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Abstract
Nanotechnology in medicine—nanomedicine— is extensively
employed to diagnose, treat, and prevent pulmonary diseases.
Over the last few years, this brave new world has made
remarkable progress, offering opportunities to address histor-
ical clinical challenges in pulmonary diseases including multi-
drug resistance, adverse side effects of conventional
therapeutic agents, novel imaging, and earlier disease detec-
tion. Nanomedicine is also being applied to tackle the new
emerging infectious diseases, including severe acute respira-
tory syndrome coronavirus (SARS-CoV), Middle East Respi-
ratory Syndrome Coronavirus (MERS-CoV), influenza A virus
subtype H1N1 (A/H1N1), and more recently, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). In this
review we provide both a historical overview of the application
of nanomedicine to respiratory diseases and more recent
cutting-edge approaches such as nanoparticle-mediated
combination therapies, novel double-targeted nondrug delivery
system for targeting, stimuli-responsive nanoparticles, and
theranostic imaging in the diagnosis and treatment of pulmo-
nary diseases.
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Introduction
Pulmonary diseases impose a significant financial and

emotional burden on patients and their families [1],
with predictions that an estimated 20% of all deaths
globally will be respiratory-related by 2030 [2]. There is
a significant global clinical unmet need to define new
classes of safe and effective therapies to enhance de-
livery to the target organ, namely the lung [3]. Nano-
medicine and the application of nanoscience to
medicine offer a unique opportunity to develop unique
nano-packaged therapeutics in an aerosolized format for
delivery directly to the lung. This promising field opens
up a whole new vista of both enhanced drug delivery and

detection platforms targeting not only for historical lung
diseases such as cancer, cystic fibrosis (CF), chronic
obstructive pulmonary disease (COPD), and asthma
[4].* More recently, it includes, newer, emerging in-
fectious diseases such as SARS-CoV [5], but also Middle
East Respiratory Syndrome-Related Coronavirus
(MERS-C) [6], influenza A/H1N1 [7], and SARS-CoV-2
[8,9].* Over recent years, our understanding of the
mechanisms of delivery of nano-packaged payloads has
become more refined not only in the therapeutic area
but also in medical imaging, in the context of systemic

disease detection and diagnosis [4].
Therapeutic agent delivery in infectious and
noninfectious disease
In 1965, in seminal work by Banham and colleagues, it

was first postulated that nanoparticles (NPs) have the
capacity to act as an effective delivery system, trans-
porting compounds across biological membranes [10].*
Since then an expanding body of work has shown that
nanoparticles have the capacity to encapsulate, conju-
gate, and trap a wide variety of both hydrophobic and
hydrophilic compounds and biomolecules such as pep-
tides, DNAs, and RNAs. This ability provides an
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excellent opportunity to develop nano-based platforms
that optimize drug delivery to target organs, while
minimizing systemic drug toxicities [11]. In addition,
nano-based drug delivery platforms offer the opportu-
nity to enhance drug stability and bioavailability by
maximizing the half-life of the delivered nano-packaged
drugs to the target organ [12]. Consequently nano-
packaged therapeutics are today becoming increasingly

part of our therapeutic armory in respiratory diseases
such as CF [13], Mycobacterium tuberculosis (M. tb)
infection [14], asthma [15], COPD [16], and lung
cancer [17].*

We are in challenging times and with the emergence of
novel infectious agents, including most notably COVID-
19, there is increased attention on the potential capa-
bility of nanopackaging specific humanized antibodies
which target key components of both viral entry and
replication within cells for vaccine development [18]. In

the context of corona viruses, it has recently been shown
that targeting the spike protein, which mediates viral
entry into cells, with a specific nanobody in MERS-CoV
resulted in protection in in-vivo models [19]. Following
on from this work, Lin et al. more recently further
engineered a virus-like hollow nanoparticle that was
impregnated with a spike protein antigen on the surface,
which was co-packaged with agonists specific for the
cytosolic sensor Stimulator of interferon genes
(STING), which is also a key adaptor molecule involved
in anti-viral immune signaling. This combined antigen

conjugation strategy and nanocarrier morphology was
shown to abrogate MERS-CoV infection in an in-vivo
model [6]. Over the last 5 months, there have been
numerous attempts to employ nanotechnology for the
detection of COVID-19, which is discussed in detail
elsewhere [20,21].
Multidrug-loaded nanoparticles against
drug-resistant pathogens
A number of life-threatening conditions such as M. tb
infection [22], pneumonia [22], HIV [23], and CF [24]
are oftentimes complicated by overarching issue of
multidrug resistance. Historically, to address this issue,
combination therapy, utilizing two or more drugs, has
been shown to be of superior efficacy compared to
monotherapy strategies [25]. Nanoparticles have the
capacity to carry and deliver multiple therapeutic agents

to affected organs [4]. A classic example of this is the
combination of anticancer agents paclitaxel and
cisplatin, which together have a synergistic enhanced
anti-lung-cancer effect when dual-loaded in a nano-drug
delivery system compared to free drugs at the same
concentration [26]. More recently, the combination of
etoposide, an anticancer drug, with PIK3CA small-
interfering RNA (siPIK3CA) loaded in a peptide nano-
particle has shown a slower release profile, improved
pharmacokinetics, and superior anticancer activity
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compared to free drugs [27]. The ability to administer
enhanced concentrations of nano-packaged combination
therapies has had the added benefit of allowing the
clinicians decrease the frequency of administration from
daily to weekly. In the context of M. tb infection, three
FDA-approved drugs (rifampicin, pyrazinamide, and
isoniazid) were encapsulated in a polymeric nano-drug
carrier and administered weekly. Results demonstrated

similar efficacy in those receiving weekly administra-
tions compared to those receiving daily administration
in this in-vivo study [28]. Oral administration of drugs,
which is the main drug delivery route in M. tb infection,
has a number of drawbacks including rapid hepatic first-
pass metabolism, decreased intestinal drug absorption,
and increased systemic exposure. These issues can be
tackled through nondrug carriers directly administered
to the lung via aerosol. Moreover, this targeted organ
strategy requires the administration of lower doses to
achieve therapeutic efficacy [4]. Ethionamide (ETH) is

an antibiotic which is reserved for use as second-line
anti-M. tb drug, mainly due to systemic toxicity and a
short half-life. In a murine model of M. tb infection, co-
encapsulated ETH and its booster (BDM41906) in a
biodegradable polymeric nanoparticle were adminis-
trated directly to the lung. They showed that this
nebulized treatment regime achieved a 3-log reduction
in bacterial burden compared to the oral route [29]. The
combination of dual-loaded and inhaled nanoparticle
strategies has also achieved promising results in the
treatment of chronic lung infections in CF [24]. In a

recent study, the inhalation of two drugs encapsulated in
a lipid-based nano-drug carrier, lumacaftor and ivacaftor,
demonstrated a significant reduction in the volume of
tissue destruction compared to untreated mice
(Figure 1) [30]. These studies highlight the potential of
combined therapies, nano-packaged in an inhaled or
nebulized format, as highly effective treatments in
chronic inflammatory pulmonary diseases.
Smart drug delivery vehicles: targeted
nanoparticles and stimuli-responsive
nanoparticles
Over the past few years, nanomedicine has evolved from
the initial work with single agents with basic nano-drug
delivery systems to the so called “smart nano-drug de-
livery systems” which offer the potential to target spe-
cific organs, tumors, or infected sites with therapeutic

agents that are efficacious and associated with less
associated systemic adverse side effects. Smart drug
carrier vehicles are able to deliver medications to a pa-
tient in a manner that increases the concentration of
therapeutic agents in a specified target site. This has
opened a completely new paradigm, with its potential to
tackle and overcome historical challenges associated
with the more classical therapies and modes of admin-
istration. These would include accelerated drug clear-
ance, nonspecific biodistribution, and uncontrolled
www.sciencedirect.com
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Figure 1

Illustrative magnetic resonance images (MRI) of a transgenic mouse model with CF before and after treatment. Mice were treated twice weekly for 4
weeks with an inhaled lipid-based nano-drug delivery system carrying lumacaftor and ivacaftor. Healthy lung tissues are labeled in red, while fibrotic
injured tissues are labeled in green. Reproduced with permission from Refs. [30].
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release of drugs [24]. This field is currently focused on
two main areas, targeted nanocarriers and stimuli-
responsive nanocarriers. Targeted nanocarriers are
surface-coated by specific ligands, for example, anti-
bodies, peptides, and aptamers, which have specific and

high affinity to targets on the surface of specific cell
types. Stimuli-responsive nanocarriers release their
payload in a well-controlled, sustained manner in
response to specific stimuli such as pH and ultrasound
(Figure 2) [4].

Smart nanocarriers are fabricated to deliver therapeutic
agents precisely to specific organs of interest. This re-
sults in both enhanced treatment efficiency and
reduced side effects. A targeted nano-drug delivery
system involves adding targeting ligands such as anti-

bodies, peptides, small molecules, and aptamers to the
surface of the nano-vehicle. This then allows accurate
and precise drug delivery to disease effected cells/
tissue. Stimuli-responsive nanocarriers have led to the
www.sciencedirect.com
concept of “smart repackaging” where in response to
internal or external stimuli (i.e., temperature, pH, light,
enzyme activity, ultrasound, electric and magnetic
fields) a controlled release of the therapeutic payload
occurs at targeted sites.

Another application developed from the use of advanced
smart nanocarriers is theranostics which uses nano-
science strategies to combine diagnostic and therapeu-
tic in a single agent to a targeted disease organ. It
represents a classical example of precision medicine
facilitating diagnosis, drug delivery, and assessment of
response to delivered therapies. Theranostics is
extremely relevant to respiratory medicine, with
frequent application of theranostics in lung cancer [31e
33]. Historically, it is well known that ruthenium has

anticancer activity. However, the use of ruthenium as a
therapeutic agent has been limited due to significant
issues regarding its toxicity profile when administered
systemically. To address this issue, a targeted
Current Opinion in Pharmacology 2021, 56:85–92
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Figure 2

Schematic illustration of smart nano-drug delivery systems.
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theranostic nano-drug delivery system loaded with
ruthenium(II) complex was engineered utilizing an
enhanced green fluorescent protein and a specific fusion
protein for targeting non-small cell lung carcinoma cells.
Real-time fluorescence monitoring revealed a significant
accumulation of the nanoparticles in the tumor upon
imaging, which was associated with a twofold enhance-
ment in tumor growth inhibition in an in-vivo non-small
cell lung cancer model (Figure 3) [31]. In another
Figure 3

The biodistribution of a targeted nanoformulation against established subcuta
mice (a) The biodistribution of targeted nano-drug delivery system from nonsp
time points (b) The fluorescent image demonstrated a significant delivery of the
from Ref. [31].
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example, three effective strategies in a murine in-vivo
model, namely, theranostics, targeted drug delivery, and
combination therapy, were employed by encapsulating
two anticancer drugs, doxorubicin and vinorelbine, in
two peptide-targeted liposomal drug delivery systems
which were decorated by superparamagnetic iron oxide
nanoparticles as a theranostic agent. MRI analysis
showed significant tumor penetration in mice treated
with targeted nanoparticles, leading to an improved
neous H1299 tumor, a human non-small cell lung carcinoma cell in nu/nu
ecific distribution in 0 h time point to fully accumulated in the tumor in 16 h
nanoparticles in tumor tissue (green region). Reproduced with permission

www.sciencedirect.com

www.sciencedirect.com/science/journal/14714892


Nanotechnology in Pulmonary Medicine Doroudian et al. 89
median overall survival of 40% compared to untargeted
nanoparticles [34].**

Smart nanoparticles can be designed to deliver thera-
peutic agents to targeted intracellular organelles [35].
This advanced approach would allow more efficient drug
accumulation in the targeted site [36], precision medi-
cine, and the ability to overcome drug resistance [37].

For example, a mitochondrial drug targeting strategy has
shown promising results to overcome multidrug resis-
tance in cancers, including lung cancer, through block-
ing the overexpression of the adenosine triphosphate
(ATP)-driven drug efflux pumps [38]. Supporting this
strategy, recent in-vivo work, where taxol, also known as
paclitaxel (PTX), encapsulated in a polymeric nano-
carrier with a mitochondria-targeting triphenylphos-
phine (TPP) head group (TPH/PTX), demonstrated a
significant inhibition in tumor growth in mice receiving
targeted nanoparticles compared to both those receiving

untargeted nanoparticles and free drug (Taxol) in a
breast cancer lung metastasis mouse model (Figure 4)
[39].

More recently, smart nanoparticles have been developed
to achieve the controlled release of payloads from the
carrier at the selected target (Figure 2). Due to the
disordered metabolic profile of some pulmonary dis-
eases, including lung cancer [40], and acute lung injury
Figure 4

The smart nanoparticle delivery system targeting intracellular organelle (mito
resistant breast cancer-bearing mouse model with lung metastasis (a) Ex-vivo
organs isolated from metastatic breast cancer in the lungs. Maximum tumor p
(white arrow), followed by untargeted nanoparticles, whereas, the free drug a
untreated (control), free drug (taxol), untargeted nano-drug delivery system (T
growth inhibition after intravenous injection with the three different treatment

www.sciencedirect.com
[41], they exhibit a unique characteristic feature
namely, an enhanced acidic (low pH) environment.
Numerous recent studies have taken advantage of this
distinctive characteristic by designing a wide range of
pH-responsive drug delivery systems with the aim of
improving drug delivery and therapeutic efficacy [42e
44].

Nanotechnology provides the opportunity to combine
different strategies in a single nanoplatform. In an early
example, pulmonary aerosol delivery, targeted ligands,
and pH stimuli-responsive approaches were applied into
a nano-drug delivery system carrying anti-intercellular
adhesion molecule-1 (anti-ICAM-1), which was used
in the treatment of acute lung injury. The combination
of these three different strategies resulted in significant
drug delivery to the targeted endothelial cells, with
significant decrease in the inflammatory response,
supporting this novel smart nanoparticle strategy as a

potential anti-inflammatory therapy [43].

Nanoparticles can be also designed in order to respond
to multistimuli triggers, thus allowing more refined
dosage control through the tailored spatial and temporal
drug release [45,46]. In the cancer microenvironment,
intracellular glutathione and spermine are overex-
pressed in numerous cancers, including lung cancer.
Recently, Cheng et al. have used pillararene-based
chondria) achieved tumor penetration and inhibition effectively in a drug-
fluorescence images showing the distribution of drugs in the tumors and
enetration was achieved by using mitochondria-targeted nanoparticles
ccumulated mostly in the liver and spleen (b) Tumor images following
P/PTX) and targeted nanoparticles (TPH/PTX) treatment arms (c) Tumor
protocols [39].
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polymer as a nanocarrier which has the distinctive
property of undergoing changes to its shape and physical
property when exposed to high glutathione and sper-
mine concentrations. Using this nanocarrier with pacli-
taxel as the payload, they demonstrated efficient drug
release and accumulation of paclitaxel in neoplastic cells
in an in-vitro model of lung cancer [45].
Detection and diagnosis
Early detection of disease gives clinicians the best op-
portunity to control and cure disease. Rapid methods,
simple processes, and accurate tools are critical to the
success of an effective diagnostic strategy. Nano-based

biosensors are being utilized across a wide range of
fields for early detection and diagnosis of disease [47,48].
This method has been employed for rapid diagnosis of
various pulmonary diseases, such as lung cancer [49],
asthma [50], and bacterial lung infections [51]. In the
current COVID-19 pandemic, a key part of the global
strategy is detailed contact tracing, which relies on diag-
nostic assays that are rapid, accurate, and scalable to cope
ultimately with nationwide in-depth serial diagnostic
screening. Nanoscience and the application of nano-
technological solutions are playing a leading role in this

important global role [20,52e54]. An example of this
technology at work is a nanobiosensor which was devel-
oped by fabricating graphene-based nanosheets. They
provided a highly conductive surface which was then
coated with a specific antibody against the SARS-CoV-2
spike protein. The detection was based on changes in
the electrical current across the graphene sheets which
are generated when the trigger, the spike protein, binds to
the antibodies. The nanobiosensor analyzed nasopharyn-
geal swab specimens from COVID-19 patients and
showed a high sensitivity to the spike protein at concen-
trations of 100 fg/mL in clinical transport medium [54].
Conclusion
Nanotechnology applied to pulmonary diseases repre-
sents a new vista with regards to its potential application
in the diagnosis, treatment, and clinical staging of dis-

ease. In this review we have specifically highlighted the
ability of the technology to address multidrug resis-
tance, improve targeted organ treatment efficiency,
limit systemic adverse effects, and contribute to the
earlier diagnosis of lung diseases. Nanomedicine is
currently being employed in clinical practice, particu-
larly in lung cancer, and will shortly be an important part
of the clinician’s armoury in addressing both acute and
chronic respiratory disease.

Sir William Olser stated, “The future is today”dwhich

very much applies to the harnessing of nanomedicine
and its application to pulmonary medicine. The old
adage “Old ways won’t open new door-
s”dnanomedicine is the new way, and there is now a
Current Opinion in Pharmacology 2021, 56:85–92
growing body of work which suggests that nano-
therapeutics as applied to the lung and other organs
will “open new doors” and change the way we practice
medicine in the near future.
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