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Abstract: Chronic obstructive pulmonary disease (COPD) is the most prevalent obstructive
lung disease worldwide characterized by decline in lung function. It is associated with airway
obstruction, oxidative stress, chronic inflammation, mucus hypersecretion, and enhanced
autophagy and cellular senescence. Cigarette smoke being the major risk factor, other
secondary risk factors such as the exposure to air pollutants, occupational exposure to
gases and fumes in developing countries, also contribute to the pathogenesis of COPD.
Conventional therapeutic strategies of COPD are based on anti-oxidant and anti-inflamma-
tory drugs. However, traditional anti-oxidant pharmacological therapies are commonly used
to alleviate the impact of COPD as they have many associated repercussions such as low
diffusion rate and inappropriate drug pharmacokinetics. Recent advances in nanotechnology
and stem cell research have shed new light on the current treatment of chronic airway
disease. This review is focused on some of the anti-oxidant therapies currently used in the
treatment and management of COPD with more emphasis on the recent advances in
nanotechnology-based therapeutics including stem cell and gene therapy approaches for
the treatment of chronic airway disease such as COPD and asthma.

Keywords: chronic obstructive pulmonary disease, COPD, nanotechnology, anti-oxidant
therapy, stem cell therapy, gene therapy

Introduction

Chronic obstructive pulmonary disease (COPD) is a disease characterized by poor airflow
in the lungs for long term. According to a prediction by the World Health Organization
(WHO), by the end of 2030 COPD will be the third most common cause of global deaths.
Various factors that contribute to the pathogenesis of COPD such as oxidative stress,
inflammatory response, and changes in biological processes cell proliferation, alternation
in programmed cell death and cellular senescence. Among all the factors, oxidative stress
plays a major role in the pathogenesis of COPD. Both exogenous sources such as cigarette
smoke (CS) and air pollution as well as endogenous sources such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS) released by activated macrophages
and neutrophils contribute to the increased oxidative burden in the lungs. Cigarette smoke
generates 10* harmful oxidants with respect to each puff that human inhales playing a
pivotal role in the pathogenesis of COPD causing an imbalance between oxidant and
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Figure | Factors that influence the pathogenesis of COPD.

antioxidant species (Figure 1). Hence, powerful therapeutic
agents targeting lungs that have the potential to boost up
endogenous antioxidant or alter the redox system could offer
a useful therapeutic approach in reducing oxidative stress.'

In this review, we discuss some of the conventional anti-
oxidant therapies along with the recent gene and stem cell-
based therapies. Additionally, nanotechnology-based thera-
peutic approaches used in the treatment of COPD along with
its advantages and disadvantages are discussed in detail.

Till now various antioxidants have been used to combat
oxidative stress such as NAC (N-acetyl-L-cysteine), Nrf2 acti-
vators, enzyme mimetics, and spin traps. NAC is a good
antioxidant as well as mucolytic agent but possess lower
bioavailability. Nrf2 is a transcription factor that plays a role
in activating Antioxidant Response Element (ARE) that is
responsible for the expression of various Phase II antioxidant
genes. Potential Nrf2 activators are sulforaphane, curcumin,
terpenoids etc.* ® Enzyme mimetics mimic the normal func-
tions of various antioxidant enzymes such as superoxide dis-
mutase, glutathione peroxidase and catalase, while spin traps
convert the reactive oxygen species into a stable product so that
it does not have any effect on the body. However, there are
many disadvantages associated with the use of these

antioxidant pharmacological strategies such as low diffusion
rate and inappropriate pharmacokinetics of the drugs that result
in unsatisfactory response to the treatment of chronic lung
disease. Also, the genetic molecules are not easily delivered
to the cells since they are mostly degraded by biological fluids.
Nanotechnology offers promising opportunities for the fabri-
cation of various nanocarriers to target COPD. These nanocar-
riers possess unique innate physical properties and enhance the
pharmacokinetics of the loaded therapeutic molecules. Also,
these nanocarriers can be conjugated with the diverse targeting
ligands specific for receptors expressed in the diseased cells
which can be used to target delivery minimizing the adverse
effects associated with the drugs. Nanocarriers can even act as
an efficient vector system for successful application in gene
and stem cell-based therapies. The importance of the nano-
technology in treating chronic lung disease such as COPD is
discussed in later sections. Some light has also been shed on the
current gene and stem cell therapy related approaches that can
be used in the treatment of COPD.

Antioxidant Therapies for COPD

Agents like Nrf2 activators, N-acetyl-L-cysteine (NAC),
N-acystelyn (NAL), and N-isobutyrylcysteine (NIC) and
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catalytic antioxidants reduce oxidative burden and inflam-
mation in the lungs. These agents control the biosynthesis
of glutathione (GSH) and activation of NF-«B thereby
affect the redox system, chromatin remodelling machinery,
binding of transcription factors to the promoters of pro-
inflammatory genes and thus reduce oxidative stress. Other
agents like spin traps, carbocysteine and porphyrins also
reduce inflammation that is associated with COPD.”*

N-Acetyl-L-Cysteine (NAC)

COPD is a disease characterized by imbalance and mod-
ulation between oxidant and antioxidant species.
Glutathione (GSH) is an antioxidant molecule that reduces
oxidative stress. N-acetyl-L-cysteine (NAC) is an antiox-
idant drug consisting of acetyl derivative of cysteine that
enhances GSH levels and affects major inflammatory
pathways.” NAC in the gut is deacetylated to provide
cysteine that functions as a precursor of GSH synthesis.
Dodd et al demonstrated that NAC increases the levels of
endogenous glutathione (Figure 2).'° While Burgunder
et al have shown that NAC reduces cystine to cysteine,
which is very important as cellular GSH increases in vivo
in the lungs. In addition to reducing the disulfide bonds, it
modulates the redox system in the cells by directly react-
ing with reactive oxidants thereby influence canonical

"' Rubio et al have

inflammatory signaling pathways.
demonstrated that NAC successfully reduces the elastase-
induced emphysema in rats.'> Recently, Cazzola et al

demonstrated the antioxidant and anti-inflammatory effect
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of NAC in a COPD exacerbation model depicting that the
NAC treatment reduces the detrimental effect induced by
lipopolysaccharide (LPS)."?

In addition to antioxidant properties, NAC also func-
tions as a mucolytic agent. It disrupts the crosslinking of
mucus gel affecting overall mucus secretion, viscosity and
elasticity. It improves mucociliary clearance and lung
function. NAC even prevents bacterial-stimulated mucin
release and mucus hypersecretion by clearing the airway.'*
Dodd et al demonstrated that NAC was safe when orally
administered, but it possessed some risk when admini-
strated intravenously.'”

NAC has widely been used in various in vitro and in vivo
studies as a thiol compound. The clinical use of NAC in COPD
patients produced varied results. Besaratinia et al found that
with 600 mg oral dose of NAC for 6 months in smokers
decreased various oxidative biomarkers that are associated
with plasma and bronchoalveolar lavage (BAL) fluid."
Another clinical trial showed that administration of 600 mg
NAC for 2 months effectively reduced oxidative stress in air-
ways of COPD patients.'® Moreover, this decrease in oxidative
biomarkers yield better clinical results like reduced the risk of
exacerbations, enhancing the lung function in patients suffer-
ing from chronic bronchitis.'”*'® In addition, NAC controls the
hypoxia-inducible factor-la and activation of NF-«kB that
reduces lung allergies.'® It has been found that oral adminis-
tration of NAC in severe COPD patients enhanced the quad-
riceps endurance, implying that NAC reduces the oxidant
burden associated with COPD.?° On the other hand, a double
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Figure 2 Mode of action of NAC and GSH synthesis.
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blind, multicenter study using NAC in patients with long term
chronic cough administered by dose inhalers failed to give a

positive result on mucus production and lung function.?'

Alternative Compounds for N-Acetyl-L-
Cysteine (NAC)

N-Acystelyn (NAL) and N-Isobutyrylcysteine (NIC)
Both N-acystelyn (NAL) and N-isobutyrylcysteine (NIC) are
used as alternatives to NAC. NAL is a lysine salt of NAC. It
reduces the oxidative burden, ROS- mediated inflammatory
response both in vivo and in vitro by acting as both a mucolytic
agent and an antioxidant thiol compound.”>** NAL increases
the levels of intracellular GSH by two folds as compared to
NAC.** Another report summarized by Elborn et al regarding
the activity and tolerability of NAL in cystic fibrosis (CF)
patients. They found that aerosol administration was well tol-
erated and it decreased mucus rigidity without causing any
significant side effects.” Therefore, NAL is more advantageous
than NAC in targeting and eliminating oxidative stress in
chronic lung diseases. Another advantage of NAL over other
antioxidant drugs is that it can be monitored by inhalation. The
second substitute to NAC is NIC. The bioavailability of NAC is
less due to the fact that NAC gets hydrolyzed in living systems.
NIC is a thiol compound having a higher oral bioavailability
than NAC.%® When the performance of NIC was evaluated in
COPD and chronic bronchitis patients, it failed to minimize
exacerbation rates that limit its usefulness against NAC for
therapeutic use.”*

Thiol Derivatives

There are many drawbacks associated with NAC, NAL, and
NIC. So there is a need to synthesize novel thiol compounds
better than already existing thiols. These thiols compounds
consist of carbocysteine, erdosteine, fudosteine and procys-
teine that possess enhanced mucolytic properties as well as
the greater ability to reduce bacterial adhesiveness.

Carbocysteine

S-carboxymethyl cysteine (S-CMC) and its lysine salt are
available for oral use. Chronic bronchitis patients treated
with S-CMC lysine exhibited enhanced mucociliary trans-
port and reduced mucus viscosity.””** Carbocysteine has
been shown to reduce human neutrophil elastase (HNE)-
induced mucus hypersecretion and decrease the level of
ROS in NCI-H292 cell line.”® A study revealed that car-
bocysteine promoted cell survival and inhibited the cell
damage/apoptosis caused by H,O, by activating PI3K-
AKT pathway.’® Another study also revealed the anti-

inflammatory effects of carbocysteine in human bronchial
epithelial cells treated with cigarette smoke extract by
altering TLR4 and IL-8 expression in vitro in 16-HBE
cells.’! Moreover, carbocysteine effectively prevented the
human lung carcinoma cells from H,O,-induced cell
injury by inhibiting NF-kB and MAPK-ERK1/2 signalling
pathways.*> All the above-mentioned studies indicated that
carbocysteine possesses both anti-oxidant and anti-inflam-
matory properties.

Carbocysteine even plays a pivotal role in reducing
bacterial exacerbations in COPD by preventing the bacter-
ial attachment to the cell membrane.** In another report, it
was demonstrated that carbocysteine reduced the adher-
ence of Moraxella catarrhalis (commonly involved bac-
teria in COPD exacerbation) to pharyngeal epithelial cells
cells.**

Carbocysteine also downregulated the adhesion mole-

dose-dependently as compared to control
cule-1 and inhibited the attachment of Streptococcus pneu-

moniae to human pharyngeal epithelial cells.*®

Erdosteine
Erdosteine is a multifunctional drug that possess versatile
properties such as, acting as a mucolytic agent and also
reduces the viscosity and elastic properties of sputum. It
even inhibits the attachment of bacteria to the cell surfaces
by acting as an antibacterial agent. Besides, it even sca-
venges free radicals and ROS, it acts as an anti-inflamma-
tory agent.’® Many clinical trials have proven the
protective effect of erdosteine on COPD exacerbation by
scavenging ROS. COPD patients treated with erdosteine
300 mg twice a day for 8 months®” and 300 mg twice for
7-10 days*® demonstrated an improved reduction in
Overall, it
improved the health status of acute exacerbation in
COPD (AECOPD) patients.>®

In another study, they showed that 40-80 years old
patients suffering from COPD that received 300 mg erdos-

exacerbation and hospitalization rates.

teine for 12 months show reduced COPD exacerbation,
owing to its excellent anti-inflammatory and adhesive
properties.®” Erdosteine treatment benefits patients suffering
from repeated and severe COPD exacerbations.*” The
inflammatory properties of the erdosteine were also studied
by treatment with 600 mg erdosteine a day. It significantly
led to the reduction of cigarette smoke-induced ROS pro-
duced by activated macrophages and maintained the IL-6 and
IL-8 cytokine levels in bronchial secretions of patients with
COPD.*" Another study demonstrated a reduction in inflam-
matory eicosanoids in the blood of COPD patients.**
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Fudosteine

Fudosteine is a propionic acid that possess both mucolytic
and anti-oxidant properties. It is used for the treatment of
pulmonary emphysema, bronchial asthma and COPD. The
mode of action of fudosteine is similar to NAC. It donates/
releases the cysteine amino acid, which is essential for GSH
production and increases overall endogenous cysteine.*’
Fudosteine has higher bioavailability compared to NAC.
Rhee et al examined the effect of fudosteine on mucin pro-
duction. It was found that fudosteine down-regulated the
expression of MUCSAC gene by inhibiting key signalling
molecules (p-ERK in a bronchial cell line in vitro and p38
MAPK and ERK in the rat in vivo)** and thus reduce mucus
hypersecretion.** Another study showed that fudosteine
inhibited the peroxynitrite-induced oxidative stress by
scavenging RNS, which is considered to be as another
major contributor in the pathogenesis of COPD.*

Procysteine

Procysteine is a cysteine donating compound having higher
bioavailability than NAC. Procysteine improves phagocytic
function of macrophages by reducing glutathione-to-oxi-
(GSH/GSSG)
Procysteine aids in reduction of IL-1p and TNFa production

dized glutathione ratios in the lungs.

leading to improved macrophage function.*

Nrf2 Activators

Nrf2 is a transcription factor based on leucine zipper protein.
It is associated with Keapl and is mainly found in the
cytoplasm of the cell. It consists of a unique basic- leucine
zipper (b-ZIP) domain that is important for DNA binding. It
activates ARE-mediated Phase II detoxifying enzymes/genes
and protects the body from oxidative and electrophilic
stress.*” Therefore, Nrf2 is considered one of the several
anti-oxidant targets that can attenuate oxidative burden in
the lungs.

Nrf2 Signalling

The Nrf2 signalling pathway plays a pivotal role in pro-
tecting the cellular systems against oxidative burden or
electrophilic stress by controlling the expression of various
genes which are mainly engaged in detoxifying and elim-
inating the reactive free radicals and electrophilic agents.
The lung is the main detoxification centre for ROS and
hence Nrf2 expression is high in lungs.*® Nrf2 activity is
regulated by the cytosolic protein Keapl. In the absence of
any oxidative stress, Nrf2 is maintained at a low level by
its proteolytic degradation. In unperturbed cells, Nrf2 is

associated with cytosolic protein Keapl through its evolu-
tionary conserved regulatory domain®’. This association
suppresses the activity of Nrf2 through the cul3-Rbx1
complex which ubiquitinates the Nrf2 and causes its con-
stitutive proteasomal degradation.*® Keap1 contains highly
reactive SH group, which is the main regulator of Nrf2
stability. The protein DJ-1 is the master stabilizer of Nrf2
by inhibiting its association with Keapl.”® When a cell
encounters oxidative stress, Nrf2 dissociates from Keapl
followed by its stabilization and translocation into the
nucleus. In the nucleus, it forms a heterodimer and inter-
acts with several other transcription factors like Maf pro-
teins. Subsequently, it associates with the cis element of
ARE (antioxidant response element), that is present in the
promoter region of the target gene. This enhances the
expression of various phase II antioxidant and cytoprotec-
tive genes such as NAD(P)H quinoneoxidoreductase, glu-
tathione  S-transferase, UDP glucuronosyltransferase
(UGT), heme oxygenase I1(HO-1), glutamate cysteine
ligase, thioredoxin reductasel and glutathione reductase 9
(Figure 3).%°

Nrf2 is a key player in protecting the body against various
oxidative stress-related problems by switching on and off
several genes and, hence it promotes cell survival by pre-
venting apoptosis.’' Several studies has shown the disruption
of Nrf2-Keap1 complex resulted in the upregulation of ARE
controlled gene expression. Modification of the cysteine
residue of Keapl or phosphorylation of serine 40 of Nrf2
by oxidative stress-induced kinase resulted in Nrf2 nuclear
translocation and its accumulation.’’ One such study showed
that ubiquitin-conjugating enzyme ubcM?2 is helpful in main-
taining the redox homeostasis by stabilizing the Nrf2 during
the oxidative stress.’”> There are also some inhibitors
reported, which suppressed the activity of Nrf2, such as
Bachl (Broad complex, Tramtarck, Bric-a-b-rac) protein
that inhibited the Phase II detoxification by competing with
Nrf2 for ARE binding sites and hence negatively controlling
ARE associated gene expression.*®

Nrf2 Activating Drugs

Nrf2 activation provides a very powerful approach to
maintain the level of intracellular oxidants and neutralize
the effect of free radicals induced by cigarette smoke in
COPD. Various activators of Nrf2 play a pivotal role in
reducing oxidative stress. Some of them are described
below (Table 1).
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Figure 3 Nrf2 mechanism of action. Oxidative stress resulting from cigarette smoke, reactive oxygen species (ROS), particulate matter etc. leads to dissociation of Keap|-
Nrf2 followed by its stabilization and nuclear translocation, where it upregulates the various antioxidant genes that protect the body. In COPD, there is an increased Nrf2
proteasomal degradation as a result of increased Keap| production and reduction in master stabilization DJ-1 protein.

Sulforaphane

Sulforaphane is an organosulphur compound mainly
found in cruciferous vegetables such as broccoli sprouts,
cauliflower, kale etc. It has the potential to detoxify and
neutralize the free radicals, ROS produced and taken up
by the body. Keum et al found that Nrf2 activated the
ARE and enhanced the expression of HO-1 (an anti-
oxidant enzyme).>® In another study, it was demonstrated
that sulforaphane induced the activation of Nrf2-depen-
dent Phase 2 detoxifying enzymes and prevented the
renal damage caused by oxidative stress resulting from
ROS.>*

Curcumin

Curcumin is a yellow coloured compound that possesses
both anti-oxidant and anti-inflammatory properties. It is
found in turmeric. Rushworth et al found that curcumin
enhanced the expression of protein kinase C (PKC) and
p38 phosphorylation. It even assisted in the binding of
Nrf2 transcription factor to ARE thereby increasing the

availability and expression of cellular anti-oxidant

1.>' Curcumin administration of

enzymes such as HO-
100 mg/kg daily

increase in inflammatory cells such as neutrophils and

inhibited cigarette smoke-induced

macrophages along with reduced emphysema/airspace

enlargement. Hence, curcumin proved to be a potent

inhibitor of elastase and cigarette smoke-induced pulmon-
ary inflammation and emphysema in mice.’

Resveratrol

Resveratrol is a beneficial phytoalexin and a natural phe-
nol found in the skin of red grapes, peanuts, and berries. It
exhibit anti-carcinogenic, anti-inflammatory and anti-oxi-
dant properties thus protecting the body against various
stressors and damage. Resveratrol also protects PC12 cells
from oxidative stress by inducing the activation of HO-1
via Nrf2-ARE signalling pathway.’® Kode et al in a study
showed resveratrol treatment in A549 cells enhanced GSH
and HO-1 levels through the Nrf2-ARE signalling.’’

Catechin

Catechin is a flavonoid and a natural phenol that contains anti-
oxidant properties. Studies conducted to examine the effect of
epigallocatechin-3-gallate (EGCG) found enhanced nuclear
translocation of Nrf2 and HO-1 gene expression preventing
oxidative stress.>® In another study, they examined the effect
of epicatechin obtained from cocoa and tea against brain
ischemic damage that show enhanced expression of the neu-
roprotective HO-1 enzyme through the induction of Nrf2.>

Terpenoids
Terpenoids are also known as isoprenoids (five carbon units).
Various derivatives of terpenoids are used in reducing the
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Table |1 Activators of NRF2
Antioxidant Compound Structure Mode of Action References
Sulforaphane o ® Suppressed the activation of p38MAPK [53,54]
(phytochemical) I _S ® Enhanced Nrf2 translocation to the nucleus and HO-|
Sao 2 C i
- N~ expression.
Curcumin ® Enhanced phosphorylation of PKC and p38 [55,64]
® Enhanced activation of HO-1 in monocytes
Resveratrol HO ® Enhanced GSH production and inhibition of cytokine | [56,57]
O release
Z OH ® Enhanced Nrf2 translocation and HO-I gene
O expression
OH
Catechin ® Enhanced nuclear translocation of Nrf2 [59]
® Enhanced HO-| gene expression in B lymphocytes
Terpenoids (CDDO, Ginkgo ® Decreased ROS levels [62]
biloba) ® Enhanced NrF2 nuclear translocation
® Enhanced HO-| gene expression
Quercetin - ® Enhanced GSH level and reduced ROS production [63]
® Enhanced NrF2 nuclear translocation and HO-1 gene
expression

oxidative stress-related damage through the activation of
Nrf2 signalling. Sussan et al targeted Nrf2 with the triterpe-
noid CDDO imidazolide to significantly reduce the lung
oxidative burden, alveolar destruction, and apoptosis caused
by cigarette smoke.®® Another study examined the effect of
dihydro-CDDO-trifluoromethyl amide on the cardiovascular
damage via the inhibition of the oxidative burden. It was
demonstrated that dihydro-CDDO-trifluoromethyl inhibited

ROS by activation of Nrf2.°' Extract from Ginkgo biloba
also imparted protection in human endothelial cells treated
with cigarette smoke extract-induced apoptosis.®

Quercetin

Quercetin is a plant pigment (flavanoid) found in many
fruits and vegetables such as red wine, apple, onion, ber-
ries, Ginkgo biloba etc. It activates Nrf2 mediated HO-1
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submit your manuscript

3809

Dove


http://www.dovepress.com
http://www.dovepress.com

Passi et al

Dove

gene expression and protects human hepatocytes from
oxidative burden as shown by Yao et al .** However,
further clinical and experimental studies that supports the
beneficial role of quercetin are needed to establish their
therapeutic potential in COPD.

Enzyme Antioxidant

Reactive oxygen species produced inside the cells can be
effectively removed by the enzymatic anti-oxidants such
as catalase, superoxide dismutase (SOD), glutathione per-
oxidase (GPx) whose expression and functions are altered
during oxidative stress. Hence, to maintain the balance
between oxidant-anti-oxidant systems, enzyme mimic can
be used. Enzyme mimic imitates the normal function of

the enzyme by possessing catalytic activity.

SOD (Superoxide Dismutase) Mimetics
Three classes of enzyme mimetics are reported. Several
manganese-based macrocyclic ligands such as M40401
and M40414 belong to the first class of SOD enzyme
mimetics.®>® The second class comprises of manganese
metalloporphyrins, which consist of AEOL-10113 and
AEOL-10150.°7® The third class comprises of ‘Salens’.
Salens possess both superoxide dismutase and catalase
activity. Thus, it can neutralize a broad range of free
radicals such as superoxide anion (O, ), hydrogen perox-
ide (H,0,) and peroxynitrite (ONOO") radicals.®® It has
been found that M40419 significantly reduced the oxida-
tive stress markers expressed in the lung of animal
models.®> AEOL-10150 has also been observed to inhibit
cigarette smoke-induced inflammatory response, decreased
the production of ONOO™ and lipid peroxidation.®®
SOD3 is an extracellular superoxide mostly found in
the lungs that is exposed to free radicals as compared to
most other tissues.”” SOD3 has the ability to capture
superoxide anion (O,), therefore it plays a crucial role in
protecting the lung against damage caused by oxidative
stress. Previously, SOD3 has been reported to protect the
mouse lung from cigarette smoke and elastase-induced
pulmonary emphysema by attenuating the fragmentation
of ECM and modification of elastin fragments caused by
oxidative stress.”' Another study showed that SOD3 can
effectively decrease the oxidative burden in mouse
macrophages.”® These results showed that the develop-
ment of enzyme mimetics is a powerful therapeutic

approach to treat COPD and emphysema.

Glutathione Peroxidase Mimetics

Ebselen compounds have a neutralizing effect against
ONOQO radical and thus act as strong anti-oxidants. They
are selenium-based compounds mimicking glutathione
peroxidase activity”>. Ebselen reduces the LPS-induced
inflammation by inhibiting the TNF-a and IL-1B, which
are mainly involved in the recruitment of inflammatory
cells such as neutrophils. It also inhibits the expression of
ICAM-1."*7> These studies show that the enzyme mimetic
is beneficial by inhibiting lung inflammation that is asso-

ciated with the oxidative burden.

Spin Traps

Spin traps are agents that have the ability to capture ROS
and convert them to a stable form. Most of the spin traps
are made of nitroxide nucleus. They have been widely
used in both in vitro and in vivo studies. The compound
BN 80933 (a-phenyl-N-tert-butyl) reacts with the reactive
radicals at the site of inflammation and convert them into
the stable end forms.”®

Importance of Nanotechnology in COPD
Submicron size particles with unique innate physical proper-
ties such as small size, large surface area to volume ratio,
biocompatibility and biodegradability are defined as
nanoparticles.”” These properties allows them to have better
contact with the neighbouring tissues and cells thereby
increasing the efficiency of cellular drug and gene delivery.”®
There are several benefits when we use nanoparticles as drug
delivery systems against chronic inflammatory lung diseases.
They provide sustained release of the drugs and help in over-
coming airway defenses while simultaneously targeting the
diseased cells. For example, Janib et al demonstrated that
STEALTH liposome encapsulating budesonide, a potent cor-
ticosteroid, controlled the release of the drug and enabled the
therapeutic concentrations to be retained for longer periods in
rat lungs while reducing the systemic toxicity.”” Combination
treatment of drugs can also be delivered using nanoparticles.
Van Rijt et al developed liposomes comprising of two drugs,
beclomethasone (glucocorticoid steroid) and formoterol (beta
2-selective receptor agonist). Beclomethasone retained its
effect for longer times and formoterol enhanced lung function
and augmented peripheral lung deposition without affecting
mucociliary escalator.®® Therefore, the development of
advanced cargo carrying nanocarriers would be vital to treat
chronic lung disease such as COPD/emphysema.
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The Rationale Behind the Development
of Multifunctional Nanocarriers for
COPD

Size

Studies show that both charge and size plays an essential
role in the mucociliary clearance of particles. The major
challenge in using nanocarriers for treatment of chronic
obstructive lung disease is their penetration across the
mucus layer since mucus layer in the COPD is not only
too thicker, but is highly viscoelastic.®' Rytting et al
demonstrated that small polystyrene nanoparticles with
an average diameter of 120 nm move readily across the
sputum of the cystic fibrosis patients. On the contrary,
larger particles with a diameter of 270-250 nm had com-
paratively fewer mobility.**** In addition surface modifi-
cations of the nanoparticles such as PEGylation, which
renders the nanoparticles with neutral charge to signifi-
cantly enhance the delivery of therapeutics across the
mucosal barrier® and have an improved bronchial clear-
ance of the particles.® The type of disease influences the
particle uptake and its localization. For an instance, Geiser
et al showed that inhaled gold nanoparticles were taken up
by surface macrophages of alveolar type 1 epithelial cells
in Scnnlb-transgenic mice with COPD/emphesema at a
higher rate compared to that of wild type mice.®
Particles with size less than 10 nm are likely to be elimi-
nated by the reticuloendothelial system (RES) via glomer-
ular capillary by liver, spleen and kidney and if the particle
size is more than 100 nm, they are likely to be cleared by
the alveolar macrophages. Thus, particle size of nanocar-
riers is crucial in developing and determining the effec-

tiveness of the system.®®%7-8

Particle Shape

Distinct geometries of the particle influence the cellular
uptake, hemorheological diameter, and in vivo cell fate.
More than spherical particles the discoidal particles dis-
play unique plummeting and migration dynamics that
often favour vessel wall interaction.?”*® Shape also affects
circulation half-life of the particle, such as, filamentous
polymer micelles are known as filomicelles possess a long
circulation lifetimes (>1 week after administration) than
spherical particles that had a lifetime of only 2-3 days,
giving these particles a larger tendency to align with the
blood flow as shown by Champion et al.”® Uptake of the
nanoparticles was also affected by geometrical parameters
such as the aspect ratio and curvature of the nanoparticles

with regard to the macrophage internalization. Champion
et al demonstrated the particle shape at the point of contact
from nanoparticles to the cells.”’ These findings demon-
strated the effect of curvature on the kinetics of the pha-
gocytosis with the particles that possessed, normalized
curvature length (Q) < 45° underwent faster internalization
than particles with (Q2) > 45°. These results demonstrated
that ellipsoidal, cylindrical and discoid particles and all
constructs possessing high aspect ratio and minimal
regions of curvature have enhanced accumulation of
therapeutics.””

Surface Charge

Surface charge is another important attribute of the nano-
particles to be used as nanocarriers. It can be modified for
improving the circulation lifetime and affects the accumu-
lation of the nanocarrier at the specific site of interest. It
has been demonstrated that nanoparticles with neutral and
negative surfaces often have longer circulation half-lives
due to a reduction in adsorption of serum proteins. On the
other hand, positively charged nanoparticles were shown
to be uptaken non-specifically by the majority of the cells.
However, positively charged nanoparticles can facilitate
endosomal release through a mechanism called proton
sponge effect that hinders the degradative effects of the
endosomal pathway compartments on the drug freight as
illustrated by Nel et al.”> Therefore, for the successful
delivery of nanoparticles to the target site, a negative sur-
face charge is desired along with a switch to make it
positive on the arrival at the target site.

The Rationale Behind the Design of
Nanocarriers for Drug Delivery to the
Lungs

The advantages of using nanocarriers for delivery of drugs
include enhanced drug accumulation at the target site,
prolonged drug circulation time, minimal drug degradation
as well as the ease of drug administration at the site of
interest.”* Nanocarriers facilitate controlled release of the
drug at the target site. When coupled with ligands against
specific receptors expressed on the diseased cells such as
folate receptors in case of breast cancer cells, nanocarriers
enable specific cell targeting. Therapeutic molecules such
as drugs, siRNA (small interfering RNA), DNA and pep-
tides can be encapsulated inside nanocarriers using various
techniques depending on its physical and chemical proper-
ties. It can further be retained by covalent and electrostatic
interactions between the surface of the nanocarrier and
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therapeutic molecules. Not all drugs are compatible with
nanoparticles, which emphasize the need for surface mod-
ifications of nanoparticles. Nanoparticles have distinct
properties as well as drug release kinetics depending on
the materials used for the fabrication and modifications
made on their surface.”””°

Nanocarriers interact with the biomolecules present on
the cell surface as well as within the cell. For instance, due
to excellent biocompatibility and the possibility of surface
modifications, biodegradable polymeric nanoparticles have
been used as an effective drug carrier for the sustained
release of the encapsulated drug. They have been studied
substantially for their ability to deliver drugs that include
various pulmonary formulations for COPD, asthma, cancer
and tuberculosis therapy.”’~*° Various liposomal formula-
tions have been explored for the delivery of drugs to the
lungs. There are several liposomal drug delivery systems
available in the market approved by FDA and several
liposomal-based formulations are in the clinical trials .-
100101 gome properties to be considered while designing
nanocarriers for drug delivery into the lungs are discussed
below.

Surface Modifications

Surface modification of the particles has an effect on their
bio-distribution and circulation times. Hydrophobicity of
the nanocarrier determines the extent to which a particle
can bind to the blood components. Particles that are non-
surface modified and hydrophobic are cleared rapidly.'*
Circulation time of the particles in the blood can be
enhanced by coating the particles with hydrophilic poly-
mers or surfactants such as polyethylene glycol (PEG).
These decorated nanoparticles reduce phagocytosis.'®

Moreover, PEGylation increases mucous penetration for

Defective or “leaky”

vasculature in

. tumors
Continuous and well formed

endothelial cell junctions: normal
vasculature

Extravasation and
retention of nanoparticles
in tumor

Figure 4 Schematic representation of the EPR Effect.

chronic obstructive lung diseases. Modification with chit-
osan often creates more mucoadhesive nanoparticles thus
providing prolonged circulation times.'®® This increases
the drug uptake and bioavailability which is beneficial in
treating obstructive lung diseases such as lung cancer and
allergic asthma. Moreover, in addition to the chemical
modifications, there can be surface modifications by bio-
logical fluids such as by the formation of protein corona
that can change the particle properties.'® Inhalable nano-
particles are often coated by the lung surfactant phospho-
lipids, thus changing their toxicity and cellular uptake.'®®
The mode of binding and binding strength of lung surfac-
tants to the nanoparticles mainly depends on the particle

surface.!?’

Targeting
There are various possibilities offered by nanoparticles for
specific in vitro and in vivo targeting. Generally, two ways
are there which can direct the nanoparticles towards the
diseased site (For example, active targeting and passive
targeting). Passive targeting occurs by enhanced permea-
tion and retention effect (EPR) (Figure 4). This involves
the accumulation of nanoparticles in tissues due to the
formation of unstructured and leaky blood vessels result-
ing from inadequate ejection and poorly regulated angio-
genesis, especially in tumours. It can also be achieved by
the presence of the surface charges on nanoparticles. For
instance, Hashizume et al demonstrated that positively
charged paclitaxel loaded liposomes targeting the endothe-
lial cells in solid tumours in patients suffering from
advanced cancer and liver metastasis.'*®

Active targeting involves attachment of ligands such as
peptides and antibodies to the surface of the nanocarriers
specific to the receptors present on the diseased cells on the

Angiogenic  Nanoparticles injected in
blood vessels in blood can enter tumors
tumor passively via the EPR
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surface of the nanocarriers. For example, integrins are one
such transmembrane receptors that mediate interactions of the
cell with the surrounding extracellular matrix and are up-
regulated in a proliferating tumour cell.'” Liposomes target-
ing integrins that are loaded with doxorubicin suppressed the
tumour growth especially in a mouse model of colon carci-
noma whereas nonspecific targeting of liposomes did not yield
significant results. Another example of a receptor that can be
used in targeted delivery is folate receptor, which is over-
expressed in a variety of tumours especially breast cancer
cells as demonstrated by Yoo et al.''® Moreover, doxorubi-
cin-loaded folate receptor-targeted polymeric micelle revealed
increased cellular uptake along with enhanced circulation
times. Other examples of cell receptors that are used for
particle delivery includes epidermal growth factor receptor
(EGFR) and transferrin receptor.'"!
can also be conjugated to achieve specific cell targeting.

Cell adhesion antibodies
112

Controlled Drug Release

Controlled release of the drug from the nanocarrier is a
crucial prerequisite for therapeutic success. Sustained release
or stimuli-responsive release can enhance the efficiency of
the drug. Most of the polymeric nanoparticles and liposomes
have exhibited sustained and continuous release of the drug
either by diffusion of the drug outside the particle or by slow
degradation of the particle over time, triggering the release of
drugs. Stimuli-responsive controlled drug release can be
accomplished either by a change in biological environments
such as a change in pH (e.g. endocytic pathway compart-
ments) or reducing environment of the cell or altered condi-
tions mediated by the disease-specific enzymes in the
cells.'"® For example, polymeric nanoparticles that contain
pH sensitive linkers can change their conformation in
response to pH changes of the cellular environment, which
then triggers the release of drugs. The redox potential gradi-
ent between the oxidizing extracellular and reducing intra-
cellular environment of the cancerous cells have also been
explored for the biodegradation of the polymer. Another
example for the pH-responsive drug release, is the PEG-
Peptide-Lipid conjugates, where PEG molecules could be
cleaved from the carriers by matrix metalloproteinases
(MMPs) that are overexpressed in tumours.''* Controlled
release of the therapeutic cargo can also be achieved by
external physical stimuli such as heat, light, ultrasound mag-
netic or electric field. An example of this includes ultrasound
microbubbles, which trigger modulated drug release in
response to ultrasonic waves and aerosol droplets consisting

of super-paramagnetic iron oxide nanoparticles which are

directed using magnetic field as a physical stimuli.''>!'®

Various Nanoparticles for Chronic Lung

Diseases

Diverse materials can be used for the fabrication of nanocar-
riers for chronic lung diseases such as organic and inorganic
materials comprising proteins, synthetic/natural polymers,
lipds, and metals. These nanoparticles can be classified into
various groups on the basis their components and character-
istic dimensionalities such as liposomes, micelles, polymeric
nanoparticles, dendrimers, solid-lipid nanoparticles, protein-

based nanoparticles and inorganic nanoparticles (Figure 5).""”

Liposomes
Most widely used lipid-based drug carriers are liposomes.
They are spherical vesicles consisting of single lipid bilayer
membrane or several lipid bilayer membranes. The outer
surface of the liposome is generally modified by polymers
such as polyethylene glycol (PEG). Such coating extends the
blood circulation time of the liposomes by reducing the
uptake by the phagocytic system. Such liposomes are popu-
larly known as STEALTH liposomes. This STEALTH tech-
nology has enabled a large number of effective liposomal
formulations consisting of active molecules with high target-
ing efficiency and activity. Generally, liposomes within the
range of 50-500 nm are suitable for drug delivery. Neutral,
anionic and cationic liposomes can be fabricated by varying
composition of the liposomal membrane.''® Figure 6
describes a multifunctional liposomal hybrid carrier.'"
Liposomes have extensively been used as the agents for
aerosol delivery of drugs, nucleic acids (DNA/RNA) and
vitamins targeting various diseases'?’. There are several
techniques that are used for the nebulization of liposomes
as dry powder inhalers such as freeze drying, spray drying,
spray freeze drying help in achieving long-term stability and
overcoming the problems associated with suspension drugs.-
21 Liposomes have several advantages to be used as dry
powder inhalers for lungs such as they retain their size, drug
payload and do not aggregate after aerosolization. Moreover,
they even show enhanced accumulation in the lungs, appro-
priate retention for a longer period of time and penetrate into
the lung cells after inhalation which is followed by the con-
trolled release of the active payload such as drug cargo inside
the cells.'*? Negatively charged and neutral liposomes have
known to have enhanced biocompatibility as compared to the
cationic liposomes. They are normally used in conjugation
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Figure 5 Various nanocarriers for drug delivery to the lungs.

with the negatively charged nucleic acids, as such kind of
modifications usually prevents the adverse effects on the
cells.'?"'%3 It has been found that negatively charged anionic
liposomes can be easily internalized by the macrophages and
is proven to be an effective approach to target alveolar
macrophages in COPD patients because these cells play a
key role in COPD pathogenesis. A liposomal dexamethasone
delivery system coupled with an antibody targeting surfac-
tant protein A was developed by Li et al.'** This antibody is
abundantly expressed by the type II alveolar epithelial cells
in rats with acute respiratory distress syndrome (ARDS). It
was demonstrated that compared to the rats receiving free
dexamethasone sodium phosphate, these liposomal steroids
had a better therapeutic effect and fewer side effects. Li et al

prepared ciprofloxacin loaded liposomes with a high

low 10nm)

encapsulation efficiency of ciprofloxacin using gradient
ammonium sulfate method.'** These liposomes were effi-
cient in delivering the ciprofloxacin to the target site while
minimizing the irritation effects. Further, Cipolla et al also
created liposomal formulations in which they encapsulated
ciprofloxacin nanocrystals. These formulations were freeze-
dried, thawed and subsequently aerosolized.'*®> It was
observed that these formulations after nebulization were
stable for a longer period of time.

Solid Lipid Nanoparticles and Lipid
Hybrid Polymer Nanoparticles

Lipid-based nanoparticles can be easily fabricated from
the lipid-like materials such as cholesterol and phosphati-
dylcholine as they are biocompatible. These nanocarriers
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Figure 6 Liposomal nanocarriers, Copyright 2015, American Chemical Society.'"'

are able to carry large amounts of drugs and the outer lipid
layer present in these carriers contribute to easy cellular
uptake. Examples of such lipid-based nanocarriers are
Dipalmitoylphosphatidylcholine (DPPC) and Dipalmitoyl-
phosphatidyl ethanolamine-methoxy(polyethene glycol)
(DPPE-PEG) which are often used for drug delivery to
the lungs. Meenach et al developed a micro/nanoparticle
system comprising of DPPC/DPPE-PEG dipalmitoylpho-
sphatidylcholine (DPPC) and dipalmitoylphosphatidy-
lethanolamine PEG (DPPE-PEG) in the form of dry
powder inhalation aerosol for the delivery of paclitaxel
to the lungs which is an anti-cancer drug.'*®

Polymers can also be used to develop lipid-polymer
hybrid nanoparticles apart from modification of the lipid
nanoparticles. This approach is successfully used as an alter-
native to other lipid-based nanoparticles comprising even
liposomes. For example, Wang et al successfully developed
hybrid Poly (lactic-co-glycolic acid) (PLGA) nanoparticles
that were enveloped by phosphatidylcholine (PC) and were
used for drug delivery to the lungs.'?” These nanoparticles
had a spherical morphology and were adsorbed onto the
chitosan carrier. Moreover, the aerodynamic diameter of
these particles should be between 1-5 um since nanoparticles
with a diameter smaller than 1 pm could be exhaled back
while the particles larger than 5 pum could be accumulated in

SUV > 20-100 nm

GUV > 1000 nm

! Targeting Ligand Y Antibody Surface
Y

Modification

the mouth instead of lungs. Porous nanoparticles have a
lower aerodynamic diameter than non-porous nanoparticles
as demonstrated by Sinha et al who used Poly-lactide-co-
glycolide porous nanoparticles for the delivery of voricona-
zole to the lung cells.'*® Recently, nanoparticles loaded with
anti-cancer drugs, antibiotics, anti-asthmatic drugs and anti-
oxidant agents, have been used successfully for treating
chronic inflammatory lung diseases.

Lipid nanoparticles are a new generation of nanoparti-
cles also called as nanostructured lipid carriers (NLC).
They are appropriate for inhalation delivery of different
pulmonary drugs and nucleic acids such as siRNA.'* The
inner core of the NLC can be successfully loaded with the
lipophilic drugs. Moreover, these particles can be made
positively charged by coating them with a cationic lipid(s).
Negatively charged nucleic acids can easily form com-
plexes with these cationic nanoparticles. On the surface
of NLC thiol-modified DNA or RNA molecules can be
conjugated by biodegradable disulphide (S-S) bonds. In
addition, PEG polymer is used to modify the surface of
NLC and they can be coupled with the targeting moieties.
Pitard et al demonstrated that exceptionally high therapeu-
tic efficiency of NLC was achieved when loaded with
paclitaxel that caused cell death induction. It was also
observed that siRNA targeted at MRPI and BCL2 genes
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suppressed cancer cell resistance and anti-apoptotic
defense that was used for inhalation chemotherapeutic

treatment of lung cancer.'*°

Polymers

Polymers are the macromolecules that are formed by
repeating units called monomers. Polymers are a major
part of the therapeutics that can be used to deliver drugs
via inhalation to the lungs. A variety of polymeric drug
delivery systems can be created by different types of
polymers that consists of linear polymers coupled with
the active components such as drugs, nucleic acids, target-
ing moieties etc. either directly or via spacers of different
designs. Limited numbers of polymers are available for the
local pulmonary inhalation delivery. One such example of
aerosol dry powder formulation is Poly(lactic-co-glycolic)
and poly(ethylene glycol)-co-poly(sebacic acid) which are
suitable for inhalation delivery.'*' There are two types of
polymers used for the synthesis of polymeric nanocarriers.
They are natural and synthetic polymers:

Natural polymers consisting of polysaccharides and
proteins generally obtained from natural and living
sources. They are biodegradable, biocompatible, non-
toxic and non-immunogenic in nature. Starch, alginate,
chitosan, hyaluronic acid and dextran are examples of
polysaccharides whereas albumin and gelatin are the
widely used proteins. Synthetic polymers such as poly
(lactide-co-glycolide) (PLGA), polyacrylates and polyan-
hydrides are easy to produce and least likely to be con-
taminated. Depending on the chemical nature, each
polymer has a unique property. For example, PEG is a
polymer that is bioinert in nature. PEGylation makes
nanoparticles biocompatible and reduces opsonisation of
nanoparticles by immune cells so that they are able to
penetrate the respiratory mucus. Cationic polymers due
to electrostatic affinity such as polyethyleneimine (PEI)
bind to nucleotides. PEI-based nanoparticles have been
effectively used for gene delivery to treat chronic lung
diseases.*® A variety of nanocarriers are developed and
have been successfully experimented for the treatment of
chronic lung diseases including asthma, COPD, pulmonary
hypertension and tuberculosis. Vij et al developed a multi-
functional polymeric vesicle for the combined delivery of
COPD drugs especially the corticosteroid prednisolone
and/or the anti-inflammatory bronchodilator theophylline
for the treatment of chronic lung diseases. This polymeric
vesicle is formed by mixture of PLGA and poly(ethylene
glycol)."??

Dendrimers
Dendrimers are the molecules having a repeated branched
structure. The size of dendrimers varies from 4 to 20 nm
and they are mostly used for drug delivery. Dendrimers
briskly penetrate the circulation system curtailing their
retention in the lungs. For instance, Kaminskis et al
showed anti-cancer efficacy of the doxorubicin conju-
gated 56 kDa PEGlyated poly-lysine dendrimers and
these dendrimers are rapidly removed from the lungs
after the intra-tracheal instillation."** Around 15% of
the administered drug was retained in the lungs.
Dendrimers are a part of the more complex delivery
systems that can potentially be used for inhalation deliv-
ery. For example, dendrimers containing the surface
charges were successfully employed for the delivery of
nucleic acids. Patil et al successfully designed the tri-
block poly(amido amine)-poly(ethylene glycol)-poly-I1-
lysine (PAMAM-PEG-PLL) nanocarriers consisting of a
whole cationic charge and enabled the cytoplasmic deliv-
ery of siRNA.'* Khan et al demonstrated the potential of
dendrimer nanomaterials for the delivery of siRNA using
a combinatorial approach where free amine on multige-
nerational poly(amido amine) and poly(propylenimine)
dendrimers were replaced with alkyl chains of increasing
length. These were designed to target Tie2-expressing
lung endothelial cells in vivo. It was observed that even
at high doses, these dendrimers-lipid derivatives were
non-toxic as they did not cause a significant increase in
proinflammatory cytokines.'*®

Generally, dendrimers are highly mono dispersed nano-
particles whose size and the functionality of the formula-
tion are controllable. They represent an effective system
that can be used for delivery of a variety of drugs, anti-
biotics, and steroids and anti-cancer agents. Bohr et al, in a
recent study, demonstrated that the phosphorous dendri-
plexes could effectively deliver siRNA to lungs. The phos-
phorous-based dendrimers with either pyrrolidinium or
morpholinium as terminal protonated amino groups were
chosen. It was demonstrated that pyrrolidinium dendri-
plexes due to the high Pka value had a higher siRNA
complexation. It improved protection against enzymatic
degradation that resulted in a higher cellular uptake as
well as a high in vitro silencing efficiency of TNFa in
the LPS in-activated mouse macrophage line RAW?264.7,
compared to
(Figure 7)."7

morpholinium-containing  dendriplexes
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Nanospheres

Nanospheres are nanocarriers of varying size from 10-200
nm, mainly designed for the purpose of delivering gene and
drugs. They are amorphous or crystalline in nature and have
the ability to protect the drugs from enzymatic and chemical
degradation. Several biodegradable nanospheres include
albumin nanospheres, gelatin nanospheres, dextran nano-
spheres, and polylactic acid nanospheres. Pitard et al suc-
cessfully synthesised a nanosphere using four poly-ethylene
oxide/polypropylene oxide blocks centred on an ethylene-
diamine moiety consisting of positive charges which were
easily coupled with nucleic acids/plasmids. This nanosphere
successfully delivered chemokine fractalkine as the che-
motherapeutic agent."*® Furthermore, in vivo testing by
using experimental lung metastasis model also supported
nanospheres use as a favourable immunotherapeutic
approach. Jiang et al also developed paclitaxel loaded chit-
osan hollow nanospheres that were fabricated using poly-
styrene nanospheres as templates. These nanospheres
offered a sustained released of paclitaxel as well as good
bioavailability. It inhibited the proliferation of A549 cells
and enhanced apoptosis.'** Further, Price et al also devel-
oped nano-in microparticles (NIMs) containing superpara-
magnetic iron oxide nanoparticles (SPIONs) with either
doxorubicin or fluorescent nanospheres as dry powder inha-
lers. In vivo targeting of inhaled NIMs was also assessed in
the presence of an external magnetic field using a healthy
mouse model'* (Figure 8).

Inorganic Nanoparticles

Inorganic substances such as metal and metal oxide nano-
particles (gold, silver, silica cerium oxide and iron oxide)
are widely used for development of nanotherapeutics.
Because of the unique plastic and magnetic properties,
inorganic nanoparticles such as gold nanoparticles
(AuNPs) and iron oxide nanoparticles are generally used
as imaging contrast agents in a variety of techniques such as
computed tomography (CT), magnetic resonance (MR) or
positron emission tomography (PET). Inorganic nanoparti-
cles are also commonly being explored as a platform for
diagnostics and therapeutics. Gold nanoparticles have
extensively been explored for the purpose of gene delivery
as gold is a cationic metal ion and it easily binds to the
negatively charged DNA and RNA molecules. Geiser et al
synthesised inhalable gold nanoparticles that bind to the
alveolar epithelial cells in a COPD mouse model.®
Despite all the advantages, higher levels of toxicity that is
posed to cells by the use of metallic inorganic nanoparticles
remain a cause of major concern. Gold nanoparticles form
aggregates when they are intravenously injected beside the
fact that they bind to positively charged serum proteins.
However, a recent study has revealed that surface modifica-
tions by PEG can prevent aggregation in gold nanoparticles.
However, gold nanoparticles have low excretion that hin-
ders their clinical applications and long-term studies.
Recently, Fytianos et al developed a fluorescently encoded

poly(vinyl alcohol) (PVA)-coated gold nanoparticles,
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Figure 8 Nano-in microparticles (NIMs) containing superparamagnetic iron oxide nanoparticles (SPIONs) Copyright 2017, American Chemical Society.'*

functionalized with negative (~COO") or positive (—-NH;")
surface charges. This was further functionalized with a DC-
SIGN antibody on the particle surface, that enabled its
binding to a dendritic cell surface receptor. Effects of aero-
solized AuNPs were assessed using a 3D co-culture model
consisting of epithelial and immune cells (macrophages and
dendritic cells). It mimicked the epithelial tissue barrier of
the human lung and it was inferred that PVA-NH, AuNPs
showed higher uptake and enhanced apoptosis compared to
their —COOH counterparts. These results highlighted the
immune engineering approaches for targeting and activa-
tion of immune cells in the lungs by nanocarriers'*’
(Figure 9). Cerium oxide-based nanoparticles also emerged
as a potential candidate to treat oxidative stress in COPD
due to their versatile property to protect cells from ROS.
They show SOD and catalase mimetic activity due to their

Aerosolization of
gold nanoparticles

Cell culture
medium

tendency to co-exist either in reduced (+3) or oxidized (+4)
state. In +3 oxidized state, they exhibit SOD mimetic activ-
ity by catalyzing superoxide radical anion while in +4
reduced state, they show catalase activity by decomposing
H,0, to O, and H,O, thereby protecting the cells from
harmful ROS. Recently these nanoparticles have been
coupled with protein-based drug delivery systems such as
bovine serum albumin, dextran, and silk in order to over-
come the disadvantages associated with the use of metal/
metal oxide nanoparticles such as toxicity, immunogenicity,
low biodegradability and less biocompatibility. For
instance, Bhushan et al successfully delivered cerium
oxide nanoparticles by encapsulating it in albumin
nanoparticles.'*' Further, Murlidharan et al successfully
designed dimethyl fumarate containing inhalable dry pow-
ders that are a first-in-class anti-oxidant Nrf2 activator used

| Analysis of cellular gold
nanoparticle uptake,
e.g. flow cytometry,
transmission electron
microscopy

Figure 9 Assessments of fluorescently encoded poly(vinyl alcohol) (PVA)-coated gold nanoparticles using a 3D co-culture model consisting of epithelial and immune cells

(macrophages and dendritic cells). Copyright 2016, American Chemical Society.'?
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in the treatment of pulmonary inflammation.'** The authors
predicted that these particles had proficient aerosol deposi-
tion patterns. These particles were able to reach the lower
airways to treat inflammation in this region in lungs using in
vitro predictive lung deposition modelling. Titanium diox-
ide nanoparticles and carbon black nanoparticles could
offer a promising approach for the treatment of COPD as
they do not aggravate elastase-induced emphysema as
demonstrated by Roulette et al.'"** However, carbon black
nanoparticles induced histologic inflammation and MMP-
12 mRNA and protein expression in macrophages.'®
Metallic nanoparticles could also be effectively used as a
molecular imaging agent for chronic obstructive lung dis-
eases. Al Faraj et al depicted that the superparamagnetic
iron oxide nanoparticles (SPIONs) conjugated with an anti-
body could be used for noninvasive magnetic resonance
imaging (MRI) of macrophage subpopulations. Anti-
CD86 and anti-CD206 antibody-conjugated SPIONs were
administered by intrapulmonary route in LPS-induced
mouse model of COPD. Specific affinity to the proinflam-
matory (M1) and resolutive (M2) macrophage subpopula-
tions was shown by each type of nanoparticle.'** Coupling
of SPIONs with a targeted antibody to a particular macro-
phage subpopulation attributes to the selective delivery of
nanoparticles to the targeted cells that contributes to high
contrast molecular imaging and targeted therapy.'** Still,
there are major challenges associated with the use of metal/
metal oxide nanoparticles that needs to be addressed such as
low drug carrying capacity cargo, toxicity, and use of harm-
ful chemicals used for the formation of these nanoparticles.

Nano-Theranostics for Chronic

Obstructive Lung Diseases

Theranostics involves the combination of diagnosis with ther-
apy and is considered as the future of personalized medicine,
which has great potential when it comes to the treatment of
chronic inflammatory lung diseases. It will open a new era
towards the health care of the lungs. Nano-based theranostics
offer many advantages for CF and COPD patients such as real-
time diagnosis of the state of lung inflammation and treatment
for individual patients with reduced adverse effects of drugs. It
consists of developing multifunctional airway targeting nano-
carriers, which will fulfil the dual functions of therapy and
diagnostics. These nanocarriers will be designed to carry ther-
apeutic agents and they will be simultaneously coupled with
imaging moieties, thereby facilitating multiple functions such
as cell therapy, targeting, and imaging ultra-sensitivity within a

single system. It is critical to address these challenges that we
face in treating chronic obstructive lung diseases and thus
increase the survival in patients with CF and COPD.'*

A number of multifunctional metal and metal oxide nano-
particles have been reported for lung cancer such as gold NPs
that were used for both enhancing the optical ability and for
photothermal cancer therapy. Weng et al developed multifunc-
tional CdSe/ZnS quantum dots coupled with liposomes that
were used for the targeted delivery of anti-cancer drugs as well
as fluorescence imaging agents.'*> Multifunctional core-shell
nanoparticles have also opened a new horizon for theranostic
treatment of chronic lung diseases. An example of this is the
magnetic iron oxide nanoparticle coupled with the drug and
encapsulated silica shell that serves to deliver the payload
comprising MRI contrast agent and hydrophobic drug making
diagnostics and therapeutics possible in a single system.
Despite the recent progress there is a need to develop multi-
functional nanosystems for COPD. Moreover, metal oxide
nanoparticles developed as cancer theranostic systems have
limited applications in chronic airway diseases due to their
toxicity and chronic inflammation.'*® Liposomes have also
emerged as a promising material for the fabrication of thera-
nostic hybrids with the ease of encapsulation of quantum dots
and multiple drugs (Figure 10).'*” In addition, amphiphilic
block copolymers depending on their relative hydrophobi-
city/hydrophilicity and chemical structures can form several
type of nano-assemblies in aqueous solutions such as vesicles
and micelle. These polymeric vesicles are similar to liposomes
that can deliver curative agents contained in their hydrophobic
membranes and aqueous core. These offer numerous advan-
tages such as controlling physical, biological and chemical
properties by modifying the block length, chemistry and func-
tionalization (Figure 10).

Theranostic Nanoparticles for Chronic

Obstructive Lung Diseases

Currently, multifunctional polymeric vesicles synthesised by
blending of two synthetic polymers such as poly(ethylene
glycol)-poly(lactic-co-glycolic acid) PLGA-PEG are used for
delivery of COPD/CF drugs (prednisolone, corticosteroid and/
or anti-inflammatory bronchodilator, theophylline etc.) and
molecular probes for theranostic applications in obstructive
lung diseases. Such probe and drug-loaded nanocarriers act
as a theranostic system for treating CF and COPD. Various
versatile hydrophilic polymers such as PEG, PEIL, PEO, PVA
have properties such as, high flexibility, low immunogenicity,
less toxicity as well as these lack reticuloendothelial system
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(RES) accumulation that makes the polymer suitable coating
agents for nanoparticles in drug delivery applications. PLGA is
another bio-degradable and biocompatible co-polymer used in
% Mostly
inhaled steroids are used to treat various lung-related diseases

a number of FDA approved therapeutic devices.

like asthma but their pharmacological effect is relatively short.
It has been hypnotized that as compared to free steroids posi-
tively charged nanoformulations of polymeric steroids accu-
mulate at the site of airway inflammation with higher benefits.
For instance, polymeric micelles known as budesonide have
shown the ability to reduce inflammatory cell counts in
broncho-alveolar region in asthmatic/COPD rat models.
Another approach employs liposomes as the nanocarrier to
deliver the drug ketofin fumarate which is a mast cell stabilizer
to the targeted site in lungs of the rat by dry powder
aerosols.'**1>°

Current tools used for monitoring and accessing drug
activity are not only time consuming and costly, but also
require significant resources for processing. Moreover, the
development of such real-time imaging technologies can
greatly ameliorate the evaluation of Phase I-11I drug develop-
ment and can reduce the cost of clinical procedures (biopsy,
bronchoscopy etc). It is impossible to assess the real-time drug
activity in the lung epithelial or inflammatory cells in case of
COPD and CF. Moreover, drug-specific responses in the same
animal model at different points are currently not feasible.
Therefore, in order to monitor both drug development and
evaluation of the state of chronic lung diseases in a cost-

effective manner, a non-invasive imaging technique is indis-
pensable. The two most extensive techniques that are used for
non-invasive and real-time assessment of human lung cancer
are single photon emission computed tomography (SPECT/
CT) and positron emission tomography (PET/CT).">! These
involve the detection of positron emitted from radiolabeled
tracers that are accumulated at the site of the desired tissue.
One such tracer is a radioactive marker FDG (fluorine-18-
fluorodeoxyglucose). Under inflammatory conditions various
cytokines and growth factors increase the affinity for the
glucose transporters. FDG accumulates at the site of inflam-
mation mainly in the inflammatory cells (e.g. activated macro-
phages) making it a desirable probe for inflammatory lung
diseases such as COPD and CF."*? Thus, the development of
novel molecular probes that can detect bacteria/viruses, inflam-
mation, and apoptotic cells that can be more useful for under-
standing the cellular processes affected in the pathogenesis of
chronic obstructive lung diseases.

Gene therapy is another promising approach to treat
chronic obstructive lung diseases in addition to anti-
inflammatory drugs and anti-oxidant therapy. Some of
the nanoparticle vectors have successfully achieved signif-
icantly higher expression of the transgenes in the lungs.
Cationic liposomes have been developed for pulmonary
gene delivery. Liposomes that have been conjugated to cell
penetrating peptides exhibit enhanced cellular uptake to
airway cells. Gene therapy particularly seems to be an
attractive approach to treat COPD. It has already shown
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progress with adenoviruses that could partially correct CF

in clinical trials.!>?

Gene Therapy for COPD

Gene therapy is one of the most promising strategies for the
treatment of chronic lung diseases such as COPD that is
progressive in nature. The first step in the treatment of COPD
involves identification of the defective gene. Once it is identi-
fied, the next step would be the vector design and delivery.
Adenoviral vector-based gene therapy has been regarded as a
favourable strategy for lung diseases.'>* Viral liposome com-
plexes carrying the AAT (ol anti-trypsin) gene in mice pro-
duced detectable levels of AAT in the serum for up to 30 days
on intravenous administration. AAVs (adeno-associated vec-
tors) have been other promising vectors to deliver AAT trans-
gene with a high level of transgene expression, low toxicity and
longer duration. Lipoplexes also have been known to transfer
AAT transgene using intranasal transfer with similar success to
that of non-viral vectors, but they face several limitations while
administration. RNA/DNA oligonucleotides directed repair
for site-specific correction of single bases carried in chromo-
somes, known as genoplasty, is the new technology under
development at present. However, its potential for AAT trans-

fer still remains to be investigated.'>>!%-157

Stem Cell Therapy for COPD

Recent advances in the stem cell research related to bone
marrow mesenchymal stem cells (BM-MSCs) have pro-
vided a novel approach into the treatment of chronic
pulmonary diseases such as COPD. It has been reported
that in rat models of LPS and CS-induced lung injury
MSC:s differentiate into type I and type II alveolar epithe-
lial cells. Liu et al have shown the differentiation of MSCs
in a co-culture system into type II alveolar epithelial cells
through the activation of the canonical Wnt signalling
pathway. Moreover, after the transplantation of BM-
MSCs, a decrease in the oxidative stress was accompany-
ing the increased survival rate of LPS-induced lung injury
in rats. MSCs also decreased the oxidative burden in the
brain of rat model in case of spontaneous stroke suggest-
ing that MSCs may also reduce the oxidative stress in CS-
induced emphysema. There was a suppression of alveolar
apoptosis in COPD rat models by MSCs transplantation
due to the stimulation of vascular endothelial growth fac-
tor (VEGF) secretion.'”® MSC transplantation offers a
potentially promising treatment strategy of COPD and
involves the modulation of inflammation, apoptosis, oxi-
dative stress and protease/anti-protease balance. The

dearth of data and long-term safety of MSCs in COPD
patients is one of the major obstacles to clinical applica-
tions of MSCs."*”

Although the clinical trials with MSCs have shown no
infusion toxicity or attributed to the death of treated
patient during 2-year follow-up large scale clinical trials
are still required to thoroughly assess the efficacy and
long-term safety to the use of MSCs. Apart from this,
another challenge in MSC therapy is that its therapeutic
schedule remain unclear and additional studies are
required to ascertain the appropriate dosage, route of
administration and infusion rate. The final challenge asso-
ciated with MSCs is the low level of engraftment in host
organs and their poor survival.'®® Therefore, new
approaches need to be developed to increase the survival
rate of MSCs in host organs. Despite the challenges, MSC
therapy is one of the promising approaches for COPD
therapy.

Conclusion and future directions

At present, there are no therapies that could completely cure
the pathogenesis of COPD. However, the advent of nanotech-
nology has offered scope to improve the existing treatment
strategies of COPD including the anti-oxidant pharmacologi-
cal therapies. A variety of nanocarriers have the ability to
improve efficiency and decrease the toxicity for a wide variety
of drugs. Advances in the field of nanotechnology have
resulted in the development of novel therapeutic approaches
to treat various chronic lung disorders using nanocarriers and
their modification in surfaces. Targeting ligands are used to
allow the development of smart multifunctional drug carriers.
However, this technology needs to be fully developed and
hurdles need to be rectified before we realize its full clinical
potential. Translating the “smart technology” into the clinical
purpose, the ratio of cost/benefit needs to be considered, for
example; requirement and identification of a large number of
targeting ligands and understanding the toxicity of nanoparti-
cles and their effects on the immune system. There is a need to
fabricate novel nanomaterials that exhibit lung clearance
mechanisms also after being deposited on the lungs.
Combining gene and stem cell therapy approaches with nano-
technology can offer exemplary scope for the development of
effective strategies in COPD and other chronic airway disease
therapeutics.
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