Kubes P., 2013). Like
macrophages, neutrophils are phagocytic cells that have a role in the innate immunity
because they recognize, ingest, and destroy many pathogens without the adaptive immune
response (Kolaczkowska E. and Kubes P., 2013). When macrophages first encounter a
pathogen within the lung, their action is augmented by the recruitment of large number of
neutrophils to the infection site (Burns A.R. et al., 2003, Kolaczkowska E. and Kubes P.,
2013). Pulmonary administered naked siRNA is susceptible to alveolar macrophage or
neutrophil uptake and are subsequently degraded within these cells, thus reducing their
therapeutic efficacy.

Considering disease state is an important aspect of pulmonary clearance since the
physiological conditions of the airways are altered and pose a threat on the efficiency of an
aerosolized siRNA delivery system. During infection and inflammation, the airways become
congested because there is increased mucus secretion and decreased mucociliary clearance
(Groneberg D. et al., 2002, Patton J.S. et al., 2010). The thickness, viscosity, viscoelasticity,
and the composition of the mucus layer depend on the pathological condition and have inter-
patient variability (Sanders N. et al., 2009). For different therapeutic applications, disease
state of the patient should be considered in order to design an effective aerosolized delivery
system. In addition to using particles with small aerodynamic diameter suitable for
deposition in the lower airways, it has been reported that the use of large porous particles
can prolong retention time in the lungs by effectively avoiding alveolar macrophage
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phagocytosis (Arnold M.M. et al., 2007, Ben-Jebria A. et al., 2000, Edwards D.A. et al.,
1997). Porous particles over 10 pm in geometric diameter have a smaller aerodynamic
diameter due to their mass-inertia relationship. Their smaller aerodynamic diameters of 1-3
um fall within the ideal aerodynamic size range for effective lung deposition, while their
actual geometric size is larger than the size range of alveolar macrophage uptake and
removal.

The mucus layer may be partially deteriorated using mucolytic agents that break down the
three dimensional gel network of mucus. A mucus inhibitor, such as glucopyrrolate, may
also be used to overcome the mucus barrier (Ferrari S. et al., 2001). In patients with
bronchiectasis or cystic fibrosis, mannitol has been clinically proven to improve the
hydration and viscoelastic surface properties of the sputum, which increased mucus
clearance (Daviskas E. et al., 2010). The deposition site of nucleic acid delivery systems in
the airways has been previously manipulated and directed through the use of ultrasound and
magnetic field technologies (Dames P. et al., 2007, Xenariou S. et al., 2006, Xenariou S. et
al., 2007). Another less-invasive option to enhance the transport across the mucus layer is to
coat the surface of nanoparticles with neutrally charged molecules, like polyethylene glycol
(PEG) (Schuster B.S. et al., 2013).

Lung disease involving chronic lung inflammation, like cystic fibrosis, emphysema, or
asthma, are characterized by increased levels of pulmonary proteases (Greene C.M. and
Mcelvaney N.G., 2009). These proteases may degrade peptide conjugated siRNA or
polymeric nanocarriers of siRNA before the carrier gets to target specific cells of interest.

4.2 Barriers of Intracellular siRNA Delivery

To exert their effects, the SIRNA must cross the cellular membrane and be released within
the cytoplasm of the target cells of the respiratory tract, and it must access the RISC, where
their intracellular interaction takes place. Due to the size of 13 kDa and a negative charge,
the siRNA do not readily cross biological membranes. Therefore, an appropriate delivery
system should facilitate SiRNA cellular uptake.

The major cellular uptake pathway for non-viral sSiRNA delivery systems that are under 150
nm in size is known as endocytosis (Khalil I.A. et al., 2006). Endocytosis is the mechanism
by which cells engulf polar molecules or nanocarriers that cannot readily pass through the
hydrophobic cellular membrane. The four endocytosis pathways are clathrin-mediated
endocytosis, caveolae-mediated endocytosis, micropinocytosis, and phagocytosis (Marsh M.,
2001). For the inhalation route of administration, a particle size of less than 150 nm also
avoids macrophage uptake, thus slowing lung clearance (Lebhardt T. et al., 2010). Clathrin-
mediated endocytosis is the major pathway that allows for particle uptake through enclosed
clathrin-coated vesicles (Khalil I.A. et al., 2006). These vesicles then fuse with early
endosomes to form late endosomes, which subsequently form into lysosomes. As this
process progresses from early endosome to lysosome, the pH within the vesicles drop down
to approximately pH 5.0 and degradative DNAse and RNase are present within the lysosome
(Bally M.B. et al., 1999, Khalil I.A. et al., 2006, Maxfield F.R. and Mcgraw T.E., 2004). For
a siRNA to elicit therapeutic effects within the cell, it must escape from the endosome and
be released within the cytoplasm to avoid degradation by degradative enzymes. To promote
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endosomal escape, the “proton sponge hypothesis” can be practiced by using a high
buffering capacity polymer with a large pH range, such as polyethylenimine (PEI), which
will become protonated as the pH of the endosome drops (Boussif O. et al., 1995, Gunther
M. et al., 2011). This protonation of the polymer causes an influx of chloride ions, protons
and water into the endosomes. The building osmotic pressure causes the endosomes to burst,
thus releasing its contents into the cytoplasm (Gunther M. et al., 2011). However, the use of
PEI has been associated with toxicity issues (Seow W.Y. et al., 2013). An alternative strategy
to promote endosomal escape is through the use of pH sensitive fusogenic peptides. These
peptides undergo pH-dependent conformation changes at low pH which cause a membrane
disrupting conformational change that destabilizes endosomal membranes (Choi S.W. et al.,
2010, Kusumoto K. et al., 2013, Lee S.H. et al., 2007, Oliveira S. et al., 2007).

Another cellular uptake mechanism of siRNA delivery systems is the caveolae-mediated
endocytosis pathway (Khalil I.A. et al., 2006). The delivery system is internalized through a
caveolin-coated vesicle known as a caveosome. The caveosomes are void of nucleases,
degradative enzymes, and have a non-acidic pH. The delivery systems avoid lysosomal
degradation because the contents of the caveosomes are transported to the Golgi or
endoplasmic reticulum. Caveolin is expressed within lung tissues, therefore it may be a more
efficient route for inhalation siRNA delivery systems compared to clathrin-mediated
endocytosis, especially if the delivery system doesn’t possess endosomal escape properties
(Lam J.K.-W. et al., 2012, Parton R.G. and Richards A.A., 2003, Yacobi N.R. et al., 2010).

Another cellular uptake mechanism of cells of the lungs is phagocytosis (Khalil I.A. et al.,
2006). This route can only be performed by alveolar macrophages and other specialized
cells. Unless the target cell type is alveolar macrophages, then uptake of delivery systems by
this pathway should be avoided since siRNA molecules taken up are eventually degraded by
the phagolysosomes of the cells.

5. Conclusion

Lower airway pulmonary delivery can be achieved through the inhalation of an aerosol from
delivery devices such as pMDIs, DPIs, nebulizers, and SMIs. Preclinical safety and efficacy
studies using animal models often deliver pulmonary aerosols via the inhalation,
intratracheal, and intranasal routes. The lung physiological and anatomical differences
between human and animals are an integral consideration when selecting the route of
administration to assess the efficacy of an aerosol. Intratracheal administration involves an
invasive surgical setup and anesthesia. The intranasal route of administration can be used to
reach the airways in mouse models by instilling and aspirating the liquid solution or
suspension into the nasal cavity of the animal. Dry powder formulations can be delivered
using a microsprayer that when actuated, generates the aerosol and propels it into the
airways. The nose-only exposure chamber used in preclinical studies has provided a robust
means of delivering aerosols to the deep lung. Aerosolized siRNA formulations are
characterized using in vitro, ex vivo, and in vivo techniques. In vitro techniques measure the
dissolution rate, aerodynamic particle size distribution, total delivery dose uniformity,
particle size, and aerosol velocity. Ex vivo techniques analyze the mechanisms of drug
transport, deposition, and absorption. In vivo techniques provide visualization and
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quantification of aerosol deposition in the respiratory tract, PK parameters, and biochemical
and physiological effects of the pulmonary delivered drug. Barriers for pulmonary delivery
of siRNA exist due to the natural defenses of the lungs to keep exogenous particulates and
substances out. Delivering aerosolized siRNA effectively to the lungs and to their target site-
of-action involves the understanding of the anatomical and physiological characteristics of
the respiratory tract. The barriers for aerosolized delivery of siRNA include degradation by
RNase and mucociliary clearance. Intracellular naked siRNA delivery is impeded due to
their large size, negative charge, and susceptibility to degradation. These intracellular
delivery constraints may be mitigated through the use of siRNA nanocarrier systems for
aerosol delivery including those of lipidic, polymeric, peptide, or inorganic origin. Part 11 of
this review article will discuss the preparation methods of various siRNA nanocarrier
systems, accompanied by a series of examples.
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Figure 1.
siRNA pathway schematic. Reprinted with permission from Ref. (De Fougerolles A. and

Novobrantseva T., 2008, De Fougerolles A. et al., 2007). Copyright: (2007) Nature
Publishing Group.
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Figure 2.
Intratracheal instillation and bronchoalveolar lavage on rat. Reprinted with permission from

Ref. (Patel G. et al., 2009).
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Figure 3.
InExpose™ (SCIREQ®) nose-only exposure system.
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Schematic representation of the (A) Andersen 8-stage cascade impactor, (B) Marple- Miller
impactor, and (C) Multi-stage liquid impinger. Reprinted with permission from Ref. (Nahar
K. etal., 2013). Copyright 2013.
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Isolated perfused rat lung preparations: (a) horizontally positioned isolated perfused rat lung
with a scheme of forced solution instillation, (b) vertically positioned isolated perfused rat
lung with a scheme of nebulization catheter dosing. Reprinted with permission from Ref.

(Sakagami M., 2006). Copyright 2003.
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A. Pulmonary 2
delivery of naked
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nanocarriers

B. Carrier-based delivery of
siRNA cellular uptake
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Figure 6.
Aerosol siRNA delivery to the lungs. (A) pulmonary delivery of naked or sSiRNA

nanocarriers, (B) Carrier-based delivery of siRNA cellular uptake. The aerosolized
formulation of siRNA and use of appropriate device delivers siRNA by inhalation,
intratracheal, or intranasal delivery to the human or animal lung. Once the siRNA carriers
reach the lower respiratory tract, they may reach target cells and become internalized
through endocytosis. Carriers capable of endosomal escape avoid degradation in the
lysosome and release free siRNA within the cytoplasm. The RNAI pathway may then be
initiated, ultimately leading to mMRNA degradation and gene silencing.
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Parameters to consider in siRNA formulation design for inhalation.

Table 1

Property

Parameters

Aerosol properties

Mass median aerodynamic diameter
Geometric standard deviation
Fine particle fraction

Air/particle velocity

Particle properties

Volume diameter
Bulk density
Tap density
Shape

Charge

Physiochemical properties

Solubility
Hygroscopicity

Lung properties

Disease state on airway structure and breathing pattern

Disease state on surfactant production

Disease state on mucus production and mucociliary clearance

Age of patient, pulmonary or nasal breathing

Airway structure and diameter
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Table 2

Techniques for evaluating pulmonary drug delivery systems.

Page 39

Type Technique Measurement determined
Dissolution test Dissolution rate
Inertial impaction using cascade impactor Aerodynamic particle size distribution (APSD)
Invitro  Delivered dose assay Total delivered dose uniformity
Laser diffraction Particle size and particle size distribution
Laser Doppler velocimetry Aerosol velocity
Ex vivo lsolated perfused lung Mechanisms of drug transport and deposition
Scintigraphy Visualization and quantification of aerosol deposition in respiratory tract
Invivo  Pharmacokinetic (PK)-animal model/clinical trial  PK parameters

Pharmacodynamics (PD)

Biochemical and physiological effects of a drug
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Table 3

Ph.Eur. and USP Cascade Impactors for orally inhaled dosage forms.
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Dosage Form

USP

Ph.Eur.

pMDI Andersen 8-stage non-viable cascade impactor . Single Stage Twin Impinger
configuration at 28.3 L/min flow rate . i
. Andersen 8-stage non-viable cascade impactor
NGI configuration at 28.3 L/min flow rate
. NGI
DPI Marple-Miller impactor (model 160, MMI) . Multi-stage liquid impinger
Andersen 8-stage non-viable cascade impactor . Andersen 8-stage non-viable cascade impactor
configuration at flow rates other than 28.3 L/min configuration at 28.3 L/min flow rate
Multi-stage liquid impinge . NGI
NGI
Nebulizer * Harmonized with Ph.Eur. . Single-stage twin impinger

NGI

*
operated at a flow rate of 15 L/min. Ph.Eur. 2.9.44 includes the NGI and is harmonized with <1601> of the USP
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Table 4

Pulmonary barriers to lung siRNA delivery (Merkel O.M. et al., 2014).

Airway Defenses

Alveoli Defenses

Upper airway (nose, throat, and trachea) | Degradative Enzymes e.g. proteases, RNase

Bifurcations Neutrophils
Mucus Opsonins
Mucociliary Clearance Surfactant

Cough Clearance Complement

Airway epithelium

Alveolar Macrophages
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