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Abstract: Chronic lung diseases include a variety of obstinate and fatal diseases, including asthma,
chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), idiopathic pulmonary fibrosis
(IPF), and lung cancers. Pharmacotherapy is important for the treatment of chronic lung diseases,
and current progress in nanoparticles offers great potential as an advanced strategy for drug delivery.
Based on their biophysical properties, nanoparticles have shown improved pharmacokinetics of
therapeutics and controlled drug delivery, gaining great attention. Herein, we will review the
nanoparticle-based drug delivery system for the treatment of chronic lung diseases. Various types of
nanoparticles will be introduced, and recent innovative efforts to utilize the nanoparticles as novel
drug carriers for the effective treatment of chronic lung diseases will also be discussed.
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1. Introduction

Chronic lung diseases include a wide variety of persistent pulmonary disorders, such as
asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis, pulmonary tuberculosis,
idiopathic pulmonary fibrosis (IPF), and lung cancers [1,2]. Some of these diseases are irreversible and
often fatal, and no treatments have been shown to be effective for completely restoring lung functions.
Approximately 300 million and 210 million people in the world are currently estimated to suffer from
the two most prevalent diseases, asthma and COPD, respectively [3,4]. Pulmonary tuberculosis is also
a frequently found infectious disease with 8.6 million chronic cases reported in 2012, causing over
1.2 million deaths [1]. IPF is one of the most commonly encountered lethal interstitial lung diseases,
and over 2.1 million patients were recorded in previous studies [5,6].

Traditional pharmacotherapy for chronic lung diseases can be classified into a few categories
according to types of therapeutic agents. A variety of chemical drugs, peptides, antibodies, and genetic
molecules (e.g., siRNA, shRNA, and miRNA) have been employed to treat the chronic lung
diseases [7-10]. Unfortunately, most of chronic lung disease cannot be completely cured by
pharmacotherapy alone. In cases of asthma, controlling the symptoms is the only available current
option. Likewise, steroids, bronchodilators, pirfenidone, and nintedanib are currently used for the
management of COPD or IPFE, but no effective treatments are available to fully cure these types of
diseases. However, pharmacotherapy is still important for chronic lung diseases, and the patients
should be properly managed with drugs for their lifetime, or until receiving a lung transplant [11].

As an advanced strategy, nanoscale carriers for targeted drug delivery have shown promise
in pharmacotherapy. Based on their innate physical properties, nanoparticles can improve the
pharmacokinetics of the loaded therapeutics. In addition, current progress in nanoparticles with
diverse targeting motifs for the selective delivery to target cells can minimize adverse effects of
the drugs. Traditional pharmacotherapy often comes across limitations, and the inappropriate

J. Clin. Med. 2016, 5, 82; d0i:10.3390/jcm5090082 www.mdpi.com/journal/jcm


http://www.mdpi.com/journal/jcm
http://www.mdpi.com
http://www.mdpi.com/journal/jcm

J. Clin. Med. 2016, 5, 82 20f13

pharmacokinetics and low diffusion of typical drugs frequently result in a low response to the
treatment [12,13]. In addition, an efficient vector system is a prerequisite for successful gene therapy,
because genetic molecules are not easily delivered into cells without carriers and often degraded in
the biological fluids. To address these problems, nanoparticles have been used as drug carriers in
recent decades [14-17]. In this review article, the biophysical properties and pulmonary delivery of
nanoparticles will be described first, and current efforts to achieve targeted drug delivery to the lungs
will be introduced.

2. Concept of Targeted Delivery and in Vivo Behavior of Nanoparticles

Nanoparticles are defined as particles with submicron sizes in diameter. Since the early 2000s,
a wide variety of nanoparticles have been developed as drug carriers for biomedical applications.
Diverse materials have been used for the fabrication of nanoparticles, and the characteristic properties
based on the types of the constituent materials are described in Section 3. Nanoparticles commonly
share their unique physical properties due to their submicron sizes, and these characteristics have been
exploited for disease-specific drug delivery. Importantly, nanoparticles have a larger surface area than
micromaterials (>1 pm) with similar total masses. It allows nanoparticles to have a better chance to have
contact with the surrounding tissues and cells, thus increasing the efficiency of cellular delivery [18,19].
Furthermore, systemically injected nanoparticles in vivo generally show enhanced accumulation to
the pathological lesions found in tumors, hemorrhagic diseases, and inflammatory diseases [20-22].
These findings suggest that nanoparticles have ideal properties to be used as innovative carriers for
drug delivery.

2.1. Route of Delivery and in Vivo Behavior of Nanoparticles

Nanoparticles can be administered via different routes including intravenous/intraperitoneal
injection, oral administration, and pulmonary inhalation. The most typical route of administration
has been intravenous injection. Due to their small size, intravenously injected nanoparticles can
easily escape from the abnormal blood vessels found in tumors, trauma, hemorrhagic diseases,
and chronic inflammation (Figure 1) [23-26]. In these pathological lesions, the increased local
blood flow and the endothelial permeability generally result in the disease-specific accumulation
of nanoparticles. In particular, as a result of the impaired lymphatic system of tumor tissues,
nanoparticles can show high retention in tumors. Based on the enhanced permeability and retention
(EPR) effects [27], cancer has been the most common disease targeted by intravenously injected
nanoparticles. Abraxane®, the albumin-bound paclitaxel nanoparticle, is the most well-known
® is an FDA-approved anticancer
agent which shows significant retardation of tumor growth. More recently, liposomal nanoformulations
for paclitaxel and cisplatin (LEP-ETU and SPI-77) also demonstrated encouraging results for treatment
of lung cancers in a phase II clinical trial [29,30].

However, apart from lung cancer, there are still limitations in the use of intravenously
injected nanoparticles for the treatment of chronic lung diseases. Noncancerous chronic lung
diseases, such as COPD, cystic fibrosis, and IPF may not develop highly permeable blood vessels
within the pathological lesions. Since blood vessels with enhanced permeability are an essential
prerequisite for the disease-specific accumulation of systemically administered nanoparticles,
it might be challenging to achieve an effective nanoparticle delivery for these types of lung
disease. Furthermore, proliferative fibrous tissues may cause low diffusion of delivered nanoparticles,
preventing them from reaching the target cells. As a result, the in vivo biodistribution of intravenously
injected nanoparticles has been rather extensively studied for the purpose of understanding
nontargeted delivery to the lung or pulmonary clearance. In a previous study, organ- and tissue-specific
biodistribution and the elimination of ultrasmall-sized (<10 nm of hydrodynamic diameter)
nanoparticles were investigated in nondiseased mice [31]. The indium arsenide- and zinc sulfide-based
ultrasmall-sized nanoparticles were highly distributed in the liver, the kidney, and the intestines within
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a short time (<1 h). However, their accumulations were extremely low in the lung. In other previous
studies, larger-sized (100-300 nm) nanoparticles labeled with *C or 1'In were injected into the mice
and rats [32-34]. They mainly accumulated in the organs of the reticuloendothelial system, but low
accumulation was also found in the lungs [35]. Likewise, some of the nanoparticles are not suitable
for lung-targeted delivery, and these types of nanoparticles could not improve the pharmacokinetics
of loaded drugs [36,37]. However, prior studies suggest that properly designed nanoparticles which
are specialized for the purpose of pulmonary delivery can greatly improve the pharmacokinetics of
the drugs. For example, methotrexate-loaded albumin nanoparticle and doxorubicin-loaded solid
lipid nanoparticles were highly distributed in the lungs [38,39]. Thus, the biological behaviors of
nanoparticles may vary depending on the type and properties of the nanoparticle, and nanoparticles
should be carefully designed to improve the pharmacokinetics.
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Figure 1. Enhanced permeation of disease-related blood vessels and targeted delivery of intravenously
injected nanoparticles.

In chronic lung diseases, pulmonary inhalation has been considered as another important route
of delivery for nanoparticles [35,40]. Pulmonary inhalation enables higher lung distribution (>3 times
higher) of nanoparticles, when compared to the systemic injection or oral administration [41,42].
For inhalation, nanoparticles should be suspended in a gaseous medium. Both dry powder and liquid
suspension of nanoparticles are applicable, and specific devices for aerosolization and inhalation are
usually required [42-44]. A spray drying technique is useful for preparing an inhalable dry powder
form of nanoparticles, and carrier matrices such as lactose can be added to the formulation to improve
the aerosolization [45,46]. Meanwhile, nanoparticle suspensions can be delivered to the lungs via
inhalation using nebulizers [35,47]. Liposomes and solid lipid nanoparticles have been widely used
for pulmonary inhalation, because they often preserve their size without aggregation during the
aerosolization [42]. Surface modification of the nanoparticles with hydrophilic polymers is also
effective in the prevention of the aggregation and opsonization of the nanoparticles in vivo [48,49].

2.2. Determinants for the Pulmonary Delivery of Nanoparticles

Type of the formulation, composition, shape, and size are all important determinants for the
pulmonary delivery of nanoparticles [50-52]. In particular, the aerodynamic diameter of nanoparticles
is the primary determinant for in vivo distribution of the inhaled nanoparticles [13,42,50,52,53].
The particle size-dependent regional deposition in the lung is illustrated in Figure 2 [50]. In general,
the particles larger than 5-6 um are exhaled, but particles smaller than those sizes can be delivered
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into the trachea-bronchial region. Ultrafine particles (1-2 pm) are usually deposited in the bronchioles,
and particles at the nanoscale (<1 um) can be delivered to the lower respiratory system including
the alveoli. Ultrasmall-sized nanoparticles, such as dendrimers (<20 nm), showed efficient delivery
to the alveoli, but they often presented low retention in the lungs due to the rapid penetration
into the bloodstream [42,54]. However, the pharmacokinetics of the nanoparticles can be altered
after a structural modification. When a dendrimer was modified with various molecular weights of
polyethylene glycol (PEG) polymers, the changes of particle size by the PEG modification resulted
in a different biodistribution of the dendrimer [55]. Unmodified dendrimers absorbed into the
bloodstream with limited lung retention, but modified ones with larger sizes (>78 kDa) accumulated
in the lungs [55]. Since there was an evident correlation between the size and absorption/retention of
the nanoparticles, the size property should be carefully counted for effective delivery. In addition, it is
a necessary step to monitor the actual distribution and the bioavailability of the treated nanoparticles,
because nanoparticles often form large aggregates after being released from an aerosol or during the
delivery within the respiratory systems [56].

Nasal cavity
5-10 ym

Bronchus
2-3 ym

Bronchiole
1-2 ym

Alveoli

Figure 2. Size-dependent regional deposition of micro- and nanoparticles within the respiratory
system after the inhalation. Reproduced from Reference [50] with permission from The Royal Society
of Chemistry.

The disease-specific delivery of inhalable nanoparticles may also depend on patient-related or
technical factors, such as breathing conditions and aerosolization/inhalation methods [42,50,57-59].
In practice, a recent study showed that a vibrating mesh type nebulizer is more effective than a jet
nebulizer in terms of pulmonary delivery of a liposomal nanoparticle, because it causes less disruption
of the nanoparticle formulations during nebulization [60]. This finding suggests that the delivery
efficiency of particles could be even affected by the methods for nanoparticle preparation. In addition,
biological barriers and alveolar macrophages should also be considered because these factors can
impede the targeted delivery of nanoparticles [35,61].

3. Various Nanoparticles for Chronic Lung Diseases

Various organic or inorganic materials, such as lipids, proteins, synthetic/natural polymers,
and metals are currently used for the preparation of nanoparticles [62,63]. Based on their building
components and characteristic dimensionality/structures, nanoparticles can be classified into several
groups. Liposomes, micelles, polymeric nanoparticles, dendrimers, and inorganic nanoparticles
including nanocrystals are typical platforms of nanoparticles (Figure 3). Each type of nanoparticle has
its own advantages and limitations for targeted delivery of therapeutics.
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Figure 3. Schematic illustration of various nanoparticles classified based on their building components
and characteristic structures.

3.1. Liposomes and Solid Lipid Nanoparticles

Lipid-based materials including cholesterol and phosphatidylcholine are biocompatible, and they
have been used for fabrication of nanoparticles from the beginning of nanobiotechnology [62,64].
Liposomes and solid lipid nanoparticles are slightly different in their structure, but they share
several benefits as drug carriers. Lipid-based nanoparticles are able to carry large amounts of
drugs, and their outer lipid layers contribute to the easy cellular uptake [62,65,66]. For chronic
lung diseases, liposomes and solid lipid nanoparticles have a great benefit due to the fact that they
are generally stable during aerosolization for inhalation [42]. Based on these several advantages,
lipid-based nanoparticles have been studied as a potential carrier system for pulmonary drug delivery
over the years. Recently, nanoparticles carrying anticancer drugs, antibiotics, antiasthma agents,
and antioxidant agents have been used for the treatment of chronic lung diseases [56,67-70].

3.2. Natural and Synthetic Polymer-Based Nanoparticles

Natural and synthetic polymers are both prevalent materials for assembling nanoparticles.
Polymers are macromolecules consisting of repeating units of monomers, and the versatile chemical
groups of polymers have been utilized for drug conjugation and functionalization of polymer-based
nanoparticles. Natural polymers including polysaccharides and proteins are usually extracted from
living organisms, and they are highly biocompatible and biodegradable. Synthetic polymers offer
multiple benefits in different aspects. They are easily producible and less likely to be biologically
contaminated. Each type of polymer has characteristic properties depending on the chemical nature of
its building block. For example, PEG polymer has a unique bioinert nature, and it is thus commonly
used for the surface modification of nanoparticles [71,72]. PEGylation indeed reduced the opsonization
of nanoparticles by the immune cells [62,71], and PEG-coated nanoparticles are also able to penetrate
the respiratory mucus due to their muco-inert properties [73]. Meanwhile, as a cationic polymer,
polyethyleneimine (PEI) easily binds to nucleotides due to their electrostatic affinity. Based on this
property, PEI-based nanoparticles have shown to be effective for gene delivery in chronic lung
diseases [62,74-76]. As a result of the exclusive features mentioned above, a variety of polymeric
nanoparticles has been developed for the treatment of chronic lung diseases including asthma [77,78],
tuberculosis [79], and pulmonary hypertension [80].
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3.3. Dendrimers

Dendrimers are repetitively branched molecules, and they exhibit improved physicochemical
properties compared with typical macromolecules. In general, dendrimers are highly monodispersed
nanoparticles, and the size and surface functionality of the final formulation are precisely
controllable [81]. Dendrimers are capable of carrying a large amount of drugs, and the PEG-modified
dendrimer shows favorable pulmonary absorption after inhalation [55,82]. Thus, dendrimers have
been widely used for the delivery of therapeutics for chronic lung diseases, and anticancer agents [54],
antibiotics [83], and steroids [84] have been reported to be delivered to the lungs by dendrimers.

3.4. Inorganic Nanoparticles

Inorganic materials, including gold, iron oxide, and silica, have also been used for building up
nanoparticles. Based on the unique plasmonic and magnetic properties, inorganic materials (e.g., gold and
iron oxide) generate imaging contrast by computed tomography (CT), magnetic resonance (MR),
or positron emission tomography (PET). Consequently, inorganic nanoparticle platforms are also
used for diagnostic imaging of diseases [85,86]. Metal nanoparticles, particularly gold nanoparticles,
have been extensively studied for gene delivery due to the fact that cationic metal ions easily bind
to anionic DNA and RNA molecules [87,88]. In spite of such advantages, inorganic nanoparticles
have shown only limited success in treating chronic lung diseases. Although gold nanoparticles were
successfully delivered to the alveolar epithelial cells in a COPD mouse model [89], a high degree of
toxicity of the nanoparticle still remains a major concern. Besides, positively charged gold nanoparticles
possibly bind to negatively charged serum proteins, forming aggregates when they are intravenously
injected. A recent study showed that the surface modification of gold nanoparticles with PEG can
prevent them from forming aggregates [90]. However, low excretion of gold nanoparticles still hinders
their clinical applications and long-term studies. In addition, inorganic nanoparticles are not able to
carry large amounts of a chemical drug. Therefore, these limitations should be fully addressed prior to
the clinical trials of inorganic nanoparticles [91,92].

4. Current Nanomedicine for Chronic Lung Diseases

Nanoparticles were typically administrated via intravenous injection in the early days, and the
first generation nanoparticle-based drug delivery was rather focused on the cancer treatment [93].
As a result of the recent advancement of nanotechnologies, the application of nanoparticles has been
expanded to other types of lung diseases [8,68,76,79,83,94,95]. Noncancerous lung diseases such as
COPD, asthma, and cystic fibrosis can be characterized by severe inflammation and hypersecretion
of mucus in the airway. Antibiotics and steroidal /nonsteroidal anti-inflammatory drugs can relieve
the symptoms of inflammation, and short-acting (3-agonists have been used for the management of
COPD [8,9,96]. Nanoparticles are able to enhance the pharmacokinetics of these drugs, potentially
providing accurate and controlled drug delivery [97]. In fact, inhalable steroids carrying liposomes
and polymeric nanoparticles showed long-lasting drug effects in the fibrotic lungs of animal
models [98-100]. In addition, curcumin-loaded solid lipid nanoparticles and pirfenidone-loaded
poly(lactic-co-glycolic) acid (PLGA) nanoparticles were also effective for asthma and pulmonary
fibrosis in experimental animal models [95,101]. These studies support the concept that nanoparticles
have excellent properties to improve current therapy, and the utilization of nanoparticles is beneficial
for the treatment of noncancerous chronic lung diseases by enhancing the bioavailability of drugs.

Recent attempts for gene delivery using nanoparticles are also promising. Cystic fibrosis
and «l-antitrypsin deficiency are associated with single gene defects, and most of other chronic
lung diseases are also closely related to the failure of the pulmonary defense mechanisms due
to genetic disorders [102]. Gene therapy, the correction of dysregulated genes, is expected to
provide favorable clinical outcomes in the patients. However, the clinical use of genetic molecules
for therapeutic purposes is still limited, as a result of the low efficiency of the delivery to
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the target cells without vectors. Moreover, RNA molecules are extremely unstable in biological
fluid. Therefore, they can be degraded even before reaching the target sites [16,24,75]. As a gene
delivery system, nanoparticles indeed enhance the efficiency of cellular delivery and protect genetic
molecules from degradation. For example, chitosan nanoparticles carrying interferon (IFN)-y-plasmid
DNA (pDNA) were successfully delivered to mouse lungs to prevent the exacerbation of asthma
symptoms [103]. The IFN-y-pDNA-carrying nanoparticle was injected into the mice before the
antigenic challenge, and it significantly prevented allergic CD8+ T cell-related immune responses [103].
Another interesting example is an antimiR-145-carrying lipid nanoparticle [94]. The liposome was
delivered to a pulmonary arterial hypertension rat model, and it reduced the density of occlusive
vascular lesions and repaired heart structure [94]. In spite of these encouraging results, single gene
targeted therapy often fails as a result of the incompleteness in breaking down the whole disease-related
pathways [104]. The onset and the progression of diseases are usually not caused by a single
molecular abnormality. Therefore, current efforts focus on the preparation of nanoparticles carrying
multiple-genetic materials to address this limitation.

More recently, a new class of drugs has brought attention as an innovative therapeutic strategy [8].
Mepolizumab, an interleukin-5 (IL-5) antibody, substantially reduced asthma exacerbations in human
patients with eosinophilic asthma [105,106]. CXC chemokine receptor (CXCR)-2 antagonist also showed
promising results in preventing inflammation by inhibiting the inflammatory mediator IL-8 [107].
In addition, phosphoinositide 3-kinase (PI3K) inhibitors, which are involved in the differentiation of
alveolar epithelial stem cells, were employed to repair pulmonary alveoli in COPD animal models [108].
Perhaps, the new class of drugs in combination with patient-friendly nanoparticles will likely contribute
to more efficient treatment or management of asthma and COPD.

Lastly, nanoparticles can also provide molecular imaging of chronic lung diseases. A previous
study demonstrated that antibody-conjugated superparamagnetic iron oxide (SPIO) nanoparticles
were used for noninvasive MR imaging of macrophage subpopulations [109]. In lipopolysaccharide
(LPS)-induced COPD mouse models, anti-CD86 and anti-CD206 antibody-conjugated SPIO
nanoparticles were intrapulmonary instilled, and each type of SPIO nanoparticles showed specific
affinity to the M1 and M2 subpopulation of macrophages. Surface modification with targeting moiety
offers selective delivery of nanoparticles to the target cells, and targeted delivery of nanoparticles
contributes to high contrast molecular imaging, as well as to targeted therapy.

5. Perspectives

Over the last decade, various types of nanoparticles have been developed. Recent technical
advances in medicine and nanobiotechnology provide a strong possibility that targeted therapy using
nanoparticles is promising for the treatment of chronic lung diseases. However, there are a few
issues still remaining for their successful clinical application. Most of all, potential organ toxicity is
a major concern in pulmonary medicine. Prior studies have shown that inhaled nanoparticles could be
a risk factor for pulmonary inflammation and fibrosis [18,110]. In particular, inorganic nanoparticles
should be carefully used because they are not biodegradable and not easily excreted from the site of
delivery. In addition, potential lung injury caused by the interaction of nanoparticles and the immune
systems of the patients should also be considered. Although it is hard to predict the in vivo toxicity of
nanoparticles, carefully selected and designed nanoparticles may minimize such limitations.

Another foremost obstacle would be the mucus barrier in the respiratory tract. Hypersecretion
of mucus in the airway is a common symptom of chronic lung disease, and it is considered a major
physical barrier for the delivery of inhaled nanoparticles. Highly viscous sputum in cystic fibrosis
is adhesive to the nanoparticles and subsequently impedes their penetration into the underlying
respiratory epithelium. To overcome this, various strategies have been attempted to enhance the
penetration of nanoparticles to the lung tissues. Shielding the surface of nanoparticles by PEG
modification, encapsulating mucolytic agents, and using mannitol to create a local gradient of osmotic
pressure improved their penetration to the mucus and showed enhanced delivery to the underlying
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targeted lung tissues [111-115]. A recent review article described the mucus-related barriers and the
overcoming strategies for the targeted delivery of inhaled nanoparticles [116], and it is recommended
for further information.

In this article, we discussed nanoparticle-based drug delivery for chronic lung diseases to provide
a better understanding of current advanced therapeutic strategies. Although clinical applications of
nanoparticles in the field of respiratory medicine are still in the early stage, innovative nanomaterials
are currently being developed. Despite the remaining hurdles, scientific progress in medical science
and technical improvement in nanobiotechnology will find highly reliable nanoparticles, which will
lead to achieve the complete cure of chronic lung diseases.
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