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Abstract
The major challenges in the delivery and therapeutic efficacy of nano-delivery systems in chronic
obstructive airway conditions is airway defense, severe inflammation and mucous hypersecretion.
Chronic airway inflammation and mucous hypersecretion are hallmarks of chronic obstructive
airway diseases, including asthma, COPD (chronic obstructive pulmonary disease) and CF (cystic
fibrosis). Distinct etiologies drive inflammation and mucous hyper secretion in these diseases, that
is further induced by infection or components in cigarette smoke (CS). Controlling chronic
inflammation is at the root of treatments such as corticosteroids, antibiotics or other available
drugs, which pose the challenge of sustained delivery of drugs to target cells or tissues. In spite of
the wide application of nano-based drug delivery systems, very few are tested to date. Targeted
nanoparticle(NP)-mediated sustained drug delivery is required to control inflammatory cell
chemotaxis, fibrosis, protease mediated chronic emphysema and/or chronic lung obstruction in
COPD. Moreover, targeted epithelial delivery is indispensable for correcting the underlying
defects in CF, and for controlling other chronic inflammatory lung diseases. We propose that the
design and development of novel nano-based biodegradable therapeutic vehicles, capable of
bypassing the airway defenses, will be invaluable in the search for novel treatments for chronic
obstructive lung diseases. This paper discusses a novel nano-theranostic strategy that we are
currently evaluating to treat the underlying cause of CF and COPD lung disease.
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Introduction
The major challenge in delivery and therapeutic efficacy of nano-delivery systems in
chronic obstructive airway conditions is severe inflammation, airway defense and mucous
hyper secretion[1–4]. Chronic airway inflammation and mucous hypersecretion is a
hallmark of chronic obstructive airway diseases, including asthma, COPD (chronic
obstructive pulmonary disease) and CF (cystic fibrosis). Distinct etiologies and
inflammatory responses drive mucous hypersecretion in these diseases. In asthma,
inflammation appears to be mediated by allergen-specific Th2 cells, leading to eosinophilia,
while in COPD and CF, the inflammatory response is macrophage (COPD) or neutrophilic
(CF & COPD) driven[3–7] that can be induced by infection and/or components in cigarette
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smoke (CS). The chronic stage of these diseases is also associated with widespread damage
to the bronchial epithelium, due to excessive inflammation and apoptosis, and defective
epithelial repair[4,5,7,8]. Controlling chronic inflammation is at the root of treatment using
corticosteroids, bronchodilators or antibiotics in these chronic obstructive inflammatory
conditions yet despite therapy, challenge is the sustained delivery of drugs to target cells or
tissues. Moreover, COPD subjects have shown to develop a HDAC2 (histone deacetylase-2)
mediated corticosteroid resistance[9] although anti-inflammatory bronchodilator and
HDAC2 inducer, theophylline has been shown to overcome this[10–13] but have a
significant side effects if given orally. Similarly in CF, correction of misfolded CFTR
requires targeted drug/gene delivery as recently shown using a novel nano-system capable of
overriding airway defense and providing sustained drug release[14]. These nano-based
systems can overcome airway defense (like macrophage, neutrophils & mucus etc) in
chronic obstructive lung diseases and variety of other pulmonary conditions but very few are
tested till date [2,15,16].

1. Biodegradable nanoparticles for obstructive lung diseases
Recent studies have shown the efficacy of poly-lactide-co-glycolide (PLGA) based nano-
systems for selective drug delivery[14]. A major drawback of PLGA nanoparticles (NPs) is
that when formulated with the commonly used emulsifier polyvinyl alcohol (PVA), they are
hydrophobic and have a high negative charge on their surface. As a result, such a system,
when administered in experimental animals, is rapidly opsonized by the defense system of
the body (Reticuloendothelial System, RES or Mononuclear Phagocyte System, MPS;
systemic circulation or airway)[17]. The best way to overcome this challenge is coating of
the drug delivery system with the outer layer of polyethyleneglycol (PEG) that endow these
NPs with ‘stealth’, or RES/MPS evading properties[17]. PEGylation also increases the
circulation time of the NPs, thereby enhancing their propensity of accumulation in target
organs or cells by passive diffusion, taking aid of the enhanced permeability and retention
(EPR) effect[18]. PEG chains, covalently attached with PLGA NPs using ring-opening
polymerization method, results in increased residence in blood (intravenous) or airway
(intranasal) that enhances the prospects of stable controlled release in target tissues or
cells[19]. NP mediated drug delivery presents the added advantage of targeting the drug to
specific organs or cells in the body, for example by conjugating it with a monoclonal
antibody or IgA receptor (Fig 1, pending patent) that targets the system specifically to the
airway inflammatory or epithelial cells which over express the complementary antigen
(ongoing studies). However, until date, the use of drug loaded PLGA NPs synthesized using
the popular emulsifier PVA has resulted in poor in vivo drug delivery efficiency. It has also
been found that such a formulation can never be completely purified of the emulsifier PVA,
which is suspected of non-specific toxicity[20]. In order to develop an improved, clinically
viable formulation of PLGA NPs over existing PVA based ones, we adopted a strategy used
in the synthesis of PEGylated liposomes and PEGylated immunoliposomes, employing
commercially available PEGylated phospholipids (like Distereolylphos-
phatidylethanolamine-mPEG2000, or DSPE-mPEG2000) as emulsifiers[14]. Such molecules
have surfactant-like properties, and spontaneously self-aggregate in aqueous solutions
forming micelles. As discussed above major challenges in delivery and therapeutic efficacy
of nano-delivery systems in chronic obstructive airway conditions is airway defense (such as
macrophage, neutrophils etc), severe inflammation and mucous hypersecretion[1,2]. We
anticipate that development of biodegradable NP-based targeted drug delivery system that
can overcome airway defense associated challenges will have enormous applications in the
treatment of chronic pathophysiology of obstructive lung diseases.
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2. Theranostics
Theranostics, the pairing of a diagnostic test with a therapy is considered the pathway to
personalized medicine, which will usher in an entirely new era of healthcare delivery. Nano
based theranostics can offer many benefits for CF & COPD patients including real time
diagnosis of lung inflammatory state and treatment, optimal therapy for individual patients
and reduction in adverse drug effects[21]. To make theranostics possible for CF & COPD
subjects, it is essential to develop multifunctional airway targeting nanocarriers for
combined delivery of diagnostic and therapeutic agents. Innovative design of such
nanoparticles (NPs) allows for the integration of multiple functions, such as cell targeting,
imaging ultra sensitivity and therapy into one system. In particular, the integration of
diagnostic imaging capability with therapeutic interventions is critical in addressing the
challenges of chronic obstructive lung disease and increasing survival in CF and COPD
subjects. A number of such multifunctional metal or metal oxide NPs have been reported for
cancer. For instance, gold NPs with proper morphology (size and shape) and surface
functionalization were used to simultaneously enhance the optical imaging ability and
provide photo thermal cancer therapy[22]. In addition, multifunctional quantum dot-
conjugated immunoliposomes were used for targeted anticancer drug delivery and
fluorescence imaging[23]. Similarly multifunctional NPs loaded with both magnetic iron
oxide and anticancer drugs encapsulated in a silica shell, offers the potential to deliver the
payload (i.e. both the magnetic resonance imaging (MRI) contrast agent and hydrophobic
anticancer drug) to the targeted tumor tissues thereby making simultaneous cancer therapy
and diagnosis feasible[24]. Despite the recent progress in developing multifunctional
nanosystems for combined cancer therapy and diagnosis, there is still an urgent need to
further develop novel multifunctional nanosystems to face existing challenges in the current
field of theranostics as well its application in chronic obstructive lung diseases. Moreover,
metal oxide NPs developed as cancer theranostics have limited application in chronic airway
diseases due to toxicity and chronic inflammation. As an alternate, amphiphilic block
copolymers can form several types of nano-assembly in an aqueous solution including
micelles and vesicles depending on their relative hydrophilicity/hydrophobicity and
chemical structures. Similar to liposomes, polymeric vesicles can simultaneously deliver
hydrophilic and hydrophobic agents encapsulated in their aqueous core and hydrophobic
membrane. However, compared with liposomes, polymer vesicles offer numerous
possibilities of controlling the physical, chemical and biological properties by tailoring the
block lengths block chemistry and functionalization.

3. Theranostic nanoparticles for obstructive lung diseases
We are currently developing a multifunctional polymeric vesicle formed by a mixture of
poly(ethylene glycol)– poly(lactic-co-glycolic acid)- (PLGAPEG) for combined delivery of
COPD/CF drugs (ex- corticosteroid, prednisolone and/or anti-inflammatory bronchodilator,
theophylline, ΔF508-CF correctors etc) and molecular probes that can be used for
theranostic application in obstructive lung diseases. The application of such nanocarriers in
clinics in near future would allow the use of non-invasive imaging modality to monitor the
bio-distribution and anti-inflammatory effects of the PROBE/DRUG- loaded nanocarriers in
real time thereby making theranostics possible for CF and COPD. PEG is the most
commonly used hydrophilic polymer block in amphiphilic block co-polymers used for drug
delivery due to its excellent water solubility, high flexibility, very low toxicity, low
immunogenicity and lack of accumulation in the RES cells. While PLGA is a co-polymer
that is used in a host of FDA approved therapeutic devices, owing to its biodegradability and
biocompatibility. Current tools for monitoring inflammatory state and drug activity are not
only costly and time consuming but also require significant resources for processing [17].
Moreover, in human subject’s development of such state of art real time imaging
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technologies can greatly improve the evaluation of Phase I-III drug development and reduce
the costs of clinical procedures (biopsy, bronchoscopy etc). Most importantly for the study
of CF/COPD lung disease, it is impossible to assess real time drug activity in lung epithelia
or inflammatory cells. Moreover, the drug-specific responses in the same animal or subject
at different time points are currently not feasible. Thus, non-invasive imaging technique to
monitor correction of lung disease in the same group of animals or subjects is crucial for
both drug development and evaluation of chronic lung disease state in the most cost-
effective manner. Single photon emission computed tomography (SPECT/CT) and PET/CT
(positron emission tomography/CT) are extensively used for non-invasive and real-time
assessment of human diseases including lung cancer [25–32]. It relies on the detection of
positrons emitted from radiolabeled tracers that accumulate at the site of the desired tissue.
One such tracer is the radioactive marker [18F] FDG (fluorine-18- fluorodeoxyglucose).
Under inflammatory conditions, the affinity of glucose transporters for deoxyglucose is
increased by various cytokines and growth factors. FDG is known to accumulate in
inflammatory cells such as activated macrophages at the site of inflammation [25–30,33,34],
making it a desirable molecular probe for inflammatory lung diseases (such as CF&COPD).
Development of other novel molecular probes that can detect inflammation, bacteria and
apoptotic cells[35,36] hence chronicity of lung disease can be even more useful for chronic
obstructive lung diseases.

Expert Opinion
Although the role of inflammatory signaling and oxidative stress in COPD and CF is
apparent, the lack of efficient drug delivery and real time diagnosis of inflammatory-
oxidative state results in improper treatment that leads to chronic and fatal lung
pathophysiology. There is an immediate need to develop novel targeted nanosystem(s) that
can effectively provide sustained delivery of potent CF and COPD therapeutics and
molecular probes through obstructive airway for correction and real time assessment of
lung disease (theranostics). The carefully designed safety, efficacy & preclinical studies will
help translate these nano-based theranostics for further clinical evaluation in human
subjects.
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Figure 1. Schematic of proposed nanotheranostic for targeting chronic inflammatory cascade in
COPD
As an example, epithelial targeted nanoparticle (NP) providing sustained drug and molecular
probe delivery (nano-theranostic) can control neutrophil chemotaxis, fibrosis and protease
mediated chronic emphysema while providing real time assessment of COPD lung disease.
Drug, molecular probe, gene and/or short interfering RNA sequences are encapsulated
within a nanoparticle vesicle. Targeting antibodies are attached onto the surface for transport
to specific epithelial or inflammatory cells. The proposed nano-theranostic incorporates
many functionalities, such as targeting molecules, a polymer shield, therapeutic agents and
molecular probes.
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