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Abstract According to the World Health Organization
(WHO), hundreds of millions of people of all ages and in all
countries suffer from chronic respiratory diseases, with particu-
lar negative consequences such as poor health-related quality of
life, impaired work productivity, and limitations in the activities
of daily living. Chronic obstructive pulmonary disease, asthma,
occupational lung diseases (such as silicosis), cystic fibrosis, and
pulmonary arterial hypertension are the most common of these
diseases, and none of them are curable with current therapies.
The advent of nanotechnology holds great therapeutic promise
for respiratory conditions, because non-viral vectors are able to
overcome the mucus and lung remodeling barriers, increasing
pharmacologic and therapeutic potency. It has been demonstrat-
ed that the extent of pulmonary nanoparticle uptake depends not
only on the physical and chemical features of nanoparticles
themselves, but also on the health status of the organism; thus,
the huge diversity in nanotechnology could revolutionize med-
icine, but safety assessment is a challenging task. Within this
context, the present review discusses some of the major new
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perspectives in nanotherapeutics for lung disease and highlights
some of the most recent studies in the field.
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Introduction

Nanoparticles (NPs) are one of the most widely studied clas-
ses of drug delivery systems, with more than 25,000 publica-
tions over the last 10 years (Anselmo and Mitragotri 2014).
They have a wide range of unique properties and capabilities
that can be used to improve on traditional drug administration;
therefore, exhaustive efforts have focused on developing ad-
vanced nanotherapeutic delivery systems for improved effica-
cy, enhanced patient compliance, and optimal treatment safety
(Peer et al. 2007).

In this context, previous reports have observed that, to be
efficient and safe for lung delivery, NPs must be resistant to a
variety of changes in lung parenchyma with the development
of lung diseases and external stimuli (Fig. 1), such as heat, the
mucus hyperproduction barrier and its clearance, subepithelial
fibrosis, activation of macrophages and neutrophils, the com-
plement system, and changes in pH (Gupta et al. 2002; Boylan
et al. 2012a; Lee and Thompson 2017).

Recently, nanomedicine has made great progress in targeting
NPs to individual organs in one of the major advances achieved
in this field of research (Nguyen et al. 2015; Uddin et al. 2016).
Within an organ, diseases display a large degree of spatial het-
erogeneity, with the same organ containing both healthy and
pathologic regions (Gonzalez-Garcia et al. 2002; Ju et al. 2014).
Thus, studies have observed that some drug delivery formula-
tions would be able to directly target the specific region affected
by the disease (Brenner et al. 2017).
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Fig.1 The pulmonary barriers that nanoparticles should overcome in the
injured tissue. After reaching the pulmonary epithelium, the nanoparticle
must be stable and efficient enough to overcome the barriers and
clearance processes to reach the underlying tissue, treating lung
diseases: (1) mucus hyperproduction barrier and its mucociliary
clearance could halt nanoparticles, preventing their passage; (2) after

With the aim of reducing systemic toxicity induced by
various medications, mainly anticancer drugs, a range of mag-
netic nanocarriers have been developed as a promising strate-
gy (Xie et al. 2009; Wang et al. 2010). Magnetic NPs have
been investigated for decades as potential drug delivery sys-
tems. Despite the described long clearance time for degrada-
tion and the accumulation in some tissues, mainly in the liver
and kidney, consequently generating some inflammatory side
effects (Wahajuddin and Arora 2012), some studies have been
developing novel strategies to modify nanoparticle structure,
improving their high magnetic responsiveness, biodegradabil-
ity, biocompatibility, high delivery efficiency, and potential
targeting function, reducing the frequency of injections
(Emerich et al. 2002). Drug-loaded magnetic NPs are injected
directly into the affected site; they are expected to be held in
place by an external magnetic field and to release the drug in a
controlled manner (Amirfazli 2007; Stocke et al. 2015).

Within this context, the present review summarizes some
of the major new perspectives in the diagnostic and therapeu-
tic use of nanocarriers for chronic lung diseases, including
asthma, chronic obstructive pulmonary disease (COPD), cys-
tic fibrosis, occupational diseases (silicosis), and pulmonary
artery hypertension, highlighting some of the most recent pre-
clinical studies in gene therapy and drug delivery, discussing
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succeeding in reaching the lung parenchyma, nanoparticles could
stimulate the activation of macrophages and neutrophils, as well as the
complement system, leading to degradation of nanoparticles; (3)
subepithelial fibrosis as a mechanical barrier that hinders the passage of
nanoparticles; (4) changes in the pH of the organism may hinder drug
release

relevant clinical trials, and addressing the many pros and cons
of this innovative technology.

Nanocarriers for chronic lung diseases
Asthma

Allergic asthma is a major global health problem.
Approximately 334 million people worldwide are believed
to be affected by asthma (Global Initiative for Asthma 2017,
http://ginasthma.org), with negative consequences such as
poor health-related quality of life, impaired work productivity,
and limitations in the activities of daily living (Peters et al.
2006; Nelsen et al. 2017).

Classically, CD4" Th2 cells have been considered the pri-
mary regulators of the allergic response through production of
Th2 cytokines, which leads to airway inflammation and hyper-
responsiveness (Holloway et al. 2010; Shinoda et al. 2017).
Patients with asthma may also display airway hyper-
responsiveness with no early- or late-phase inflammation pres-
ent, which is likely caused by long-term changes in the struc-
ture of the airway, such as hypertrophy and/or hyperplasia of
the smooth muscle layer (Murdoch and Lloyd 2010; Grenier
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etal. 2016). The most widely used therapies for asthma, includ-
ing inhaled corticosteroids and bronchodilators (short- or long-
acting 3-adrenergic agonists or muscarinic antagonists), reduce
disease symptoms (Kim et al. 2011; Raissy et al. 2013).
However, corticosteroids cause long-lasting side effects and
may not provide instant relief, thus decreasing treatment adher-
ence by patients (Cooper et al. 2015; Lawani et al. 2017) and
accelerating disease progression and lung remodeling, which
leads to progressive loss of lung function (Pascual and Peters
2005). Moreover, long-term use of corticosteroids cannot revert
lung remodeling and may result in immunosuppression, predis-
posing patients to lung infection with opportunistic microor-
ganisms (Barnes 2012). Thus, alternative therapeutic ap-
proaches that can attenuate both inflammatory and remodeling
processes in different asthma phenotypes and reduce airway
resistance without leading to immunosuppression are needed.

In this context, nanotechnology has emerged as a new par-
adigm for the treatment of diseases refractory to conventional
therapeutics, including asthma. The use of NPs facilitates the
delivery of biological materials and drugs directly to target
tissues, thus improving lung deposition of anti-asthma drugs
and translating into improved clinical efficacy with sustained
therapeutic effects, while mitigating adverse effects.

A variety of nanoparticulate systems (nanocomplexes) have
been evaluated in the lung (da Silva et al. 2013; van Rijt et al.
2014; Kolte et al. 2017). However, several physiologic barriers,
e.g., mucus in the airway lumen, make application of this thera-
peutic strategy to the lung challenging (Schneider et al. 2017).
Therefore, nanometric size, the material used to manufacture
NPs, and their sustained activity must be evaluated in order to
avoid clearance by macrophages and allow transcytosis and
treatment of the submucosa; crossing of the endothelium allows
systemic treatment and avoids side effects. In the current review,
we discussed which NPs have been developed and tested for
asthma treatment, including: liposomes, solid lipid NPs,
telodendrimer, poly(ethylene imine) (PEI), chitosan, dendrimers,
poly(lactic-co-glycolic acid) (PLGA), and CK30PEG.

A recent study showed that stealth steroids compacted with
NPs produce prolonged and greater benefits at the site of air-
way inflammation compared with free steroids (Matsuo et al.
2009). Furthermore, NPs compacted with salbutamol interact
more with the lung membrane, leading to greater and more
sustained relief of bronchospasm as a result of concentration
of drug in the target area (Bhavna et al. 2009). Studies have
also demonstrated that liposomes could increase the concen-
tration and retention time of salbutamol sulfate in the lungs,
thus prolonging its therapeutic effect for up to 10 h, more than
that of the unencapsulated drug (Chen et al. 2012).

Solid lipid NPs have attracted increasing attention as a
potential drug delivery carrier because of their unique struc-
ture and properties, such as good biocompatibility, protection
of the incorporated compound against degradation, and con-
trolled release (Wang et al. 2012). These authors reported

enhanced bioavailability and efficiency of curcumin, a potent
anti-inflammatory supplement that could be used as an add-on
therapy in patients with bronchial asthma, as a formulation in
solid lipid NPs.

Another compound widely used to prevent the wheezing,
exercise-induced bronchospasm, chest tightness, and
coughing caused by asthma is montelukast, one of a class of
medications known as leukotriene receptor antagonists
(LTRAs). Patil-Gadhe et al. (2014) and Patil-Gadhe and
Pokharkar (2014) demonstrated that a montelukast-loaded
nanostructured lipid carrier improved the systemic bioavail-
ability and performance of the drug, bypassing hepatic metab-
olism and, thus, reducing hepatocellular toxicity.

Furthermore, a well-defined nontoxic telodendrimer has
also been reported to be an efficient nanocarrier with greater
loading capacity and superior stability (longer than 6 months)
than micelles (Jackson et al. 2004). This nanocarrier allows
delivery of slow-release formulations of hydrophobic drugs
(such as dexamethasone) directly to the lung, decreasing al-
lergic lung inflammation and reducing the number of eosino-
phils and inflammatory cytokines, thus improving airway
hyper-responsiveness to a greater degree than equivalent
doses of dexamethasone alone (Kenyon et al. 2013).

The expansion of novel NPs for gene therapy has emerged
as an alternative for asthma treatment, with the aim of inhibiting
Th2 transcription factors, cytokines, and the function or over-
expression of Th2 antagonists. According to a recent study,
synthetic NP-based gene delivery systems offer highly tunable
platforms for delivery of therapeutic genes, but the inability to
achieve sustained, high-level transgene expression in vivo pre-
sents a significant hurdle (Mastorakos et al. 2015). The respi-
ratory system, although readily accessible, remains a challeng-
ing target, because effective gene therapy mandates colloidal
stability in physiologic fluids and the ability to overcome bio-
logical barriers found in the lung; as nucleic acids are prone to
degradation by nucleases, delivery vectors must mediate pro-
tection against degradation (Sanders et al. 2009).

A number of lipid- and polymer-based non-viral vectors
have been developed to formulate nucleic acids into nanosized
particles for pulmonary delivery (Di Gioia et al. 2015). One of
the most prominent polymeric gene delivery vectors is poly(-
ethylene imine) (PEI) (Merdan et al. 2003). Use of the poly-
saccharide chitosan (Koping-Hoggérd et al. 2001),
dendrimers (Rudolph et al. 2000), and poly(lactic-co-glycolic
acid) (PLGA)-based polymers (Bivas-Benita et al. 2009) for
pulmonary delivery of nucleic acids has also been described.

Kumar et al. (2003) showed that chitosan interferon
(IFN)-y-pDNA nanoparticle (CIN) treatment significantly
lowered airway hyper-responsiveness to methacholine and re-
duced lung histopathology in a BALB/c mouse model of ov-
albumin (OVA)-induced allergic asthma. In another study de-
signed to elucidate the mechanism of these effects, the same
group demonstrated that CIN treatment was able to reduce
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cytokine production by a population of OVA-specific proin-
flammatory CD8" T lymphocytes in the lung, leading to de-
creased activation of dendritic cells. Because of the reciprocal
regulation of T helper cells, it was anticipated that increasing
IFN-vy levels would promote a Th1 response by blocking Th2
cytokine production (Kong et al. 2008).

More recently, researchers used highly compacted DNA
NPs composed of pDNA compacted with block copolymers
of poly-L-lysine and polyethylene glycol linked by a cysteine
residue (CK30PEG), which have been shown to be nontoxic
and nonimmunogenic in the lungs of mice and humans.
Indeed, da Silva et al. (2014) used this NP system to deliver
thymulin, a nonapeptide known for its anti-inflammatory and
anti-fibrotic effects in the lung, to OVA-challenged allergic
asthma in BALB/c mice. A single intratracheal instillation of
DNA NPs carrying thymulin plasmids prevented lung inflam-
mation, collagen deposition, and smooth muscle hypertrophy
in the murine lungs up to 27 days after administration, leading
to improved lung mechanics.

Because of its high cationic charge density, PEI is able to
efficiently condense negatively charged DNA into nanosized
complexes, thereby protecting it from degradation by nucle-
ases. However, this positive charge causes toxicity and makes
it a poor vehicle for asthma gene therapy. PEGylated PEI can
also activate the complement system and induce expression of
apoptosis-related genes (Merkel et al. 2011a, b). Therefore, the
need for biodegradable vectors seems obvious. Mastorakos
et al. (2015) presented a highly compacted, biodegradable
DNA NP capable of overcoming the mucus barrier for inhaled
lung gene therapy with a favorable safety profile and no signs
of toxicity after intratracheal administration. In addition, a
promising cytosine—phosphate—guanine (CpG) adjuvant-load-
ed, biodegradable NP-based vaccine for treatment of dust mite
allergies has been developed recently and used as a potent
adjuvant for shifting immune responses to the Thl type, sup-
pressing Th2-triggered asthma responses (Salem 2014).

In summary, it is well known that asthma is a very complex
inflammatory disease, in which numerous cells and cellular
factors are implicated. Thus, there are many potential molec-
ular targets for therapy, including cytokines/chemokines, tran-
scription factors, tyrosine kinases and their receptors, and co-
stimulatory molecules for gene silencing or overexpression of
specific targets, together with drug delivery by NPs.

Chronic obstructive pulmonary disease

COPD is the fourth leading cause of death by
noncommunicable diseases, and is expected to be ranked third
by 2030 (Vij 2011). COPD is a chronic disease, occurring
primarily in the elderly, and characterized by an abnormal
inflammatory response to inhaled noxious particles or gases,
leading to airflow limitation. The pathophysiology of COPD
involves chronic inflammation of the airways and destruction
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of lung parenchyma. Alveolar macrophages play a key role in
this inflammatory response by releasing inflammatory media-
tors, including tumor necrosis factor-o« (TNF-), interleukin
(IL)-6, IL-8, monocyte chemotactic peptide (MCP)-1, leuko-
triene LTB4, and reactive oxygen species. Current treatment
options for COPD include anticholinergics, 32-agonists, and
inhaled corticosteroids, which can control the symptoms but
do not cure the underlying disease (Global Initiative for
Chronic Obstructive Lung Disease, GOLD 2017).

The major challenges in the delivery and efficacy of
nanotherapeutic systems in chronic obstructive airway condi-
tions are airway defense, severe inflammation, and mucus
hypersecretion. Several groups have been seeking new thera-
peutic approaches, and despite the wide application of nano-
based drug delivery systems, very few have been tested to
date. In this scenario, Vij (2011) described a potential multi-
functional polymeric vesicle formed by a mixture of poly(eth-
ylene glycol) and PLGA (PLGAPEG) for combined delivery
of COPD drugs (the corticosteroid prednisolone and/or the
anti-inflammatory bronchodilator theophylline) and molecu-
lar probes that can be used for theranostic application in ob-
structive lung disease. Furthermore, Muralidharan et al.
(2016) reported the successful design of advanced inhalable
dry powders containing dimethyl fumarate, a first-in-class an-
tioxidant Nrf2 activator known to treat pulmonary inflamma-
tion, using advanced particle engineering design technology
for targeted delivery to the lungs as a single-component dry
spray. Using in vitro predictive lung deposition modeling, the
authors found that the aerosol deposition patterns of these
particles were capable of reaching the lower airways to treat
inflammation in this region in diseases such as COPD.

Metallic NPs, which have widespread application as con-
trast elements, are also used effectively for drug and gene
delivery due to effective penetration in cells and tissues.
However, these nanoparticles have toxic effects that are not
yet completely understood (Sadeghi et al. 2015). Metallic NPs
have also been assessed as potential nanocarriers for COPD
treatment. Geiser et al. (2013) demonstrated that gold NP de-
livery is a successful strategy for therapeutic targeting of al-
veolar epithelial cells and macrophages in COPD. Titanium
dioxide (TiO,) and carbon black (CB) NPs have biological
effects that could aggravate pulmonary emphysema (Chen
et al. 2006). On the other hand, TiO, and CB NPs did not
aggravate elastase-induced emphysema. However, CB NPs
induced histologic inflammation and MMP-12 mRNA and
protein expression in macrophages. Roulet et al. (2012) dem-
onstrated that TiO, and CB NPs did not aggravate elastase-
induced emphysema and could be promising metallic
nanocarriers for the treatment of COPD. NPs can also be
used for molecular imaging of chronic lung diseases. Al
Faraj et al. (2014) demonstrated that antibody-conjugated
superparamagnetic iron oxide (SPIO) NPs could be used for
noninvasive magnetic resonance imaging (MRI) of
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macrophage subpopulations. In lipopolysaccharide (LPS)-in-
duced COPD mouse models, anti-CD86 and anti-CD206 an-
tibody-conjugated SPIO NPs were instilled via the
intrapulmonary route, and each type of NP showed specific
affinity to the proinflammatory (M1) and resolutive (M2)
macrophage subpopulations. Coupling of magnetic iron oxide
NPs with a specific antibody targeted to a particular macro-
phage subpopulation could offer a promising strategy for early
and better diagnosis of pulmonary inflammatory diseases
using noninvasive MRI. Surface individualization with
targeting molecules offers selective delivery of NPs to the
target cells, and targeted delivery of NPs contributes to high-
contrast molecular imaging as well as targeted therapy (Al
Faraj et al. 2014).

Cystic fibrosis

Cystic fibrosis (CF) is the most common autosomal recessive
inherited disorder, affecting nearly 70,000 patients worldwide,
and its first mutation in the cystic fibrosis transmembrane
regulator (CFTR) gene was described in 1989 (Riordan et al.
1989). The disease is characterized by an ionic imbalance that
causes reduced volume of surface liquid in the airways, mucus
dehydration, and reduced mucus clearance, thus leading to the
secretion and accumulation of a viscous mucus in the airways
that causes bronchial obstruction (Moreau-Marquis et al.
2008).

The amiloride-sensitive epithelial sodium channel (ENaC)
plays a key role in salt and water resorption in the epithelium
of patients with CF, in whom dehydration of respiratory se-
cretions and impaired mucociliary clearance, caused by the
hyperabsorption of Na* through the ENaC in the absence of
CI secretion, contributes heavily to lung pathology and respi-
ratory insufficiency (Mall and Galietta 2015). Consequently,
the tenacious mucus enables chronic bacterial infection by the
opportunistic Gram-negative bacterium Pseudomonas
aeruginosa, which is the most frequent pathogen identified
in patients with CF (Ratjen et al. 2009).

Although these patients routinely take antibiotics, the thick
mucus and bacterial biofilm contribute to poor lung penetra-
tion of antimicrobial agents because of partial immobilization
and deactivation, leading to clinical exacerbations (Heijerman
et al. 2009).

From this perspective, the development and optimization
of pulmonary drug delivery systems engineered for improved
interaction with local environment is needed. Thus, PLGA,
which is already contained in several products approved by
the US Food and Drug Administration, has low toxicity, and is
biocompatible (Wacker 2013), was chosen as a nanocarrier
material for the manufacture of ciprofloxacin complex-
loaded PLGA NPs for pulmonary treatment of infections in
CF (Giinday Tiireli et al. 2016).

Likewise, tobramycin-loaded nanostructured lipid carriers
were found to exhibit high drug encapsulation, a sustained
release profile, and activity against clinically isolated
P, aeruginosa. Moreover, these lipid NPs did not decrease cell
viability and were able to overcome an artificial mucus barrier
in the presence of mucolytic agents, showing a wide nanosys-
tem distribution in the lungs (Moreno-Sastre et al. 2016).

In the gene therapy context, 6 years after the cloning of
CFTR, the first evidence was obtained that non-viral gene
transfer mediated by liposomes complexed with CFTR
cDNA could partially correct cAMP-mediated Cl transport
in the nasal epithelium of patients with CF (Caplen et al.
1995).

Nebulized cationic liposomes could also be used to effec-
tively deliver siRNA against the x-subunit of ENaC to the
airway epithelium, modulating sodium hyperabsorption and,
thus, helping to restore the correct volume of surface liquid,
mucus hydration, and mucociliary clearance in the airways.
This approach might be promising as an adjuvant therapy for
CF. However, an optimal dose is required to achieve therapeu-
tic benefit without potential side effects (Manunta et al. 2017).

Monthly administration of pGM169 plasmid DNA deliv-
ered by liposomes (GL67A) led to benefit in FEV, (forced
expiratory volume in the first second of expiration) compared
with placebo after 1 year, suggesting lung function stabiliza-
tion in the treatment group (Alton et al. 2015). This was the
first proof of concept that repeated administration of non-viral
CFTR gene therapy can safely change clinically relevant pa-
rameters in CF. Nevertheless, the authors note that further
improvements in efficacy and consistency of response are
required before such therapy can be used in the clinical setting
(Alton et al. 2015).

Silicosis

Silicosis is an occupational disease characterized by
hyalinized and fibrotic nodules, thickening of the alveolar
interstitium, and accumulation of inflammatory cells, such as
alveolar macrophages and lymphocytes. The pathogenesis of
silicosis has been related to the accumulation of inflammatory
cells that produce fibrogenic and inflammatory cytokines and
growth factors, including TNF-«, IL-1(3, TGF-3, macrophage
inflammatory proteins (MIP)-1 and MIP-2, and platelet-de-
rived, insulin-like, and fibroblast growth factors (Lopes-
Pacheco et al. 2016). Despite substantial research effort, no
current treatment is able to reverse the pathologic changes or
halt disease progression.

In this context, one promising medical application of
nanomaterials is the use of inorganic NPs within mesenchy-
mal stromal cell (MSC)-based therapies. Nanomaterials have
facilitated not only the acquisition of knowledge of stem cell
biology but also allowed the development of new approaches
that have enhanced their homing, survival, and biological
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effects (Silva et al. 2016). Silva et al. (2016) magnetized
MSCs with iron oxide NPs, administered these cells through
the jugular vein of silicotic mice, and exposed the animals to a
localized magnetic field around the thorax. The authors found
that NPs were able to act as good agents for magnetic targeting
of MSCs to the site of injury, resulting in increased cell reten-
tion in lung parenchyma and histologic improvement.

Pulmonary artery hypertension

Pulmonary artery hypertension (PAH) is a life-threatening dis-
ease characterized by progressively increased pulmonary vas-
cular resistance (PVR) and pulmonary artery pressure.
Increased PVR is derived from lung vasoconstriction, vascular
remodeling (intimal and medial hypertrophy), and thrombo-
sis. High levels of PVR cause severe right ventricular (RV)
hypertrophy and failure, which are associated with poor prog-
nosis. In the past 20 years, several drugs have become avail-
able for PAH treatment, including prostacyclin (prostaglandin
L), endothelin receptor antagonists (ERAs), phosphodiester-
ase type-5 inhibitors (PDE-5i), and a soluble guanylate cy-
clase stimulator. However, their full therapeutic effects are
hampered by nonadherence and side effects, and PAH is still
an aggressive and fatal disorder for many patients (Nakamura
etal. 2017).

Several novel therapeutic strategies for PAH, including
drug/gene delivery systems, have been proposed and tested
with a view to optimizing efficacy and minimizing systemic
adverse effects. In animal models of PAH, prostacyclin ana-
logs (Ishihara et al. 2015; Akagi et al. 2016), imatinib (Akagi
et al. 2015), pitavastatin (Chen et al. 2011), fasudil (Gupta
et al. 2013), nitric oxide (NO)-based therapies and nitroglyc-
erin (Ardekani et al. 2015; Mohamed et al. 2016), an NF-xB
decoy (Kimura et al. 2009), and antimiRNA-145-incorporated
NPs (McLendon et al. 2015) have been tested and proven to
be effective.

A formulation of beraprost (a prostacyclin analog) incor-
porated with PLGA NPs was administered intratracheally in
Sugen-hypoxia-normoxia and monocrotaline rat models of
PAH and found to induce less vascular remodeling and cardiac
hypertrophy and increased survival with no evident adverse
effects (Akagi et al. 2016). In parallel, Ishihara et al. (2015)
showed that intravenous administration of beraprost encapsu-
lated in NPs derived from polylactide (PLA) and PEG-
polylactide was associated with improvement in lung vascular
remodeling and in cor pulmonale.

PLGA-based NPs incorporated with imatinib, a tyrosine
kinase inhibitor, showed antiproliferative effects and inhibited
disease development when administered intratracheally in a
rat model of monocrotaline-induced PAH (Akagi et al.
2015). Chen et al. (2011) investigated the impact of
intratracheal administration of pitavastatin-incorporated
PLGA NPs in rats and found that this therapy was able to
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reduce inflammation, remodeling, and disease progression
and improve survival rates in the same model.

Administration of intratracheal liposomal fasudil, a Rho
kinase inhibitor, was effective in reducing lung arterial pres-
sure by reducing vascular remodeling in the monocrotaline
PAH model (Gupta et al. 2013).

Several groups have attempted to use inhaled NO gas in
humans with both acute and chronic PAH. However, the effect
of NO gas is limited by its short half-life and by the metabo-
lism of cGMP by phosphodiesterases. Mohamed et al. (2016)
developed and performed extensive preclinical testing of a
new NO-nanomedicine formulation based on hydrogel-like
polymeric composite NO-releasing NPs (NO-RP). The NO-
RP produced concentration-dependent relaxation of pulmo-
nary arteries in mice with hypoxia-induced PAH, enhancing
the therapeutic potential of NO therapy for PAH. In this same
context, Ardekani et al. (2015) developed a nanoliposomal
formulation of nitroglycerin that revealed superior therapeutic
effects compared with nitroglycerin alone, preventing the ex-
cessive mitochondrial superoxide production associated with
high doses of nitroglycerin.

Currently, therapies that interfere with gene expression of
pathogenic genes have been tested. Kimura et al. (2009) re-
ported that intratracheal instillation of NF-kB decoy
oligonucleotide-NPs (PEG-PLGA) attenuated the develop-
ment of MCT-induced PAH in rats. Moreover, treatment with
NF-kB decoy NPs 3 weeks after MCT injection improved the
survival rate compared with vehicle administration.
Interference RNA-based therapies have been tested as poten-
tial strategies in several diseases. McLendon et al. (2015)
studied the impact of intravenous liposomal NP delivery of
an antisense oligonucleotide against microRNA-145 and re-
ported it that improved Sugen-hypoxia-induced PAH in rats.

Nanotechnology in medical diagnostic techniques

In the past few decades, imaging has become a critical tool in
the diagnosis of disease. Advances in magnetic resonance
techniques and computed tomography have been remarkable,
but nanotechnology promises sensitive and extremely accu-
rate tools for in vitro and in vivo diagnostics far beyond the
reach of today’s state-of-the-art equipment (Rangger et al.
2013; Ali et al. 2016).

As with any advance in diagnostics, the ultimate goal is to
enable physicians to identify a disease as early as possible.
Nanotechnology is expected to make diagnosis possible at
the cellular and even subcellular levels (Digesu et al. 2016).
For instance, involvement of the immune system in tumor
progression is at the forefront of cancer research, and analysis
of the tumor immune microenvironment has been shown to
yield a wealth of crucial information for prognostic indicators
(Cuccarese et al. 2017).
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To reduce the toxicity generated by traditional contrast
agents, these substances have been formulated onto
nanocarriers, seeking to facilitate intratumor uptake and min-
imize nephrotoxicity, as demonstrated with gadolinium NPs
for MRI and liposomal iodinated contrast agents for computed
tomography (Kong et al. 2007; Key and Leary 2014). These
improvements have the potential to greatly improve lung can-
cer diagnosis and staging, particularly given the suboptimal
diagnostic accuracy and sensitivity of conventional scans, as
well as the risk for nephrotoxicity associated with each intra-
venous dose of traditional iodinated contrast.

Nanocrystal fluorophores, known as quantum dots, have
finally made the transition from pure demonstration experi-
ments to real applications in imaging. Quantum dots exhibit
strong light absorbance, bright fluorescence, and marked
photostability, facilitating their application as a powerful im-
aging tool (Azzazy et al. 2007). Despite significant interest,
clinical translation of quantum dots has been slow because of
concerns over heavy metal toxicity. Clinical applicability does
remain a possibility; recent studies showed no observable tox-
icity in a long-term murine model of exposure to a novel
formulation of non-cadmium-based quantum dots (Lin et al.
2015).

Regarding additional tools for the diagnosis of pulmonary
diseases, there is a need for efficient techniques to assess ab-
normalities in the peripheral regions of the lungs, e.g., for
early diagnosis of pulmonary emphysema (Fain et al. 2006).
This disease is one of the most common causes of death glob-
ally, and clinical evaluation of peripheral airspaces is difficult,
because this region is not readily accessible for analysis. The
current gold-standard diagnostic test for COPD is spirometry
(Vestbo et al. 2013), which can detect airflow obstruction but
has limited sensitivity to changes in the small airways. Thus,
airspace dimension assessment by NPs has great potential,
mainly because it is likely to be less time consuming, consid-
erably cheaper, simpler to use, and easier to interpret (Londahl
et al. 2017).

Advantages of the inhalation route and its possible
limitations

The lung, as an organ of gas exchange and dynamic portal of
entry for airborne particles and pathogens, is an established
route for delivery of therapeutic medications to treat pulmo-
nary and systemic diseases (Paranjpe and Miiller-Goymann
2014). In contrast to systemic administration, targeted drug
delivery to the lung takes advantage of the extremely large
alveolar surface area, dense capillary network, and very thin
barrier for efficient drug absorption while avoiding gastroin-
testinal proteolysis and hepatic first-pass metabolism (Fig. 2)
(Kuzmov and Minko 2015). Thus, to enhance the efficacy of
treatment of various lung diseases and limit the exposure of

Lower drug dose
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Fig. 2 Advantages of the inhalation route. The nanoparticle inhalation
route has many advantages inherent in the physiology of the respiratory
system: (1) avoids the first-pass metabolism effect as well as
gastrointestinal proteolysis; (2) enables direct action on injured tissue;
(3) makes it easier to reach the circulatory system because of the
presence of the dense capillary network and its thin interface,
contributing to lower drug doses

healthy organs to potentially toxic drugs, it seems natural to
deliver therapeutics directly to the lungs by inhalation.

Despite these attractive advantages, the possible high lung
toxicity of drugs, their degradation by lung macrophages, and
the risk of drug-induced lung injury limit enthusiasm for in-
halation as a route for systemic drug delivery (Iyer et al. 2015).
Therefore, an ideal drug formulation and inhalation delivery
method should be developed. To address this concern, recent
advances in nanotechnology create an avenue to enhance the
efficacy of inhalational treatments for different lung diseases.
The application of nanotechnology to the design of drug de-
livery systems for effective delivery of therapeutics specifical-
ly to the tissues and cells affected by a disease allows for
enhanced treatment outcomes and prevention of severe ad-
verse side effects on tissues and cells, including those in the
lungs, as well as entire organs.

Nanocarriers can support several aspects of pulmonary
drug delivery, e.g., to achieve therapeutic effects in the lung
at a lower drug dose (Pandey et al. 2003; Ahmad et al. 2005),
to enhance delivery of hydrophobic molecules (Letsou et al.
1999; Wang et al. 1999; Naikwade et al. 2009), and to protect
compounds against degradation (Sharma et al. 2013; Loira-
Pastoriza et al. 2014) and from pulmonary clearance mecha-
nisms (Suk et al. 2009; Salmaso and Caliceti 2013).

However, despite the potential advantages of inhaled
nanocarriers, the unique microenvironment of the distal lung
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imposes some obstacles to their optimal delivery and thera-
peutic action. To prevent NP deposition in the lung, particle
size, shape, surface charge, and surface properties should be
optimized (Desai 2012; Dwivedi et al. 2014). This is particu-
larly important for the delivery of proteins; a variety of ap-
proaches, including chemical modification and the addition of
excipients such as buffers, sugars, and amino acids, may be
used to improve protein stability and, thus, maintain the integ-
rity and bioactivity of the compound (Depreter et al. 2013). In
addition to the possibility of immunologic activation in vivo,
including mucociliary clearance and activation of comple-
ment, alveolar macrophages, and mast cells, the recently es-
calating use of NPs has raised concerns regarding their poten-
tial toxicity. Many strategies have been used to mitigate these
effects, such as incorporating metal oxide-based antioxidants
and changing chemical structure through acylation,
PEGylation, or addition of macromolecules (e.g., heparin)
(Fig. 3) (Boylan et al. 2012b; Desai 2012).

Clinical trials of nanotherapy

Despite several preclinical studies showing promising effects,
few clinical trials have been conducted to test the potential of
nanotherapy in lung diseases.

Fig. 3 Advances in nanotechnology. Some developments have been
made to improve the performance of nanoparticles in the treatment of
respiratory diseases, such as: (1) the development of polymers with
faster mucus penetration and do not remain stuck, overcoming this
barrier; (2) the creation of biodegradable nanoparticles with the stability
to overcome the cell membrane and act in the lung with minimal levels of
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A phase I, investigator-initiated clinical trial to test the ef-
ficacy of PLGA NP-mediated delivery of pitavastatin
(UMIN000014940) has recently been completed (Nakamura
et al. 2017). Future clinical trials may prove the safety and
efficacy of a nano-drug delivery system for PAH.

Currently, two liposomal products in the last stage of clin-
ical development are the dry-powder liposomes amikacin
(Arikace, Insmed, Monmouth Junction, NJ, USA) and cipro-
floxacin (Pulmaquin, Aradigm Corp., Hayward, CA, USA)
for the treatment of lung infections. Amikacin, a liposomal
preparation consisting of dipalmitoyl-phosphatidylcholine
and cholesterol, is undergoing a phase Il trial for the treatment
of CF-associated lung infection with P. aeruginosa. In a recent
double-blind randomized clinical trial of 105 patients with CF
with P. aeruginosa infection, the authors found satisfactory
safety and tolerability, improved lung functions, and de-
creased density of P. aeruginosa in the sputum of patients
treated with the amikacin preparation (Paranjpe and Miiller-
Goymann 2014).

Despite the survival advantage seen with adjuvant chemo-
therapy in patients with advanced lung cancer, the overall
benefits of systemic treatment in early-stage lung cancer are
often outweighed by systemic side effects of chemotherapeu-
tic agents. Currently, there are 27 clinical trials registered in
ClinicalTrials.gov (https:/clinicaltrials.gov) testing the effect
of nanotherapy in lung diseases. Several NP-based gene/drug

Electron microscopy of
PEGylated nanoparticles

toxicity, causing no lesions during treatment; (3) modification of the chemical
structure of nanoparticles by adding, e.g., polyethylene glycol (PEG), in order
to increase solubility as a result of PEG hydrophilicity and decrease accessi-
bility for proteolytic enzymes and antibodies. The electron micrograph shows
an example of PEGylated nanoparticles, demonstrating that there is no sig-
nificant aggregation between nanoparticles
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delivery platforms have been described to improve tissue-
specific delivery, decrease toxic side effects, increase bioavail-
ability, and prevent drug resistance secondary to enhanced
cellular efflux in the treatment of non-small cell lung cancer
(Lee et al. 2016).

Conclusions

This review summarizes the potential beneficial effects of
nanoparticle (NP) drug and gene therapy in lung diseases,
including asthma, chronic obstructive pulmonary disease
(COPD), cystic fibrosis (CF), silicosis, and pulmonary artery
hypertension (PAH). Nanotechnology has generated much en-
thusiasm as a potentially beneficial approach for the treatment
and diagnosis of lung diseases. Preclinical studies using NPs
demonstrated promising advancements, and current trials
show that many NPs are safe for administration, with few
adverse effects. Nevertheless, substantial challenges still have
to be overcome before nanotherapeutic approaches can be
used in clinical practice. Further studies focusing on under-
standing the mechanisms of action of NPs and improving their
chemical structure are warranted to continue the development
of rational approaches for clinical trials.
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