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Precision nanomedicine for pulmonary diseases: from
molecular targeting to clinical translation
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The pulmonary system is a vital interface between the body and the external environment, making it highly vulnerable to
environmental, infectious, and genetic insults. Precision nanomedicine offers a promising strategy to overcome the limitations of
conventional gene and drug therapies, including safety concerns associated with viral vectors, instability of therapeutic agents,
suboptimal cellular internalization, and a critical lack of tissue- and cell-specific targeting. Nanoparticle-based delivery platforms
address these challenges by enhancing therapeutic stability and bioavailability, enabling controlled release, facilitating cellular
uptake and endosomal escape, and achieving targeted delivery to specific lung compartments. While recent literature often focuses
on specific nanoparticle types or isolated pathologies, this work provides a comprehensive overview of the current state of
respiratory nanomedicine, bridging fundamental nanoparticle bioengineering with a wide range of pulmonary pathologies and the
obstacles to clinical translation. We discuss the key physicochemical properties of nanoparticles for pulmonary biomedical
applications, along with advanced design strategies for targeted delivery. Given the unique architecture and physiology of the lung,
we compare the advantages and limitations of pulmonary versus systemic administration routes, emphasizing context-specific
delivery strategies. Nanoparticle design and therapeutic applications are explored across a broad spectrum of diseases, including
pulmonary fibrosis, chronic obstructive pulmonary disease, infections, pulmonary vascular disease, cystic fibrosis, asthma, lung
cancers, and neonatal pulmonary disorders. Finally, we evaluate the current status of clinical trials, highlighting translational
challenges such as biological barriers, long-term safety, and manufacturing. Future perspectives and interdisciplinary strategies are
proposed to advance the clinical translation of nanocarriers for respiratory diseases.
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INTRODUCTION

The respiratory system is a unique interface between the human
body and the external environment. Characterized by extraordin-
ary structural complexity and functional diversity, it exhibits a
distinctive pattern of disease susceptibility that distinguishes
respiratory pathology from other organ system pathologies. This
system comprises a diverse array of specialized cell types
organized across distinct anatomical compartments, including
the trachea, conducting airways, pulmonary vasculature, and the
highly vascularized peripheral alveoli where gas exchange
occurs.! This complex organizational structure, while essential
for efficient exchange of gases between the air and peripheral
blood, creates multiple points of vulnerability where pathological
processes can emerge. The respiratory tract's direct and
continuous exposure to the external environment makes it
uniquely susceptible to injury from airborne pathogens, environ-
mental toxins, and physical trauma, distinguishing it from other
organ systems that benefit from protective physical barriers.” The
lung plays a central role in maintaining physiological homeostasis
through oxygen delivery and carbon dioxide removal. However,
this key function requires constant exposure to environmental
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agents, creating an inherent tension between functional necessity
and disease susceptibility. The diversity of cells in the epithelial,
endothelial, hematopoieticc and mesenchymal compartments
means that damage to one type can lead to a pathological
cascade that ultimately hampers respiratory functions or leads to
death. Therefore, a better understanding of pulmonary physiology
and pathology is essential for successful development of
therapeutics.

Despite remarkable advances in therapeutic development over
the past decade, gene and drug therapies for pulmonary diseases
still face barriers that significantly limit their clinical translation and
therapeutic efficacy. These challenges include fundamental issues
related to the stability and safety of therapeutic agents, the
mechanisms of cellular internalization, and the specificity of tissue
and cell targeting.> Gene therapy approaches have demonstrated
remarkable promise for treating inherited and acquired pulmon-
ary diseases; however, viral-based delivery systems like adeno-
associated viral (AAV) vectors present substantial safety concerns,
including hepatotoxicity and severe inflammatory responses.* The
increasing number of severe adverse reactions and deaths
associated with viral gene therapy has prompted urgent calls for
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alternative delivery strategies that maintain therapeutic efficacy
while eliminating virus-related toxicity.’

One important barrier to the clinical translation of both gene
and drug therapies for pulmonary diseases is the lack of tissue-
and cell-specific targeting. Many current therapeutic strategies
result in nonspecific systemic distribution, leading to subther-
apeutic concentrations at the disease site and accumulation in
healthy tissues, which often causes off-target side effects.®
Pharmacokinetic models estimate that only 0.1% to 1% of
intravenously administered monoclonal antibodies (mAb) actually
reach their intended targets, with the majority accumulating in
off-target tissues.” Additionally, the lung’s intrinsic defense
mechanisms, such as mucociliary clearance and innate cellular
uptake pathways, actively eliminate therapeutics delivered
through airways® These targeting limitations are especially
pronounced in chronic pulmonary diseases like pulmonary fibrosis
(PF), where pathological alterations in lung architecture present
further obstacles to effective therapeutic delivery.” Understanding
these limitations is crucial for recognizing the translational
potential of nanoparticle delivery systems in advancing precision
medicine approaches for pulmonary disorders.'°

This review provides a detailed overview of the current state
and future directions in precision nanomedicine for respiratory
diseases. We first discuss how physicochemical properties define
the “biological identity” of nanoparticles and influence their
behavior at the nano-bio interface to ensure successful targeted
delivery. By comparing pulmonary and systemic administration
routes, we evaluate how these nanoparticle properties can be
adjusted to reach specific lung compartments while avoiding local
clearance mechanisms. In addition to nanoparticle design and
delivery mechanisms, we discuss the therapeutic applications of
these systems across a wide range of conditions, including PF,
respiratory infections, chronic obstructive pulmonary disease
(COPD), pulmonary vascular disease (PVD), cystic fibrosis (CF),
asthma, lung cancer, and various neonatal disorders. We highlight
how nanoparticle designs can be modified to treat the unique
pathophysiology of each disease. Finally, we address the current
challenges of clinical translation, such as long-term safety
validation, regulatory requirements, and large-scale manufactur-
ing complexities. We also highlight future perspectives, including
new technologies for nanoparticle production, advantages of
novel therapeutics and personalized precision therapy, and the
use of artificial intelligence (Al) and machine learning (ML) in
nanoparticle design. By addressing these important issues, we aim
to provide a clear path for bioengineers and clinicians to develop
new nanoparticle-based therapies for respiratory disorders.

ETIOLOGICAL DIVERSITY AND PATHOPHYSIOLOGICAL
DRIVERS OF PULMONARY DISORDERS

External environmental factors in pulmonary disease

The respiratory system can serve as a primary entry for infectious
agents for bacterial, viral, and fungal pathogens. Tuberculosis (TB),
caused by Mycobacterium tuberculosis, remains one of the most
devastating infectious diseases globally. This disease affects
around 10.8 million people worldwide and has caused ~1.25
million deaths in 2023, according to the World Health Organiza-
tion’s latest Global Tuberculosis Report.'' The persistent nature of
the TB infection and its ability to maintain dormancy demonstrate
the complex host-pathogen interactions that are often seen in
respiratory infectious diseases.'? Similarly, the recent COVID-19
pandemic has highlighted the vulnerability of the lung to airborne
viral pathogens. COVID-19 infections cause pulmonary epithelial
and vascular damage, defective tissue repair, and impaired
fibrinolysis.”® Post-mortem autopsy demonstrated that COVID-
19-induced acute respiratory distress syndrome (ARDS) differs
significantly from other causes of ARDS, with notable vasculopathy
and severe alveolar-septal congestion.'
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Beyond infectious agents, chronic exposure to environmental
toxins could significantly contribute to the pathogenesis of
pulmonary diseases. COPD represents an example of environmen-
tally induced respiratory disease. Driven by long-term exposure to
tobacco smoke and other noxious particles and gases, COPD
results in chronic lung inflammation, progressive airflow obstruc-
tion, and destruction of alveoli.'®> COPD remains one of the leading
causes of death globally and is expected to become even more
prevalent in the coming years.'> A recent meta-analysis estimated
that COPD affects ~12.64% of individuals over age 40, with higher
prevalence among males (15.47%) compared to females (8.79%)."®
The strong association between COPD and smoking, air pollution,
and occupational exposures demonstrates the profound impact
that external environmental factors can have on respiratory
health.!”

The mechanisms underlying environmentally induced pulmon-
ary diseases involve simultaneous damage to multiple cellular
compartments and aberrant inflammatory response. Inhaled
toxins can directly injure respiratory epithelium and trigger pro-
inflammatory cascades that affect the pulmonary vasculature,
disrupting the balance of cellular repair mechanisms that maintain
lung homeostasis.

Genetics in pulmonary disease
Genetic abnormalities contribute to the pathogenesis and etiology
of pulmonary diseases, often disrupting specific cellular functions
essential for normal lung physiology. CF is an example of a genetic
disease, arising from mutations in the CF transmembrane
conductance regulator (CFTR) gene that affect normal epithelial
cell functions.'® Mechanically, the CFTR allows for proper
trafficking of chloride ions into the luminal space. Failure of this
channel results in a buildup of chloride ions in the cell, creating an
osmotic gradient desiccating the luminal mucus.® CFTR mutations
affect ~89,000 individuals worldwide, demonstrating how muta-
tions in homeostatic, physiologic channels can have profound
impacts on pulmonary function.'®

Pulmonary arterial hypertension (PAH) provides another com-
pelling example of genetic influence on respiratory disease.?’ PAH
is classified into five separate groups. Group 1 PAH is caused by
inherited and associated genetic etiologies, with a global
prevalence of ~2.8 cases per 100,000 and 22,000 deaths in
2021.2" PAH can result from mutations affecting endothelial cell or
smooth muscle cell functions, including mutations in BMPR2,%
EIF2AK4 (GCN2),>® and TBX4 genes?* These genetic defects
influence microvascular and stromal networks in the lung, causing
large vessel constriction or obliteration along with the loss of
peripheral  pulmonary capillaries and right ventricular
hypertrophy.>®

Alpha-1 Antitrypsin Deficiency (A1ATD) and primary ciliary
dyskinesia (PCD) are genetic pulmonary diseases. ATATD is an
autosomal codominant disorder caused by mutations in the
SERPINAT gene on chromosome 14, which leads to a shortage of
the alpha-1 antitrypsin protein.”® The significant reduction in
circulating alpha-1 antitrypsin protein levels in the bloodstream
impairs the protection of lung tissue from proteolytic damage
caused by enzymes like neutrophil elastase.®® The SERPINAT
mutations result in an imbalance between proteases and anti-
proteases, and leave the fragile alveolar tissue vulnerable to
degradation, causing emphysema.?’ In contrast, PCD is a
genetically heterogeneous, predominantly autosomal recessive
motile ciliopathy which arises from a failure of mechanical airway
defense.?® There are currently 54 known genes that encode the
structural components or assembly factors of motile cilia
implicated in PCD.”® These mutations lead to ineffective or
uncoordinated ciliary movements, resulting in impaired mucocili-
ary clearance, chronic pulmonary infections, and often organ
laterality defects like situs inversus. Recent genomic data show
that PCD affects ~1 in 7500 people. It commonly presents with

Signal Transduction and Targeted Therapy (2026)11:358



neonatal respiratory distress and can progress to severe respira-
tory failure, with up to 51% of adults with PCD ultimately requiring
lung transplantation.?®?° Currently, the management of PCD
remains primarily supportive, focusing on clearing secretions and
treating infections. However, pre-clinical studies involving mRNA
for therapies are progressing. A phase 1 trial of an inhaled mRNA
therapy is currently enrolling both people with PCD and healthy
controls.®%

Complex interactions: environmental and genetic factors

Many pulmonary diseases result from a complex interplay of both
genetic and environmental factors. Asthma is a prototypical gene-
environment interaction disorder. Genetic predisposition contri-
butes to airway inflammation and hyperresponsiveness,* while
environmental exposures such as allergens, pollution, and
infections serve as triggers that precipitate clinical
manifestations.'>?

Lung cancer, which is responsible for an estimated 2.2 million
new cases and 1.79 million deaths annually, arises from both
genetic predispositions and environmental risk factors.>* Family
history increases the risk of lung cancer by ~50%, with
heritability estimated to be ~18% higher than that of many
other common cancers.>* In addition, tobacco smoke remains
the dominant environmental risk factor for lung cancer. The
multitude of carcinogenic compounds cause direct damage to
lung epithelial cells and trigger inflammation.>> This repetitive
cycle of damage and repair from repeated insults results in
carcinogenesis. The combination of genetic and environmental
factors results in a particularly aggressive disease pattern that
has made lung cancer the leading cause of cancer-related deaths
globally.®

PF is another example of lung disease caused by a combination
of external environmental factors and internal genetic factors.
Recent studies have demonstrated that idiopathic pulmonary
fibrosis (IPF), the most common form of progressive fibrotic lung
disease, results from interactions between genetics, the environ-
ment, and aging.>® The damage to type Il alveolar epithelial cells
from the environment is now recognized as a central driver of IPF.
The dysregulated repair following injury results in irreversible
fibrotic scarring of lung tissue, lung dysfunction, and progresses to
respiratory failure.>” In addition to epithelial type Il cells, other cell
types including hematopoietic cells, stromal cells, and endothelial
cells contribute to the pathogenesis of IPF.383°

Unique characteristics of neonatal respiratory diseases

Neonatal respiratory diseases significantly differ from adult
diseases because of the ongoing developmental processes in
the lung tissue. The immaturity of the neonatal pulmonary system
creates unique developmental vulnerabilities.*® This developmen-
tal context means that neonatal pulmonary diseases cannot
simply be understood through the same lens as adult diseases but
require specialized knowledge of lung development.

Neonatal disorders such as bronchopulmonary dysplasia (BPD)
and alveolar capillary dysplasia with misalignment of pulmonary
veins (ACDMPV) are notable iatrogenic or genetically derived
pediatric ailments.*’*? The unique nature of neonatal respiratory
diseases extends beyond their immediate clinical impact, with
lasting implications that even appear in adulthood. Pulmonary
complications represent a leading cause of illness, impaired
growth, and mortality in neonates, particularly those born
prematurely.*® The specialized nature of these conditions requires
dedicated research efforts that account for the dynamic nature of
the developing lung and the complex interactions between
genetic predisposition, environmental exposures, and develop-
mental timing.

Taken together, pulmonary diseases can be driven by infections,
environmental exposures, genetic abnormalities, and neonatal
lung immaturity. These diverse challenges highlight the need for

Signal Transduction and Targeted Therapy (2026)11:358

Precision nanomedicine for pulmonary diseases: from molecular targeting...
Deng et al.

innovative delivery strategies such as nanoparticle-based systems
(Fig. 1).

ADVANTAGES OF NANOPARTICLE SYSTEMS IN BIOMEDICAL
APPLICATIONS

Unique size-dependent features for nanoparticles

Nanomaterials have advanced significantly and are now widely
applied across various biomedical fields, including cancer
theranostics,** vaccine development,** and in vivo imaging.*®
These materials in the nanoscale size range demonstrate unique
physicochemical properties that make them particularly valuable
for medical applications. One key feature of nanomaterials is their
exceptionally high surface-area-to-volume ratio, which enhances
their interaction with biological molecules.*” This property is
critical for applications like drug or gene encapsulation, where a
higher surface area allows for greater therapeutic loading
capacity.*® Moreover, the surface chemistry of nanomaterials can
be precisely engineered through functionalization strategies such
as ligand conjugation,*® elemental doping,®® or compositing with
other nanomaterials.’’ The specific size also provides nanoparti-
cles with distinctive physical properties. For instance, super-
paramagnetic nanoparticles and quantum dots are two highly
promising classes of nanomaterials in biomedical applications, as
both exhibit size-dependent behaviors.

When magnetic particles are below the critical size for
maintaining multiple magnetic domains at the nanoscale, each
nanoparticle becomes a single magnetic domain. These singular
domains can rapidly flip their magnetization direction and
eliminate magnetic hysteresis at room temperature.’? Super-
paramagnetic nanoparticles offer unique advantages for biome-
dical applications due to their ability to respond to external
magnetic fields while avoiding agglomeration in the absence of
external magnetic fields>® This behavior enables magnetic
resonance imaging,”* magnetic guide targeting,”> and magnetic
hyperthermia®® in biomedical applications. Similarly, quantum
dots are semiconductor nanocrystals with dimensions comparable
to or smaller than the Bohr exciton radius. When their size is
confined within the 1-20 nm range, quantum confinement effects
restrict the motion of charge carriers (electrons and holes) in all
three spatial dimensions. This phenomenon results in unique
optical and electronic properties, including high photostability,
broad absorption spectra, narrow and size-tunable emission
wavelengths, and excellent biocompatibility, all of which make
quantum dots particularly attractive for biomedical imaging and
sensing applications.>”

Biocompatible liposomal formulations, such as amikacin lipo-
some inhalation suspension (ALIS), consist of small liposomes with
a size range of 200-300 nm. This specific size range allows for
sterile filtration during processing and facilitates enhanced uptake
by pulmonary macrophages to eliminate pathogens that persist
within these cells. The size-dependent internalization of these
liposomes enables the delivery of high antibiotic concentrations
directly to the intracellular site of infection, overcoming the
limitations associated with free drug delivery.®®

Nanoparticle-based platforms offer comprehensive solutions to
overcome the fundamental limitations that conventional delivery
methods have struggled to overcome. These systems can protect
therapeutic cargo from degradation or aggregation, enhance
cellular uptake through size- dependent mechanisms, facilitate
endosomal escape after entering the cells, and provide tissue or
cell-specific targeting.>*°

Enhancing therapeutic stability and controlled release

In physiological conditions, hydrophobic drug molecules tend to
interact with each other, leading to the formation of aggregates
that reduce bioavailability and therapeutic efficacy. Many devel-
oped drug candidates are poorly soluble. Specifically, ~40% of
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Pulmonary Diseases and Nanoparticle-Based Therapies
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Fig. 1 Pulmonary diseases arise from diverse causes, including external insults and environmental factors, as well as genetic conditions that result
in structural and functional abnormalities. Immature lungs of neonates are especially vulnerable to pulmonary diseases due to ongoing
development. Nanoparticle-based delivery systems offer strategies to overcome therapeutic challenges by stabilizing therapeutic cargo, reducing
off-target effects and systemic toxicity, and enabling transport across biological barriers. Created with Biorender.com

approved drugs and ~90% of those in the development pipeline
are poorly soluble®® Some highly hydrophobic drugs are
thermodynamically unstable, leading to colloidal instability,
aggregation, and rapid crystallization in physiological environ-
ments. At the molecular level, the high interfacial tension (y)
between these hydrophobic drugs and water results in a positive
Gibbs Free Energy (AG>0) for the dispersed state. To reach a
lower energy state (AG < 0), the system spontaneously minimizes
the surface area (AA) of the drug molecules, leading to
aggregation. This process can be described by the Gibbs Free
Energy equation:

AG = AH — TAS
AH = yMA

Where AH is the change in enthalpy, AS is the change in
entropy, y is interfacial tension, and AA is the change in surface
area. This behavior limits their formulation for injectable or
inhalable delivery and restricts the achievable therapeutic
concentrations in lung tissues. Nanoparticles address these
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limitations by providing a hydrophilic surface around the
hydrophobic therapeutic agent, thereby lowering interfacial
tension and moving the Gibbs Free Energy of the system toward
zero to enhance physical stability. In addition, the nanoparticle
structure functions as a molecular cage that induces steric
hindrance, trapping the drug in an amorphous or small
nanocrystalline state. This configuration prevents hydrophobic
molecules from reorganizing into large, insoluble lattices. There-
fore, nanoparticle encapsulation stabilizes the dispersed state by
inhibiting crystallization and aggregation, facilitating clinically
compatible aqueous administration. Beyond preventing aggrega-
tion, the encapsulation of hydrophobic drugs protects them from
enzymatic degradation, thereby extending circulation time and
improving therapeutic outcomes.®’ Recently, nanoparticles have
been developed to enhance the stability of hydrophobic drugs
through various encapsulation mechanisms. A common strategy
involves amphiphilic molecules to create lipid-based or polymeric
nanoparticles.®> These nanoparticles are designed with hydro-
phobic cores to encapsulate drug molecules and hydrophilic
surfaces to prevent aggregation in biological environments.
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Another effective approach for stabilizing hydrophobic drugs is
the use of inorganic nanoparticles, particularly those with
mesoporous structures like mesoporous silica nanoparticles or
iron oxide nanoclusters.%® These materials possess high surface
areas, large pore volumes, and tunable pore sizes, making them
ideal platforms for drug encapsulation. Hydrophobic drugs can be
loaded into the mesoporous nanoparticle structures using solvent-
based approaches such as incipient wetness impregnation or
solvent evaporation methods.®*

Similarly, nucleic acid molecules face significant delivery
challenges due to their susceptibility to nucleases in biological
fluids.®> Messenger RNA (mRNA) and plasmid DNA are typically
vulnerable to degradation and poor uptake by target cells.%® For
example, stabilized mRNAs are widely used for gene therapies.
However, mRNA molecules are highly susceptible to degradation
by ubiquitous ribonucleases (RNases).®” RNase enzymes can cleave
the phosphodiester backbone of nucleic acids within minutes of
administration, limiting their therapeutic potential.®”*® Nanopar-
ticle systems provide protection for nucleic acids through physical
encapsulation and surface shielding that effectively guard from
nuclease-rich environments.® Lipid-based nanoparticles, which
achieved remarkable success with mRNA vaccines, form protective
bilayers that encase nucleic acids within their interior, shielding
them from enzymatic degradation.’”® On the other hand,
polymeric nanocarriers often employ electrostatic interactions
between cationic polymers and anionic nucleic acids to form
condensed nanostructures that sterically hinder nucleases from
reaching the phosphodiester bonds.®®

Nanoparticle-based delivery systems also offer precise control
over the release of therapeutic cargos. This controlled release
capability addresses several fundamental challenges in drug
delivery, including the maintenance of effective therapeutic
concentrations, reduction of systemic toxicity, and overall
enhancement of clinical outcomes.”’ Currently, nanoparticle-
controlled release strategies are broadly categorized into two
types: sustained release systems and stimuli-responsive systems.
Sustained release systems are designed to provide a continuous
and prolonged release of encapsulated therapeutics. Stimuli-
responsive systems enable on-demand release of cargos triggered
by specific stimuli.

Sustained release primarily relies on the degradation of the
polymer matrix in the nanoparticles. For example, poly(lactic-co-
glycolic acid) (PLGA) nanoparticles represent the most advanced
sustained release platform. The biodegradable nature of PLGA
enables controlled drug release through matrix degradation, with
release profiles that can be engineered from hours to months.”? A
diffusion-controlled mechanism for a “steady state” release of
drug involves the permeation of drug through polymeric networks
at a steady rate. While PLGA is widely recognized for its high
biocompatibility and biodegradability, the accumulation of acidic
monomers (lactic and glycolic acids) during polymer hydrolysis
can significantly lower the local tissue pH. This localized acidity
may cause tissue irritation or adversely affect myofibroblast
differentiation.”® Furthermore, studies indicate that PLGA nano-
particles can interact with the lung surfactant film, where the
hydrophobic nature of PLGA polymers is associated with higher
particle retention at the interface, which intensifies the inhibition
of surfactant function.”* In contrast, stimuli-responsive nanopar-
ticles, also known as “smart” nanoparticles, are designed to
undergo conformational or chemical changes in response to
specific triggers, enabling on-demand drug release.”® Stimuli can
be classified as internal (endogenous) and external (exogenous)
triggers.”® Internal stimuli involve biological cues specific to
disease states.”” For example, the tumor microenvironment
presents disease-specific characteristics, which include lower pH
levels (pH 5.6-6.8) compared to physiological pH (7.4). This feature
can be used to trigger the pH-sensitive polymer degradation and
therapeutic cargo release from the nanoparticles.”® Similarly, the
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high concentration of glutathione (GSH) in cancer cells presents a
highly translatable mechanism for triggering controlled drug
release from redox stimuli-responsive nanoparticles.”® Stimuli-
responsive nanoparticles designed to respond to GSH often
incorporate disulfide (S-S) bonds within their hydrophobic cores.
Upon cellular uptake, the high GSH levels within tumor cells
reduce and break these disulfide bonds, destabilizing nanoparti-
cles and facilitating the release of therapeutics.®® Conversely,
external stimuli are applied outside the body to trigger a
nanoparticle response, offering precise control of therapeutic
release.®! Among these, near-infrared (NIR) light, magnetic fields,
and ultrasound are particularly promising due to their non-
invasive nature and deep tissue penetration.”>®? NIR-responsive
nanoparticle systems typically contain photothermal agents that
absorb NIR light, generating localized heat to disrupt the
nanoparticle structure and trigger drug release.® Similarly,
magnetic nanoparticles subjected to an alternating magnetic
field produce heat through magnetic hyperthermia, which can
activate drug release from thermosensitive nanoparticle carriers.®*
Ultrasound stimulation exerts both thermal and mechanical
effects: acoustic energy can be converted into heat to induce
drug release, while cavitation effects, particularly from ultrasound-
induced microbubble collapse, can mechanically disrupt nano-
carriers and promote cargo release.®®

Enhancing cellular uptake and endosomal escape

The mammalian cell membrane is the primary barrier to drug or
nucleic acid delivery due to the phospholipid bilayer, which
selectively restricts the passage of therapeutic molecules based on
their physicochemical properties.®® Because of the hydrophobic
nature of the bilayer, hydrophilic drugs struggle to pass through
because of their polarity. The efficiency of cellular delivery varies
significantly depending on molecular characteristics, creating
distinct challenges for different classes of therapeutics used in
pulmonary medicine. Small molecule drugs with molecular
weights below 1 kDa primarily rely on passive diffusion for cellular
entry, but their penetration efficiency is heavily influenced by their
lipophilicity and compatibility with cellular membrane bilayers.®”
Patton et al. demonstrated that for small molecules between 100
and 1000 Da, absorption rates are primarily dictated by lipophi-
licity rather than size, as lipophilic drugs rapidly utilize transcellular
pathways; however, their overall penetration efficiency remains
modulated by dissolution kinetics within the lung’s limited
mucosal fluid.®%° Hydrophilic compounds experience difficulty
crossing lipid bilayers, limiting their intracellular concentrations.”
In contrast, biological macromolecules exceeding 1kDa cannot
diffuse across membranes and must be internalized through
active processes like endocytosis.”’ However, due to their high
molecular weight and lack of specific receptor interactions, these
macromolecules often demonstrate low uptake efficiency.®’
Similarly, due to the large size and strong polyanionic nature,
nucleic acids are inherently inefficient at traversing lipophilic
cellular membranes via passive diffusion.’>**

To overcome these limitations, nanoparticle-based delivery
systems use active transport mechanisms to facilitate cellular
uptake.”® The size of nanoparticles allows for recognition and
internalization through various endocytic pathways, including
clathrin-mediated endocytosis,”® caveolin-mediated endocytosis,”®
and macropinocytosis.”” These active uptake processes significantly
enhance cellular internalization.”® The physicochemical properties
of nanoparticles, including size, shape, surface charge, and
mechanical stiffness, play a critical role in determining their
interaction with the plasma membrane and their preferred
internalization pathway.”>"'®" For example, nanoparticles between
100 and 150nm tend to enter cells via clathrin-mediated
endocytosis, while particles in the 60-80nm range favor
caveolae-mediated uptake.'® Larger particles, ranging from 500
to 1500 nm, are typically internalized through macropinocytosis.' %2
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Additionally, particle shapes influence cellular uptake: spherical
nanoparticles are more likely to utilize clathrin or caveolin-mediated
endocytosis, whereas rod-shaped or elongated particles can
engage the macropinocytosis pathway.'” Nanoparticles with
phospholipids, such as lipid-based nanoparticles or cell
membrane-coated nanoparticles, offer unique advantages due to
their ability to fuse directly with cellular membranes. This property
bypasses endocytic entrapment and facilitates efficient intracellular
cargo delivery into the cytosol.**'%*

The surface chemistry of nanoparticles can be precisely
engineered to optimize cellular uptake. Coating nanoparticles
with cationic polymers (such as chitosan or polyethyleneimine)
can neutralize the negative charge of nucleic acids while
enhancing electrostatic interactions with negatively charged cell
membranes.'®® Cell-penetrating peptides (CPPs) represent one of
the most effective strategies for overcoming membrane barriers.
CPPs can be conjugated to nanoparticle surfaces to dramatically
improve membrane translocation.'®® They typically comprise 4-40
amino acids that are rich in positively charged residues such as
arginine and lysine to facilitate membrane and cellular inter-
nalization.'”” Recent studies have reported that CPP modification
of nanoparticles can improve cellular uptake by 50-fold compared
to unmodified counterparts.'®®

However, successful internalization is not sufficient to deliver
functional cargos, endosomal escape is a critical challenge for
intracellular delivery. After endocytosis, large molecules, including
nucleic acids, frequently become entrapped in endosomes and are
ultimately degraded in lysosomes, substantially reducing their
intracellular bioavailability and therapeutic potential.'®® Recent
studies show that >2% of internalized therapeutic small interfering
RNAs (siRNAs) escape from endosomes and reach the cyto-
plasm."'® Specialized nanoparticle formulations have been
designed to address this challenge. The proton sponge effect
relies on the buffering capacity of ionizable materials to disrupt
endosomal membranes.''! The protonation of amine groups on
the nanoparticles in acidic endosomal and lysosomal environ-
ments leads to chloride ion influx, osmotic swelling, and
membrane rupture.''? Similarly, ionizable lipid nanoparticles
facilitate endosomal escape by undergoing charge conversion in
the acidic environment, allowing them to bind and fuse with the
endosomal membrane, thereby releasing their cargo into the
cytosol."®*

Enhancing tissue-specificity and cell-specific targeting
Active targeting. The development of engineered nanoparticle
delivery systems has introduced powerful strategies to overcome
the longstanding obstacle of non-specific biodistribution of
therapeutic drugs and nucleic acids. These technologies have
revolutionized the field by allowing for enhanced precision in
targeting pathological sites. Active targeting, also referred to as
receptor-mediated targeting, is one of the most effective
techniques for achieving cellular specificity. This method involves
decorating the surface of nanoparticles with functional ligands
that selectively bind to surface receptors unique to target cells.'’
By employing ligands with high affinity and molecular recognition
specificity, nanoparticles are able to preferentially accumulate and
are internalized by target cells, while minimizing uptake by off-
target tissues.' ™

Antibodies, or immunoglobulins (Ig), are among the most
extensively used ligands for nanoparticle surface modification due
to their extraordinary specificity and affinity for antigens.
Structurally, antibodies are Y-shaped molecules composed of
two heavy chains and two light chains. They are classified into five
major isotypes, IgA, IgD, IgE, IgG, and IgM, based on their structure
and function.''> Among these, IgG is the most abundant in human
serum and is widely utilized in therapeutic applications and
nanoparticle functionalization.''® To conjugate antibodies onto
the surface of nanoparticles, physical or ionic adsorption can be
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employed.""” Physical adsorption relies on hydrophobic interac-
tions, often resulting in conformational changes and random
antibody orientations, which could compromise biological activ-
ity."'® lonic adsorption utilizes electrostatic interactions based on
surface charge density of antibodies, offering better orientation
but vulnerable to displacement by serum proteins.''® Both
methods require high antibody concentrations, increasing cost
and limiting widespread application.'’® Moreover, adsorption
methods depend on weak intermolecular forces, which result in
reduced stability.'® Compared to absorption strategies, covalent
conjugation provides increased stability and properly oriented
antibody attachment. One of the most widely used approaches is
carbodiimide chemistry, where 1-ethyl-3-(-3-dimethylaminopro-
pyl) carbodiimide (EDC) activates carboxyl groups on nanoparti-
cles to form stable amide bonds with primary amines on
antibodies. The addition of NHS (N-hydroxysuccinimide) enhances
coupling efficiency.'®® Thiol-maleimide mediated conjugation is
another approach for covalently binding antibodies to nanopar-
ticles via coupling of disulfide bonds."?' This approach involves
reduction of antibody disulfide bonds to generate free thiol
groups that react with maleimide-functionalized nanoparticle
surfaces through Michael addition. The maleimide groups have
high selectivity for the thiol side chain of cysteine on the antibody
proteins.'?? Despite their effectiveness, these traditional covalent
approaches could still result in random antibody orientations and
partial masking of the antigen-binding (Fab) region. To address
these limitations, click chemistry was introduced to enable site-
specific bioconjugation.'? Click chemistry encompasses a group
of bioorthogonal reactions characterized by simplicity, high yield,
and biocompatibility, producing minimal byproducts under mild
conditions.'* Common click chemistries include Copper(l)-Cata-
lyzed Azide-Alkyne Cycloaddition (CuAAC), Strain-Promoted
Azide-Alkyne Cycloaddition (SPAAC), Diels-Alder and Inverse
Electron Demand Diels-Alder (IEDDA) reactions, Staudinger liga-
tion, Sulfur Fluoride Exchange (SuFEx), and photo-triggered
reactions.'>*'?” Alternatively, protein adaptors can be employed
to immobilize antibodies onto nanoparticle surfaces in a
consistent and functionally active orientation.'?® These adaptors
bind specifically to the conserved Fc region of IgG antibodies,
leaving the Fab domain accessible for antigen recognition. This
approach allows for the exchange of antibodies to recognize
different targets.'*®

In addition to antibodies, peptides are increasingly utilized as
targeting ligands because of their smaller size, high synthetic
accessibility, structural versatility, and reduced immunogenicity.
Peptides also possess functional groups amenable to chemical
conjugation using methods similar to conjugation of large
proteins. Importantly, both the peptide’s primary sequence, which
dictates receptor binding, and its secondary/tertiary conformation,
which determines structural stability and bioactivity, must be
considered. For example, the Arg-Gly-Asp (RGD) peptide sequence
is widely recognized for its high affinity toward avp3 integrins,
which are abundant on lung cancer cells and tumor-associated
endothelial cells."*° Functionalization of nanoparticles with RGD
peptides can significantly enhance targeted drug delivery through
integrin-mediated internalization. However, linear RGD peptides
are prone to rapid proteolytic degradation under physiological
conditions. To enhance stability and binding efficiency, cyclic RGD
(cRGD) peptides have been developed. The cyclic configuration
offers a rigid structure which resists proteolytic cleavage and
preserves receptor-binding conformations, thereby improving
bioactivity and targeting performance.”®' Moreover, the mode of
attachment of peptides onto nanoparticles significantly influences
functionality.132 For instance, it has been demonstrated that cRGD
peptides must be linked to plasmonic nanoparticles using a long
poly(ethylene glycol) (PEG) chain and a short oligolysine spacer to
maintain optimal spatial presentation. Direct linkage of cRGD to
PEG without a spacer can impair targeting capability.’** Ligand
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density should also be considered, as moderate densities
(~0.2-0.5 ligands per nm?) yield better targeting efficiency by
avoiding steric hindrance and clustering effects.'>*

In addition to proteins and peptides, other small biomolecules
can be used as targeting ligands and offer several advantages,
such as simplicity of the conjugation chemistry, high manufactur-
ability, and low cost.'*> However, because small molecules
typically form weak non-covalent interactions with their targets,
the associated receptors must possess deep binding pockets to
ensure sufficient specificity and affinity.'*® A prominent example is
folic acid (FA), a vitamin that binds strongly to folate receptors
(FRs)."*” FRa receptor is overexpressed in a variety of cancer cells,
whereas FRB is found on activated macrophages implicated in
autoimmune and inflammatory diseases. Both FRa and FRP exhibit
strong binding affinity (K4 = 10" mM) to FA.'** Published studies
show that FA-functionalized nanoparticles accumulate in tumor
lung tissues and myeloid cells adjacent to fibrotic lung regions
due to their respective FRs, highlighting the potential translational
use in lung cancers and PF.'*® Aptamers are another class of
biomolecule used for nanoparticle functionalization. These syn-
thetic single-stranded DNA or RNA fold into unique three-
dimensional conformations that confer affinity and specificity.
Typically, an aptamer contains 40-100 nucleotide bases, with the
sequence itself dictating 3D structure and binding capabilities.'*®
Their production is scalable and cost-effective using Systematic
Evolution of Ligands by Exponential Enrichment (SELEX), a high-
throughput process that iteratively selects high-affinity aptamer
sequences from a large combinatorial library."*® These unique
features make aptamers particularly attractive for lung-targeted
drug and gene delivery via nanoparticles.

Passive targeting. In contrast to active targeting strategies,
passive targeting relies on the intrinsic physicochemical properties
of nanoparticles. Unlike active targeting, which often requires
ligand-receptor interactions at the cellular interface, passive
targeting allows nanoparticles to achieve organ-selective deposi-
tion during circulation. This approach avoids the cost and
complexity of ligand conjugation, which can be further compro-
mised by protein corona formation in biological fluids. Protein
coronas, formed by serum proteins adsorbing onto nanoparticle
surfaces, can obscure targeting ligands and reduce binding
efficacy.'' The degree to which protein coronas impair targeting
depends on the molecular size of the ligand. Small ligands (e.g.,
peptides or single domain antibodies) are easily masked
compared to large antibodies.'*?

Passive targeting is largely influenced by formulation and
structure of the nanoparticles, which leads to different physico-
chemical properties including size and surface charge. Hydro-
dynamic size can directly influence the fate of the nanoparticles in
the organs/tissues that are targeted. Nanoparticles larger than
150 nm are typically cleared from the peripheral blood by Kupffer
cells in the liver, while those larger than 200 nm are removed in
the spleen.'”'™ In contrast, nanoparticles smaller than 6 nm
(hard NPs) or 10 nm (soft NPs) are filtered by the kidneys and
excreted via the urine.'* Thus, for lung-targeted intravenous
delivery, nanoparticles should be designed within an optimal size
range (often between 60 and 120 nm) to avoid clearance by other
organs and enhance accumulation in pulmonary tissues. This is
particularly important because the lung possesses an extensive
microvascular network with relatively low blood flow velocities,
which favor entrapment of nanoparticles in this size range.'*>'%¢
Cellular uptake mechanisms are also dependent on the size of the
nanoparticles. Clathrin-mediated endocytosis typically favors
particles in the 100-150 nm range, whereas caveolae-mediated
endocytosis is more efficient for smaller nanoparticles between
60-80 nm.'%>'71%8 Caveolin-1 protein (Cav-1) is critical for the
formation and function of caveolae, regulating cargo uptake and
trafficking, and it is highly expressed in lung tissues.'*® Published
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studies showed that Cav-1 is overexpressed in lung cancer.'®
Thus, nanoparticles engineered in the optimal size window are
efficient for both tissue- and cell-level passive internalization.

In addition to size, surface charge of the nanoparticles plays a
critical role in cell-specific targeting. The lungs contain a dense
network of capillary endothelial cells, especially in the alveolar
region in which gas exchange occurs.'®' The dysfunction of these
endothelial cells contributes to a variety of pulmonary patholo-
gies, thus lending itself as an attractive target for targeted,
therapeutic intervention.'®>'*® The apical surface of endothelial
cells is coated with a negatively charged glycocalyx, composed of
an anionic network of glycosaminoglycans, glycolipids, and
glycoproteins.'>® Positively charged nanoparticles interact more
readily with this negatively charged surface, enhancing cellular
uptake. For example, PEI/PEG-based polyplex nanoparticles
carrying nucleic acids were shown to selectively transfect
pulmonary endothelial cells after intravenous administration
without significant uptake of other lung cell types, underscoring
the role of positive charge in endothelial cell delivery.*® In
contrast, negatively charged nanoparticles are more likely to be
excluded by the glycocalyx and pass through endothelial
junctions without being internalized.'*®'>> Pathological changes
in cell surface charge can be leveraged for passive targeting.
Cancer cells, including those in the lung, typically exhibit
negatively charged membranes due to altered glucose metabo-
lism, a phenomenon known as the Warburg effect.*® In 1920,
Otto Warburg found that tumors used more glucose compared to
the surrounding tissues."”” This phenomenon is also called
“aerobic glycolysis” because cancer cells ferment glucose, produ-
cing lactate in the presence of oxygen."*® In normal cells, the
presence of oxygen favors oxidative phosphorylation eliminating
the shunt for lactate production. Compared to the complete
aerobic respiration of glucose, glycolysis is inefficient in producing
adenosine triphosphate (ATP). The same amount of ATP produced
by aerobic respiration would require a higher amount of glucose
using glycolysis. As a result, the lactate produced from aerobic
glycolysis 10-100 times faster.®® Thus, the behaviors of high
glucose uptake level and lactate secretion are regarded as the
most distinguishable metabolic patterns of cancer cells. Most
importantly, the abnormal cross-membrane movement of lactate
in the tumor cells can neutralize cationic ions like sodium. Thus,
the net surface charge on cancer cells is usually negative, which
can be explored for targeting cancer cells.'*® Nanoparticles with a
positive surface charge can significantly enhance cancer cell
targeting efficiency.'®® More importantly, the positive charge
retains a strong electrostatic interaction with cancer cells in the
presence of protein coronas.'®® Thus, charge-mediated targeting
is a robust and scalable strategy for nanoparticle design
considerations.

Other targeting. To further improve targeting efficiency, external
physical forces can be applied to guide nanoparticle accumulation
at desired sites. Among these, magnetic targeting has been
recently explored. In this strategy, superparamagnetic iron oxide
nanoparticles (SPIONs) are incorporated into delivery systems and
guided to specific anatomical regions using externally applied
magnetic fields. Computational models have shown that magnetic
fields applied near bifurcating airway regions can dramatically
enhance deposition efficiency in the pulmonary acinar regions,
achieving ~100% localization of magnetized nanoparticles.'®’
These predictions have been validated in experimental settings.
For instance, inhalable nano-in-microparticles composed of
SPIONs and solid lipid matrices have demonstrated enhanced
lung tumor accumulation under magnetic guidance.'®? In vivo
studies showed that magnetic activation increased lung deposi-
tion of SPIONs by more than tenfold in targeted lung lobes
compared to lung lobes without magnetic activation.'®® Beyond
pulmonary administration, magnetic targeting via intravenous
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injection has also been demonstrated. For example, SPION-loaded
mesenchymal stromal cells were intravenously administered into
mice with experimental silicosis.'®® Application of an external
magnetic field significantly improved lung retention of the
magnetized mesenchymal stromal cells and associated
nanoparticles.'®*

Ultrasound-guided targeting is another promising method that
uses ultrasound-microbubble interactions to enhance vascular
permeability and facilitate deeper nanoparticle penetration.
Oscillating microbubbles generate mechanical forces such as
acoustic microstreaming, shockwaves, and microjets, which
transiently disrupt endothelial junctions.'® A recent study
employed Fe;O, nanocarriers in combination with ultrasound to
induce sonoporation and cavitation. This procedure enhanced
nanoparticle accumulation in deep-seated lung tumors and
improved the efficacy of non-small cell lung cancer (NSCLC)
therapy.'® In summary, the distinctive properties of nanoparticles,
including high capacity for efficient drug encapsulation, protec-
tion and stabilization of therapeutic agents, promotion of cellular
uptake, and the ability to achieve controlled release of therapeutic
cargos, provide a versatile platform for overcoming major
limitations of conventional therapies in pulmonary diseases (Fig.
2).

In summary, nanoparticle designs can be used to enhance
targeting efficiency. Physicochemical properties of nanoparticles
are fundamental to the targeted strategies. In passive targeting,
these properties directly affect nanoparticle behavior by influen-
cing interactions with cells or tissues. In contrast, physicochemical
properties influence active targeting indirectly by determining the
accessibility of surface-conjugated ligands. For example, if a
nanoparticle size exceeds the critical thresholds required for lower
respiratory tract deposition or mucus penetration, the surface-
conjugated ligands will have minimal opportunity to interact with
targeted cells, thereby significantly decreasing active targeting
efficiency. Similarly, an inappropriate surface charge or high
surface free energy can promote the rapid formation of a protein
corona, which may mask surface-conjugated ligands, particularly
smaller moieties like peptides, and prevent molecular recognition
by target receptors. Furthermore, other targeting strategies like
magnetic field guidance are inherently dependent on these
properties because superparamagnetic behavior is a strictly size-
dependent phenomenon. Therefore, the rational engineering of
nanoparticles with optimized physicochemical properties is not
merely a feature of passive distribution but is a key requirement
for the precision and efficacy of active targeting systems in
pulmonary nanomedicine.

NANOPARTICLE ADMINISTRATION FOR PULMONARY
THERAPEUTIC DELIVERY

Nanoparticle-based delivery systems have emerged as a transfor-
mative platform for overcoming the intrinsic barriers that limit the
efficacy of gene and drug therapies in the treatment of pulmonary
diseases.">"'>* Owing to the unique anatomical and physiological
characteristics of the lung, nanoparticles can be administered via
two distinct routes: pulmonary and systemic (Fig. 3). The selection
of the optimal administration route primarily depends on the
specific cell types targeted and the therapeutic objectives, as each
method presents fundamentally different biological barriers that
must be carefully considered during the design of nanoparticle-
based therapies.'*®

Pulmonary administration

Pulmonary administration (intratracheal or intranasal routes)
represents one of the most promising approaches for nanoparticle
delivery to lung tissues.'* This route offers several critical
advantages, with the most significant benefit of this route being
the direct access to lung tissues, thereby increasing local
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concentration and enabling a rapid onset of therapeutic action.'®’
By bypassing first-pass hepatic metabolism, pulmonary delivery
can also reduce systemic toxicity and the required therapeutic
dosage.'*'®” Liposomal ciprofloxacin is delivered by the
pulmonary route, providing sustained drug release to improve
therapeutic efficiency and tolerability. Nanoparticle formulations
designed for pulmonary delivery enhance the penetration of
bacterial biofilms and facilitate the treatment of infections in
airways.'®® Furthermore, the pulmonary route provides a con-
venient method of therapeutic administration using appropriate
inhalation devices. This feature is particularly crucial for chronic
conditions requiring frequent dosing and long-term therapy in
home settings.'®’

Despite these notable advantages, several significant barriers
restrict the effectiveness of pulmonary nanoparticle delivery to
lung cells, necessitating the careful design of the nanoparticle
delivery system to overcome these obstacles. The hierarchical,
branching architecture of the human respiratory tract results in
distinct regional differences in airway diameter and airflow, which
in turn critically influence nanoparticle deposition based on
size.'*17% particles exceeding 5 um in diameter primarily deposit
in the upper airways because their inertia prevents them from
following changing airflow patterns, leading to collisions with
airway walls."”! Conversely, published studies have reported that
particle diameters between 1 and 5pum are most effective for
deposition in the lower respiratory tract of the lungs, given that
particles smaller than 1 um can be easily exhaled.'®*'”° Although
small particles have a greater potential to be exhaled, this is offset
by their enhanced capability to be distributed throughout the
entire lungs and reach the distal airways and alveoli with a high
pulmonary diffusion efficiency.'’? In the alveolar region, where air
velocity approaches zero, only particles with a diameter <500 nm
can deposit effectively via Brownian diffusion and electrostatic
attraction.'’® Numerous studies have demonstrated that nano-
particles smaller than 200 nm exhibit enhanced lung distribution
and retention.'”"7*"7* |t is important to distinguish between
pulmonary deposition and pulmonary cellular uptake, as they
occur at different biological scales. Pulmonary deposition is an
anatomical phenomenon where particles are distributed across
the respiratory system. In contrast, pulmonary cellular uptake is a
cellular-level process involving the interaction between a particle
and the cell membrane. While deposition defines the anatomical
location of the particles, cellular uptake describes the specific
interaction of nanoparticles with targeted cells.

The airway mucus barrier is another critical challenge in
pulmonary delivery, significantly impacting the efficacy of
nanoparticle-based therapeutic systems designed to target lung
cells. Secreted primarily by goblet cells, the airway mucus layer
covers the epithelial surfaces in the trachea and conducting
airways, acting as a line of defense to protect the epithelium from
foreign substances such as pathogens and pollutants.'”® This
complex viscoelastic gel can trap inhaled nanoparticles, leading to
their rapid clearance from the lungs and setting a limited time
window for pulmonary delivery, especially in chronic respiratory
diseases where mucus is overproduced and increased mucus
viscosity is prevalent.'’® To overcome mucociliary clearance,
nanoparticles must penetrate the gel layer of mucus and rapidly
enter the periciliary space®'” Mucus possesses a mesh-like
network with pore sizes ranging between 100 and 200 nm.'”® The
mucus layer generally filters out larger nanoparticles, with only
small particles, particularly those smaller than 100 nm, being
capable of penetrating the mucus efficiently.'” Thus, the mucus-
penetrating ability of nanoparticles is size-dependent, with smaller
nanoparticles having a higher chance to overcome this barrier. On
the other hand, mucociliary clearance typically removes nanopar-
ticles that directly interact with mucus molecules. The mucus layer
is composed of ~98% water, 1% salts, and 0.3% mucin
glycoproteins.'® Mucins contain negatively charged domains
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Fig. 2 Nanoparticles display unique nanoscale properties such as a high surface area-to-volume ratio, superparamagnetism, and quantum
confinement, which enable efficient drug encapsulation, versatile surface engineering, magnetic applications, and advanced imaging. These
nanocarriers can prevent degradation and aggregation of therapeutic cargo, thereby maintaining the stability of therapeutic agents during
delivery. Nanoparticles can provide controlled and stimuli-responsive release in response to pH, redox conditions, magnetic fields, or light.
Nanoparticle delivery systems can also improve targeting efficiency to specific tissues and cells through active targeting or passive targeting.
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that can interact with positively charged nanoparticles. Published
studies have shown that amine- and carboxyl-modified nanopar-
ticles are trapped in mucus due to electrostatic interactions and
hydrogen bonding with mucins.'®" Additionally, mucins possess
periodic hydrophobic naked protein globular domains, causing
nanoparticles with hydrophobic surfaces to strongly adhere to
mucus components, thereby becoming immobilized within the
mucus network.'® To minimize these adhesive interactions,
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nanoparticles must be engineered to exhibit hydrophilic, neutrally
charged surfaces. PEGylation represents the most widel1y studied
approach for creating mucus-penetrating nanoparticles.”®’ Dense
PEG coatings shield nanoparticles from adhesive interactions with
mucus constituents, allowing rapid diffusion through the mucus
layer.'®? Notably, the efficacy of PEGylation depends more on the
surface density of PEG than its molecular weight.'®® A high density
of PEG chains on the nanoparticle surface creates a brush-like
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conformation, which effectively shields the nanoparticle core from
adhesive interactions with mucin, a primary component of
mucus.'®""'8* Despite the benefits of PEGylation, the clinical use
of these formulations is challenged by the induction of anti-PEG
antibodies. These antibodies can cause accelerated nanoparticle
clearance from the peripheral blood, leading to decreased
efficacy. Furthermore, PEGylated nanocarriers may trigger com-
plement activation-related pseudoallergy, a non-lgE-mediated
hypersensitivity reaction triggered by the release of inflammatory
mediators. Addressing the “PEG dilemma” requires balancing the
necessary benefits of stealth and stabilization against the risks of
immunogenicity.'®® In addition to PEGylation, several alternative
modifications have been reported to enhance mucus penetration.
For instance, zwitterionic polymers, which contain both positively
and negatively charged moieties, create balanced surface charges
that resist protein and mucin adsorption, reducing mucociliary
clearance and increasing mucus penetration.'®"® Surfactant
coatings can also alter nanoparticle penetration ability. One study
demonstrated that dipalmitoylphosphatidylcholine (DPPC), dipal-
mitoylphosphatidylamine, and dipalmitoylphosphatidylglycerol-
modified nanoparticles are capable of reducing mucus penetra-
tion, while dipalmitoylphosphatidylserine improves the mucus
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permeability of the nanoparticles.'® Other biomolecules such as
Chondroitin Sulfate A or cysteine-constrained heptapeptides have
been reported to assist nanoparticle penetration of the mucus
layer in pulmonary delivery due to their high hydrophilicity and
net-neutral to slightly negative charge."® Mucolytic agents
provide another strategy to enhance mucus penetration. These
include reducing agents and proteolytic enzymes, which break
disulfide bonds in mucins, thereby lowering viscosity and
increasing pore size for easier diffusion of nanoparticles.'’
Moreover, recent studies showed that hydrogen-rich gas inhala-
tion can disrupt non-covalent interactions between nanoparticles
and mucins, effectively enhancing nanoparticle penetration and
leading to improved therapeutic benefits in PF.'*?

Another major challenge in the pulmonary administration
approach is the rapid clearance of nanoparticles by alveolar
macrophages (AMs), which significantly limits nanoparticle
delivery to lung tissues. Several physicochemical properties of
nanoparticles determine macrophage clearance, including size,
surface charge, and surface chemistry.'* Nanoparticle size is one
of the most critical factors influencing AMs clearance. AM uptake
increased as particle size increased within the range of
100-1000 nm, with maximum uptake observed for particles with
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a diameter of 1000 nm, whereas uptake of 100 nm particles was
lower than 4%.'"®> Surface charge also influences interactions
between nanoparticles and AMs. Compared to anionic nanopar-
ticles, cationic nanoparticles exhibit rapid clearance by mono-
nuclear phagocytic systems since the positive charge promotes
cell internalization.'® Cationic nanoparticles can also be inter-
nalized by pulmonary dendritic cells (DCs), stimulating DC
recruitment and maturation in the lung tissue. In contrast, anionic
nanoparticles are typically immunologically inert.'® Several
polymeric materials have been used for nanoparticle modifica-
tions to help the nanoparticles escape from macrophage
clearance. Among these polymers, PEGylation remains the gold
standard for reducing AM clearance through its stealth properties.
PEGylation surface modifications are the most established
approaches to reduce AM clearance of nanoparticles in pulmonary
delivery by creating a hydrophilic and neutral charged surface
layer that minimizes interaction between nanoparticles and
AMs.'?%1%7 Other hydrophilic polymers, such as polyvinyl alcohol
(PVA)'®® and zwitterionic polymers,1 can similarly reduce
macrophage uptake. Lung surfactant proteins also play important
roles in interactions of nanoparticles with AMs. Published studies
have demonstrated that lung surfactant-associated proteins A and
D (SPA and SPD) can enhance AM uptake of nanoparticles.?® In
specific pulmonary conditions such as non-tuberculous mycobac-
terial infections, ALIS (Arikayce) enhances drug uptake into the
macrophages where these pathogens reside, thereby improving
bactericidal efficacy compared to free drug delivery.”®’ However,
phosphatidylcholine modification on nanoparticles causes sig-
nificant aggregation of SPA on their surface, and the SPA
aggregation helps to delay and reduce AM clearance because
macggghages typically do not internalize large aggregates of
SPA.

While both intranasal and intratracheal routes are categorized
as pulmonary administration, they should be treated separately
when designing and evaluating nanoparticle delivery due to
several major differences. Intranasal administration is frequently
used in preclinical studies because it is simple to use and
minimally invasive. However, nanoparticles are initially deposited
in the nasal cavity, where they may be lost in the upper respiratory
tract. In contrast, intratracheal administration delivers nanoparti-
cles directly to the trachea, bypassing the nasal compartment to
provide more controlled pulmonary exposure. Because deposition
profiles, clearance kinetics, and biodistribution may be different
between the two routes, these factors must be considered when
designing nanoparticles. Results from intranasal studies should
not be directly applied to intratracheal administration without
careful consideration of these route-specific differences.

The pulmonary administration of extracellular vesicles (EVs),
particularly exosomes, provides an efficient route for direct
delivery to the respiratory system.2’> These nanovesicles possess
innate tissue-homing properties and low immunogenicity,
enabling them to interact with the pulmonary microenvironment
and evade immune detection more effectively compared to
synthetic lipid-based carriers.?®* Cellular uptake of EVs occurs
primarily through endocytosis, involving specialized pathways
such as clathrin-mediated endocytosis, phagocytosis, and macro-
pinocytosis. Alternatively, EVs may deliver their biological cargo by
directly fusing with the target cell plasma membrane.?®> Upon
internalization, these vesicles transfer functional mMRNA, microRNA,
and proteins that regulate recipient cell behavior and modulate
intracellular signaling pathways. Inhaled EVs have shown potential
in suppressing cytokine storms in ARDS, reducing collagen
accumulation in PF, and providing targeted transport for lung
cancer chemotherapy.?®

The clinical efficacy of inhaled therapeutics depends upon
complex interactions between the nanoparticle formulation
containing therapeutic cargo, the delivery device, and the patient
respiratory anatomy. A primary objective of this delivery system is
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the generation of an aerosol with a mass median aerodynamic
diameter (MMAD) between 1 and 5pm, which can efficiently
reach the alveolar region. Different aerosolization mechanisms
impose specific constraints on nanoparticle (NP) stability and
delivered dose.?® Air-jet nebulizers utilizing high-velocity gas
streams through a small “venturi” nozzle, creating significant shear
forces and air-liquid interface stresses that can induce NP
aggregation or cargo degradation.”®’ In contrast, vibrating mesh
nebulizers (VMNs) utilize high frequency piezo-electric vibration to
force liquid through tapered apertures to generate a fine, slow-
moving mist. This method does not require a high-velocity gas
stream, providing a gentler atomization process suitable for
sensitive structures. VMNs do not heat the medication, making
them suitable for thermolabile biologics. However, VMNs still face
challenges such as aperture clogging and require frequent
maintenance when delivering suspensions or viscous formula-
tions.2%” Pressurized metered-dose inhalers (pMDIs) are also
widely used due to the advantage of providing fixed doses and
easy portability. These devices rely on rapid expansion of
hydrofluoroalkane (HFA) propellants to generate an aerosol
plume. The high aerosol exit velocity often results in significant
oropharyngeal deposition.”®” Over the past two decades, sig-
nificant progress has been made. Currently, pMDIs can achieve
nearly 50% Iung deposition, compared to just 10% during early
development.?®® The success of a pMDI formulation depends on
the drug stability and solubility in the propellants. Unstable
suspensions can lead to erratic particle size distribution and poor
dispersion.?%° Dry powder inhalers (DPIs), on the other hand, offer
a propellant-free, environmentally friendly alternative with
enhanced chemical stability in the solid state.?®® These devices
can be classified as either passive (breath-actuated) or active
(power-assisted) systems.?’ Passive DPls mainly rely on the
patient's inspiratory effort to drive the movement and de-
agglomeration of particles into the respiratory tract. To assist
patients with compromised respiratory function who may lack
sufficient inspiratory flow, active DPIs have been developed. These
devices are supplied with an internal energy source to aerosolize
the powder, allowing for effective lung deposition at lower flow
rates.”®® Despite these mechanisms, dry powder formulations
remain sensitive to environmental heat and humidity, which can
impair aerosol performance and reduce deposition efficiency.?®’
Table 1 summarizes aerosol device types, specific formulation
requirements, and representative clinical examples.

Systemic administration
Unlike pulmonary administration, systemic delivery introduces
nanoparticles into the circulatory system, where they must
navigate a distinct set of barriers before reaching lung tissues.
This route inherently avoids the airway mucus barrier. However, it
necessitates the design of nanoparticles that can effectively evade
rapid systemic clearance and achieve excellent targeting efficiency
towards lung-resident cell types. Intravenous systemic delivery is
an alternative when aerosol-based pulmonary delivery methods
are limited in reaching the distal lung parenchyma or interstitial
compartments.>'°

One of the largest and most persistent challenges in systemic
delivery of nanoparticles is rapid systemic clearance, driven by
mechanisms such as immune surveillance, hepatic clearance and
renal filtration, ultimately leading to low pulmonary concentra-
tions. Nanoparticles with a size of ~60-80 nm are considered
optimal for systemic delivery, including targeting pulmonary cells.
This is because nanoparticles larger than 100 nm tend to be
eliminated by the mononuclear phagocyte system (MPS), while
those smaller than 10 nm are filtered out by the renal system.*'’
These size-dependent clearance mechanisms represent major
barriers limiting efficient nanoparticle accumulation in the lung
following systemic administration. MPS, which is also known as
the reticuloendothelial system (RES), constitutes the primary
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Table 1. Type of aerosol devices used for drug delivery to lung tissues

Device type Mechanism of action Formulation constraints and considerations Examples Ref.
Air-jet Employs high-velocity gas streams High shear forces and air-liquid interface stresses can ~ PARI LC PLUS, PARI LC 482, 484
nebulizer through a venturi nozzle to generate lead to nanoparticle aggregation or cargo degradation Sprint

Risks of aperture clogging when delivering viscous or

nebulizer vibration to extrude liquid through concentrated formulations System, eFlow® 211, 378, 483,
(VMN) tapered apertures Technology
Pressurized Relies on the rapid expansion of Performance depends on drug solubility in propellants; Ventolin®, 217
metered-dose  hydrofluoroalkane (HFA) propellants to unstable suspensions may cause erratic particle size Symbicort®,
inhaler (pMDI) create an aerosol plume distribution and increased oropharyngeal deposition Asmanex® HFA,
Dulera®, Xopenex®,

Dry powder Delivers solid-state particles through ~ Formulations require protection from environmental RT234, GB0139, 498
inhaler (DPI) either breath-actuated (passive) or heat and humidity to maintain aerosol performance Technosphere®,

power-assisted (active) systems Advair

Lamira™ Nebulizer 75,

barrier encountered by systemically administered nanoparti-
cles?'? MPS includes resident tissue macrophages and DCs
primarily in the liver and spleen, along with circulating monocytes
and myeloid progenitors in the bone marrow.?'? Less than 1% of
the injected dose actually reaches the intended target tissue
because of this rapid recognition and uptake by MPS cells.2'?
Therefore, it is essential to consider strategies to evade clearance
by the MPS when designing nanoparticles for systemic delivery.
After i.v. injection, serum proteins rapidly adsorb onto the surface
of nanoparticles, particularly Igs and complement system compo-
nents, effectively “marking” the nanoparticles for clearance by
macrophages in the MPS.2' This critical process is known as
opsonization.?™ To counteract this, specific nanoparticle surface
coatings are used to achieve a “stealth” property, protecting the
nanoparticles from blood protein absorption and macrophage
recognition in circulation, thereby avoiding MPS clearance. To
evade immune recognition, nanoparticles are coated with
polymers that resist protein adsorption, such as PEG,?'> poly(-
zwitterions),?'® and polyoxazolines.?’” These polymers create
immune-inert surface coatings with steric and electrostatic
barriers, effectively hindering protein adsorption and making
these polymers ideal for nanoparticle modification to reduce MPS
clearance.?'® In addition to polymers, cell-membrane coating on
nanoparticles represents a revolutionary biomimetic strategy to
prevent protein absorption and opsonization, thereby significantly
reducing rapid clearance by macrophages and the MPS. Coating
nanoparticles with natural cell membranes (e.g., from red blood
cells, macrophages, platelets or stem cells) mimics their intrinsic
biological properties. These cell membrane-coated nanoparticles
inherit a “self” identity from the source cells, which helps minimize
non-specific protein adsorption and opsonization, promoting the
nanoparticle longevity in circulation.'”

Because lung tissues possess extensive microvascular networks,
many nanoparticle delivery systems utilizing systemic administra-
tion are specifically designed to target lung capillary endothelial
cells. GALA peptide, a synthetic peptide, exemplifies this goal with
its dual function: it targets sialic acid-terminated sugar chains on
the surface of lung endothelial cells and simultaneously enhances
endosomal escape, improving nanoparticle intracellular delivery
to lung endothelial cells.??° While it might intuitively be assumed
that the presence of targeting ligands like GALA is the dominant
factor for lung selectivity, published studies indicate that
nanoparticle composition critically affects organ-specific targeting
by masking non-target organ delivery (e.g., to the liver, spleen,
kidney), thereby optimizing lung selectivity.>>"**> For instance, a
recent study developed an amphiphilic Poly (B-Amino ester)-
based nanoparticle system that can selectively deliver nanopar-
ticles into lung tissue without targeting any other organs after
intravenous injection.®®® This study also compared different
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polymer structures and nanoparticle/DNA encapsulation ratios,
finding that onIX specific nanoparticle formulations can selectively
target the lung.*?* Although the exact relationship between organ
selectivity and nanoparticle formulation is not yet fully under-
stood, the balance of size, charge, and hydrophobicity related to
nanoparticle formulation is considered to play important roles in
nanoparticle targeting to the lung tissue.

Selecting administration route

The choice between pulmonary and systemic administration
routes significantly impacts therapeutic efficacy and requires a
careful and thorough evaluation of the specific biological barriers
and targeting mechanisms involved. When selecting an adminis-
tration route for nanoparticle-targeted delivery to the lung, it is
crucial to consider the specific cell types intended for targeting
and the underlying disease pathophysiology.

Pulmonary administration is commonly employed as the first-
line approach for targeting airway epithelial cells. This preference
stems from the fact that airway epithelial cells, such as ciliated,
goblet and club cells, are the first cell types that nanoparticles
encounter after successfully overcoming the mucus barrier in the
respiratory tract. This direct access makes pulmonary administra-
tion particularly suitable for treating diseases primarily character-
ized by epithelial pathology, such as CF, asthma, COPD, A1ATD,
PCD, non-CF bronchiectasis, and bacterial, viral, and fungal
infections. Many inhaled therapies are in development for lung
cancers, pulmonary hypertension (PH), and IPF. However, for
targeting pulmonary endothelial cells in PVDs, systemic adminis-
tration is the preferred route since endothelial cells line the
internal surfaces of blood vessels and are directly accessible via
the circulation. In contrast, pulmonary administration becomes
problematic for endothelial targeting as it would require
nanoparticles to cross the epithelial barrier without premature
cargo release. Interestingly, some specific modifications involving
Transferrin have shown the potential to increase transcytosis and
enhance nanoparticle transport through epithelial cells to other
pulmonary cell types.>** However, systemic delivery of nanopar-
ticles remains the more common and effective route for
endothelial cell targeting because these cells directly line the
internal surfaces of blood vessels.'*®

For stromal (interstitial) cell populations such as fibroblasts and
pericytes, the choice of delivery route is more complex.
Nanoparticles administered via either pulmonary or systemic
route may be nonspecifically sequestered by epithelial or
endothelial barriers, preventing the targeting of stromal cells.>*
However, in certain disease states such as acute lung injury or PF,
these barriers become disrupted, leading to impaired barrier
integrity and increased permeability.’?® These compromised
barriers may create gaps that allow nanoparticles to reach deeper
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lung tissue. For example, in the case of acute lung injury, damage
to endothelial cells leads to diffuse pulmonary interstitial and
alveolar edema. Consequently, intravenous administration of
nanoparticles after acute lung injury can achieve effective tissue
penetration through a disrupted endothelial barrier, causing high
accumulation of nanoparticles in the lung tissue.?'® On the other
hand, disease conditions result in changes in cell biomarkers,
offering new molecular targets for nanoparticle design. For
example, the up-regulation of vascular cell adhesion molecule-1
(VCAM-1) on the surface of pulmonary endothelial cells in injured
lungs can be explored because VCAM-1 exhibits high affinity to
very late antigen-4 (VLA-4). Coating nanoparticles with engineered
plasma membrane from cells genetically modified to constitu-
tively express VLA-4 effectively targets pulmonary endothelial cells
and delivers therapeutic payloads to injured lungs via systemic
administration.”?” Therefore, it is important to tailor the nano-
particle design and administration strategy to both the biological
environment and therapeutic objective.

For pulmonary administration, particles with a diameter smaller
than 500 nm are deposited via Brownian diffusion and electro-
static attraction in the alveolar region, while nanoparticles smaller
than 200 nm exhibit enhanced lung distribution. At the mucosal
interface, nanoparticles smaller than 100nm can efficiently
penetrate the 100-200 nm mesh-like network of the airway
mucus. Surface charge strongly influences mucus transport.
Positively charged particles tend to interact with negatively
charged mucin domains and become trapped within the mucus
gel. Neutral or slightly negative nanoparticles generally exhibit
improved mucus penetration. In contrast, for systemic adminis-
tration, nanoparticle size primarily determines organ distribution
and cellular interactions. Particles smaller than 10 nm are rapidly
filtered by the kidneys, and those larger than 150 nm are quickly
recognized by the MPS. Consequently, a hydrodynamic diameter
of ~60-120 nm is often favorable for lung-targeted intravenous
delivery because it balances prolonged circulation with reduced
clearance by the liver and spleen. A specific challenge in systemic
administration is the formation of the protein corona. Upon
contact with blood plasma, the immediate adsorption of plasma
proteins onto the nanoparticle surface occurs to reduce surface
free energy at the nanoparticle-liquid interface.*?® The resulting
corona can change the physicochemical properties of nanoparti-
cles, including an increase in hydrodynamic radius and a shift
toward a typically negative surface charge due to the anionic
nature of most blood proteins. The corona facilitates recognition
by the innate immune system through opsonization, which leads
to rapid detection by circulating leukocytes and macrophages.
Moreover, the physical presence of the corona can mask surface-
conjugated ligands, limiting their access to target receptors and
reducing targeting efficiency. Surface charge further influences
cellular interactions. For example, cationic nanoparticles with ~
+20 mV surface charge are highly efficient at targeting endothelial
cells through electrostatic interactions with the negatively
charged glycocalyx, but excessive positive charge may increase
nonspecific protein adsorption and immune cell uptake. There-
fore, the optimal nanoparticle characteristics are context-
dependent and can vary based on the nanomaterial platform,
surface engineering strategy, target cell population, and disease
state, highlighting the need for specific designs for different
pulmonary diseases.

NANOPARTICLE TARGETING DELIVERY FOR PULMONARY
DISEASES

Pulmonary fibrosis

Interstitial lung diseases, including idiopathic IPF, are progressive
and irreversible lung disorders resulting from dysregulated lung
repair after injury. There is substantial progress in diagnostic and
clinical management of IPF, yet >100,000 patients suffer annually
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from this disease.??® Early treatments for IPF, such as immuno-
suppressive therapies, showed limited therapeutic benefits with a
high safety risk and adverse side effects.?*° Current antifibrotic
drugs for IPF, such as pirfenidone and nintedanib, slow the
progression of IPF but do not provide a curative outcome.?®'
Therefore, IPF remains one of the most significant challenges in
respiratory medicine, and there is an urgent need for novel
therapeutics.

Aberrant fibroblast activation and excessive secretion of
extracellular matrix (ECM) proteins are hallmarks of PF.%*2 In cases
of minor lung injury, wound-healing mechanisms can restore
normal lung architecture. However, severe or repetitive lung injury
results in persistent and excessive ECM accumulation, eventually
leading to impaired lung function.** In addition to secretion of
ECM proteins, fibroblasts are also involved in their maintenance
and degradation. Through the secretion of proteolytic enzymes
such as metalloproteinases, fibroblasts can degrade ECM proteins
previously deposited during tissue repair.** Normally, an excess
of fibroblasts is eliminated through apoptosis, but in PF,
fibroblasts are resistant to cell death, leading to their aberrant
accumulation.?®'*** Fibroblasts can also differentiate into myofi-
broblasts to produce more ECM proteins and a-smooth muscle
actin. Myofibroblasts play a critical role in normal lung home-
ostasis, and lung tissue repair.”>> When myofibroblasts become
dysregulated, as observed in lung fibrosis, excessive ECM
production by these cells disrupts normal lung architecture.
Among other subtypes of lung fibroblasts are lipofibroblasts,
which are characterized by their lipid-storing capacity and are
thought to be protective in fibrosis. Lipofibroblasts have been
shown to transdifferentiate into myofibroblasts during fibrosis but
revert to their original state after fibrosis resolution.?*®

In addition to fibroblasts, other pulmonary cell types also play
important roles in the progression of lung fibrosis. Immune cells,
including neutrophils, monocytes, and fibrocytes, can activate
fibroblasts and promote their differentiation into myofibro-
blasts.”>” Type 2 cytokines and T-helper 2 (Th2) inflammatory
responses promote fibrosis by activating the Transforming growth
factor B (TGF-B) signaling pathway,?*® which is responsible for
activation of fibroblasts to produce ECM and collagens, and for
fibroblast-to-myofibroblast  differentiation.”>® Recent evidence
highlights the role of M2 macrophages that regulate myofibro-
blasts and inflammatory response. These M2 macrophages secrete
insulin-like growth factor 1 (IGF-1), which prevents myofibroblast
apoptosis.>*® Endothelial cells contribute to myofibroblast accu-
mulation and lung fibrogenesis.?*' During fibrosis, endothelial
cells can transdifferentiate into myofibroblasts in a process called
endothelial-to-mesenchymal transition (EndMT).>*?*"  EndMT
involves the loss of endothelial markers and the acquisition of
mesenchymal fibroblast-like characteristics.>**>  Additionally,
endothelial cells within fibrotic lesions (called fibrosis-associated
endothelial cells) secrete profibrotic molecules and cytokines that
contribute to lung inflammation and fibrosis.>*' Endothelial cells
purified from fibrotic lungs showed upregulation of connective
tissue growth factor (CTGF), a signaling mediator which con-
tributes to the maintenance of the fibrotic phenotype during
fibrogenesis.>*® Pericytes have recently garnered increasing
attention in the research community. As perivascular cells,
pericytes provide both biochemical and structural support to
pulmonary circulation, working in conjunction with endothelial
cells to maintain vascular integrity.>** Their close interaction with
the pulmonary endothelium is essential for preserving vascular
homeostasis, and disruption of endothelial-pericyte coupling has
been implicated in the progression of IPF.2*>?%¢ Pro-inflammatory
factors secreted by pericytes can trigger inflammatory responses
and promote tissue remodeling, ultimately leading to excessive
ECM deposition.*” Moreover, studies have identified pericytes as
a potential source of myofibroblasts. The pericyte-to-
myofibroblast transition has been observed in bleomycin-
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Fig. 4 Schematic shows therapeutic strategies for pulmonary fibrosis. Excessive extracellular matrix secretion creates a barrier, restricting
nanoparticle accumulation in alveoli and fibrotic tissue. Fibroblasts and myofibroblasts are primary targets for nanoparticle delivery in fibrosis.
Diverse cell types of the fibrotic microenvironment, including macrophages, endothelial cells, and epithelial cells, provide additional opportunities
to target molecular mechanisms involved in pulmonary fibrosis. Created with Biorender.com

induced lung injury, a mouse model of lung fibrosis, contributing
to ECM accumulation and the establishment of a pro-fibrotic
environment.?*® Alveolar epithelial type Il (ATII) cells play a critical
role in the pathogenesis of PF. In IPF, ATIl cells fail to regenerate
properly after injury, leading to fibrosis instead of lung tissue
repair.>*® Dysfunctional ATII cells exhibit aberrant communication
with fibroblasts, contributing to fibrotic remodeling.>*'**° Epithe-
lial cells undergo a process called epithelial-to-mesenchymal
transition (EMT) in which epithelial cells differentiate into
fibroblasts during lung fibrosis. There is a positive correlation
between the degree of EMT and progression of PF.?>'

Given the multiple cell types and mechanisms involved in lung
fibrosis, the design of nanoparticle-based delivery systems must
account for the interactions between targeted cells (Fig. 4).
Compared to other pulmonary diseases, IPF poses a unique
challenge due to the dense ECM network, which forms an
additional barrier alongside mucus, restricting nanoparticle
accumulation in alveoli and fibrotic scars. To address this
challenge, a recent study introduced a dual barrier-penetrating
inhalable nanoparticle delivery system incorporating tris-(2-
carboxyethyl)-phosphine (TCEP) and L-arginine.>>> TCEP disrupts
disulfide bonds within mucus, while L-arginine promotes nitric
oxide (NO) production, which activates endogenous matrix
metalloproteinases (MMPs) to degrade excessive ECM.?>2

Fibroblasts and myofibroblasts are primary targets for ther-
apeutic interventions in IPF.>> One of the major therapeutic
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approaches focuses on delivering nucleic acids to regulate
abnormal fibroblast activation. For instance, interleukin-11 (IL-11)
has been identified as a profibrotic cytokine, and researchers have
developed an inhalable lipid-polymer nanoparticle platform
composed of polyethene glycol-conjugated poly(lactic-co-glycolic
acid) (PEG-PLGA) and the lipid GO-C14 to deliver siRNA against
IL11 (silL11), thereby inhibiting fibroblast differentiation.”** In
another study, a human-derived cationic peptide complex with
polyanionic polymeric antisense oligonucleotides that target TGF-
B MRNA demonstrated inhibition of lung fibrosis in mice.*> The
synergistic therapy using multiple siRNAs co-loaded in the same
nanoparticles is a promising strategy to maximize therapeutic
effects. For example, siRNA targeting ADPH oxidase-4 (NOX4)
suppresses (myo)fibroblast activation, while siRNA targeting
protein tyrosine phosphatase-N13 (PTPN13) induces (myo)fibro-
blast apoptosis.>>® Co-delivery of these two siRNAs in micelle
nanoparticles demonstrated significant antifibrotic effects in a
bleomycin-induced PF mouse model.>*® In addition to fibroblasts
and myofibroblasts, therapeutic targeting of other cell types
within fibrotic lung tissue can inhibit fibrosis.>® In IPF patients, the
macrophage mannose receptor, CD206, is markedly upregu-
lated.”>” Accordingly, mannose-coated nanoparticles delivering
siRNA against TGF-B1 to profibrotic CD206" macrophages
inhibited lung fibrosis.*” In pulmonary endothelial cells, reduced
expression of Forkhead Box F1 (FOXF1) transcription factor has
been recently linked to aberrant fibroblast activation and the
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endothelial release of proinflammatory cytokines such as
interleukin-6 (IL-6) and C-C motif chemokine ligand 2 (CCL2).3®
Nanoparticle delivery of FOXF1 expression plasmid targeted to
endothelial cells activated the transcription of RRAS, inhibited
secretion of pro-inflammatory cytokines, and decreased PF in a
mouse model.*® Since alveolar epithelial type 2 cells (AT2) play an
important role in IPF development, Wang et al. designed an
inhalable y-aminobutyric acid (GABA)-based lipid nanoparticle
(LNP) for dual mRNAs (Membrane-bound cytochrome b5 reduc-
tase 3, CYB5R3, and Bone morphogenetic protein 4, BMP4) for co-
delivery to AT2s. The nanoparticle treatment markedly promotes
alveolar regeneration and prolongs the survival of mice after
fibrotic lung injury.?*® Another fibrosis-associated gene, G2 and S
phase-expressed 1 (GTSE1), is highly overexpressed in multiple cell
types during disease progression. Because of the upregulation of
mannose receptor (CD206) in fibrosis, delivery of siRNA targeting
GTSE1 using mannose-modified lipid nanoparticles is an attractive
strategy to reduce pro-EMT gene expression and improve lung
function.

In addition to gene delivery, nanoparticles can also encapsulate
drugs for potential IPF treatment. For example, pirfenidone, an
FDA-approved antifibrotic drug, can be encapsulated into
chitosan-alginate nanoparticles and Au/mesoporous silica core/
shell nanoparticles to enhance therapeutic potential in PF.%°
Activation of myofibroblasts via the Rho/myocardin-related
transcription factor (MRTF)/serum response factor (SRF) signaling
pathway can be inhibited by nanoparticle-mediated delivery of
the MRTF/SRF pathway inhibitor CCG-1423 using PEG-PLGA
nanoparticles. This nanoparticle treatment significantly sup-
pressed myofibroblast activation.”®' Similarly, resolvins and their
precursors have shown promising potential in the treatment of
lung fibrosis. A recent study incorporated resolvins with phos-
phatidylcholine and PEG to form a “fish-oilsome (FOS)” nanopar-
ticle, which showed improvement of pulmonary structure and
function in fibrotic lungs.®* Metal-organic frameworks (MOFs) are
hybrid nanomaterials with a porous structure, allowing for high
drug loading capacities and controlled release mechanisms. Using
a MOF-based nanoparticle approach to deliver immune inhibitor
sotuletinib (BLZ-945) to fibrosis-promoting macrophages, pub-
lished studies demonstrated a significant therapeutic benefit.®®
Co-delivery strategies using nanoparticles to achieve synergistic
effects are also gaining traction. Loading astaxanthin (AST) and
trametinib (TRA) into nanoparticles and a subsequent treatment
regimen significantly enhanced synergistic effects of both drugs
by inhibiting myofibroblast activation and promoting proper lung
repair.>** Considering the profibrotic activity of M2 macrophages,
a dual-targeting strategy has been developed using mannose-
modified magnetic liposomal nanoparticles to deliver dexametha-
sone specifically to M2 macrophages under static magnetic field
guidance, reducing M2 polarization and significantly alleviating
lung fibrosis.®® In another study, the researchers developed a
nanoplatform loaded with nintedanib (NIN) and colchicine (COL)
to modulate M1/M2 macrophage balance, ultimately suppressing
fibroblast activation.®® Notably, specifically designed nanoparti-
cles can co-encapsulate nucleic acids and drugs for improved
therapeutic effects. For example, antioxidant drug AST and siRNA
targeting TGF-B1 (siTGF-B1) were co-loaded into liposomal
nanoparticles and delivered to AT2 cells, resulting in inhibition
of TGF-B signaling and activation of fibroblasts.?®”

In conclusion, nanomedicines for IPF target key molecular
drivers to inhibit myofibroblast differentiation and apoptosis. By
targeting profibrotic cytokines (TGF-f1, IL-11), transcription factors
(FOXF1, GTSE1), and the M1/M2 macrophage balance, these
therapies intervene at the molecular level to suppress myofibro-
blast activity and inhibit the transition of epithelial and endothelial
cells into mesenchymal phenotypes. These targeted interventions
are designed to decrease the excessive ECM deposition and
restore impaired lung function.

Signal Transduction and Targeted Therapy (2026)11:358

Precision nanomedicine for pulmonary diseases: from molecular targeting...

Deng et al.

Lung infections
Lung infections present a complex and multifactorial clinical
challenge. The respiratory system is vulnerable to a wide array of
pathogens because of the constant exposures to the environment.
Despite shared clinical syndromes, pathogens utilize distinct
strategies to initiate infection and cause lung disease. Bacterial
pneumonia is a leading cause of morbidity and mortality
worldwide, which is commonly caused by pathogens such as
Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus
aureus, and Mycobacterium tuberculosis.**®**° These bacteria
produce virulence factors, including adhesins for epithelial entry
and colonization,?”® polysaccharide capsules for immune eva-
sion,””" and toxins for inducing tissue damage.?’ Similarly, fungal
lung infections, caused primarily by Aspergillus species, Crypto-
coccus neoformans, and Pneumocystis jirovecii, can also produce a
variety of virulence factors.”®> Fungal adhesins such as Scf1 are
structurally distinct from bacterial adhesins but functionally
analogous.”’* Both bacterial and fungal pathogens can form
biofilms composed of extracellular DNA, proteins, and polysac-
charides. Biofilms act as physical and biochemical barriers that
limit penetration of antimicrobial agents and enable immune
system evasion.”’> Some pathogens have evolved strategies to
invade and persist within host lung cells. For example, Mycobac-
terium tuberculosis infects macrophages, manipulating host
signaling pathways to evade intracellular destruction and establish
persistent infection.?”® Similarly, pathogenic fungi that reach the
airways do not always remain extracellular. Aspergillus fumigatus
conidia are internalized by alveolar epithelial cells and immune
cells. By hijacking the host p11 protein, the fungus reroutes
phagosomes into non-degradative pathways, thereby escaping
intracellular destruction.?”” Unlike bacteria and fungi, viruses are
always intracellular pathogens. Viruses must invade host cells and
hijack the cellular machinery for replication. Viral replication
disrupts normal cellular functions and induces apoptosis, inflam-
mation, and immune responses.”’® In severe cases, viral infections
can cause a cytokine storm, leading to ARDS associated with
epithelial and endothelial barrier leakiness that predisposes the
lung to secondary bacterial infections.?”®

Due to the significant differences between bacterial, fungal, and
viral infections, the design of nanoparticle-based therapies must
be infection-specific (Fig. 5). For bacterial and fungal infections,
nanoparticle formulations administered by the pulmonary route
are typically designed to penetrate deeply into the alveolar
regions, where many pathogens reside. These nanoparticles must
overcome biological barriers and protect encapsulated antimicro-
bial cargo (antibiotics, antivirals, or antifungals) from premature
degradation.?’??%° Nanoparticles also provide the opportunity for
co-delivery of multiple therapeutic agents, such as antibiotics
combined with anti-inflammatory drugs or biofilm-disrupting
mucolytics. This approach allows simultaneous suppression of
microbial growth, virulence factor production, and pathological
host responses, leading to synergistic efficacy, reduced dosage
requirements, and mitigation of antimicrobial resistance.?®’ In the
case of viral infections, nanoparticle platforms are frequently
employed for vaccine development. Vaccination remains the most
cost-effective method to combat viral diseases, and nanoparticles
can be engineered to produce stable, effective, and easily
deliverable vaccines.”®

A direct and widely explored nanoparticle-based approach for
bacterial pneumonia involves the targeted delivery of antibiotics
to the site of infection. For example, one study developed
inhalable, pH-sensitive, natural polysaccharide-based nanoparti-
cles to deliver the broad-spectrum antibiotic tobramycin.?®*> The
nanoparticles contained pH-sensitive imine bonds that allow
tobramycin to be released preferentially in the acidic microenvir-
onment of infection sites, effectively eradicating bacteria within
biofilms.?®3 Beyond antibiotic delivery, some nanoparticles can be
designed to directly kill bacteria through physical and chemical
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mechanisms. Pan et al. created metal-organic framework (MOF)-
derived carbon@TiO, nanoparticles that, when activated by
ultrasound, generate reactive oxygen species (ROS).2* The
combination of ROS generation and mechanical disruption caused
by ultrasound effectively eradicated even multidrug-resistant
bacteria.”®* Recent studies have also explored the development
of surface-biomimetic nanosystems. These systems exploit cell
membrane coatings on nanoparticles to enable pathogen-specific
targeting through natural receptor-ligand interactions without the
need for synthetic ligands.?®> For example, Wang et al. con-
structed polymeric nanoparticles encapsulating an aggregation-
induced emission (AIE) photothermal agent and coated the
nanoparticles with membranes derived from Mycobacterium-
stimulated macrophages. The macrophage membrane coating
allowed selective targeting of granulomatous lesions and M.
tuberculosis.?®® The photothermal agent, activated by NIR laser
irradiation, produced localized hyperthermia, which enhanced
bacterial eradication and reduced inflammation more effectively
than conventional antibiotics.?®® Further innovations include dual-
membrane coating strategies for bacterial infection therapy. A
dual-membrane-coated nanosystem (MMHP NPs), created by
fusion of bacterial outer membrane vesicles (OMVs) with
macrophage membranes and containing an ROS-responsive
hypericin prodrug, demonstrated enhanced immune evasion
and prolonged circulation within inflamed lung tissue. ATP and
ROS stimuli in infected areas enabled simultaneous immunomo-
dulation and synergistic bacterial eradication in pneumonia
models.?®” Additionally, Zhang et al. developed biofunctional
lipid nanoparticles by coating norfloxacin-loaded lipid nanocar-
riers with hybrid vesicles composed of OMVs and neutrophil
membrane vesicles (NMVs). This dual-targeting platform was
capable of homing to inflamed endothelium and effective biofilm
penetration, improving antibacterial efficacy.?®® Furthermore, the
cell membrane coating can be combined with other microorgan-
isms to enhance nanoparticle delivery efficiency. Gao et al.
engineered hybrid microrobots by attaching neutrophil mem-
brane-coated, antibiotic-loaded PLGA nanoparticles to motile
microalgae (Chlamydomonas reinhardtii).*®° Powered by algal
flagella, these microrobots navigated to deep lung regions and
enabled targeted antibiotic release at infection sites. The
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neutrophil membrane conferred immune-evasive properties and
attenuated the release of inflammatory cytokines, reducing lung
inflammation. In a murine pneumonia model, a single dose of this
microrobot treatment resulted in 100% survival, underscoring the
therapeutic advantage of combining autonomous propulsion with
anti-inflammatory surface camouflage.?®® The Hickey group
developed Porous Nanoparticle-Aggregate Particles to effectively
transport nanoparticles to the deep respiratory tract while
avoiding the exhalation risks associated with individual nanopar-
ticles.? Specifically, studies on rifampicin-loaded PLGA nanopar-
ticle aggregates demonstrated that this formulation maintains
sustained drug concentrations in lung tissue and AMs for over
eight hours.?°>?°" Additionally, the lab investigated spray-dried
pyrazinoic acid salts, which utilize leucine or ammonium counter-
ions to modulate local pH and improve bactericidal efficacy
against M. tuberculosis within the intracellular environment of
macrophages.?*?

Pulmonary aspergillosis, one of the most common fungal lung
infections, affects immunocompromised individuals and poses
major therapeutic challenges due to resilient fungal biofilms and
the systemic toxicity of antifungals. To overcome these challenges,
recent studies have developed nanoparticle-based delivery
systems designed to improve antifungal drug targeting and
efficacy. For instance, a PLGA-based polymeric nanoparticle
platform encapsulating deferasirox (DFX) was shown to enhance
drug accumulation in lung tissue after intravenous injection,
significantly reducing fungal burden in comparison to free drug
administration.?> Another strategy employed lipid nanoparticles
modified with lung-mimicking phospholipids, DPPC and dimyr-
istoylphosphatidylglycerol (DMPG), to encapsulate the antifungal
drug voriconazole (VRZ).>** As DPPC and DMPG are components
of pulmonary surfactant, their incorporation into the nanoparticle
surface was capable of creating a biomimetic formulation that
enhances alveolar retention and minimizes systemic drug
absorption. In vivo studies demonstrated reduced fungal burden
and preservation of lung architecture after the treatment, high-
lighting the potential of this approach for localized pulmonary
antifungal therapy.”®* An alternative antifungal strategy used
biosynthesized silver nanoparticles (AgNPs) derived from Artemisia
sieberi leaf extract. These AgNPs were capable of adhering to
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fungal membranes, disrupting fungal biofilms, and releasing Ag*
ions that inhibited fungal enzymes and attenuated production of
virulence factors such as gliotoxin.?* If fungi adopt intracellular
niches, targeted intracellular delivery becomes essential. For
example, Cryptococcus neoformans can survive within macro-
phages, escape antifungal drugs and cause recurrent infection.?®
Amphotericin B (AMB)-functionalized polymeric nanoparticles
with a unique patchy surface topology have been designed to
enhance uptake by macrophages. These nanoparticles targeted
intracellular C. neoformans via AMB binding to fungal ergosterol,
enabling intracellular eradication of fungal microorganisms.?®
ALIS, marketed as Arikayce, is the only approved inhaled
nanoparticle product and is indicated for refractory Mycobacter-
ium avium complex lung disease.”®?°" This formulation effectively
penetrates mycobacterial biofilms and increases amikacin con-
centrations in pulmonary macrophages by five to eight times
compared to the free drug.?°' In addition, liposomal ciprofloxacin
formulations like Pulmaquin have progressed through Phase 3
trials for non-CF bronchiectasis. These dual-release systems utilize
a mixture of free and encapsulated antibiotics to provide an initial
bolus of medication followed by a sustained-release
component.'®®

The emergence of SARS-CoV-2 as a global health threat has
highlighted the transformative potential of nanoparticle-based
therapeutics in viral respiratory infections.?®” Lipid nanoparticles
(LNPs) have become a central focus, driven by the success of
mRNA-based COVID-19 vaccines. The BNT162b2 (Pfizer-BioN-
Tech) and mRNA-1273 (Moderna) vaccines demonstrated out-
standing clinical efficacy in phase Ill clinical trials, achieving 95%
and 94.1% protection, respectively, against symptomatic COVID-
19.2%% Key properties of LNPs contributed to this success: the
nanoparticles protect and stabilize mRNA through a four-
component structure consisting of ionizable lipids, phospholi-
pids, cholesterol, and PEGylated lipids, forming a stable
encapsulation matrix which maintains mRNA integrity during
storage and delivery.”®® Currently, most vaccines are designed
for intramuscular immunization, which is often inefficient in
preventing virus infection in the upper respiratory tract due to
the absence of mucosal immunity activation. Intranasal vaccines
can induce strong mucosal and systemic immune responses,
preventing initial infection and viral transmission at the entry
site, while also offering practical benefits such as needle-free
administration and ease of access for mass immunization.>°® For
example, an intranasal nanoparticle vaccine comprised of
cationic crosslinked carbon dots and a SARS-CoV-2 antigen
elicited broad, potent, and durable mucosal and systemic
immunity against Omicron and other SARS-CoV-2 variants. This
vaccine activated DCs and nasal epithelial cells and demon-
strated an excellent safety profile3°" Beyond their role as
delivery systems, LNPs can act as adjuvants by activating innate
immune pathways through Toll-like receptors (TLR7/8), inducing
type | interferons, stimulating inflammasome signaling, and
creating an immunological environment favorable to adaptive
immune responses.>°? Furthermore, the flexibility of the LNP-
mMRNA platform allows for rapid reprogramming against emer-
ging pathogens by simply altering mRNA sequences without
modifying the delivery vehicle. This is a key feature which has
positioned nanoparticles as a promising tool in antiviral
therapeutics. In addition to vaccines, nanoparticle-based anti-
viral strategies have expanded to include a range of innovative
therapies. For instance, 71.3° Antibody-conjugated LNPs,
functionalized with F4/80 to target AMs, have been used to
deliver siRNAs that suppress pro-inflammatory signaling path-
ways, thereby mitigating virus-induced pulmonary inflamma-
tion.*** ACE2-decorated nanodecoys derived from human lung
spheroid cells have been produced to act as competitive
inhibitors of the virus, sequestering SARS-CoV-2 virions and
blocking their entry into host cells.*®> Pulmonary delivery of
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AgNPs has been shown to “prime” AMs, triggering a biphasic
immunomodulatory response by recruiting and activating
lymphoid cells, and later suppressing excessive inflammation,
thereby limiting viral replication while minimizing tissue
damage.3°® These recent advancements collectively highlight
the versatility and therapeutic promise of nanoparticle technol-
ogies in addressing current and future challenges in respiratory
viral infections.

In conclusion, nanomedicines for lung infections regulate
disease progression through various molecular strategies. Anti-
bacterial and fungal therapies target biofilm integrity and
virulence factors, while antiviral platforms utilize mRNA to activate
innate immune pathways, such as TLR7/8, or siRNA to suppress
pro-inflammatory signaling. These therapies reduce microbial
burden and prevent tissue damage associated with respiratory
infections.

Chronic obstructive pulmonary disease

COPD is one of the leading causes of morbidity and mortality from
respiratory disease worldwide, with data from 2021 demonstrating
its burden on public health.3*” The primary etiologic factor is
prolonged exposure to inhaled toxicants, most notably cigarette
smoke, which causes a persistent and dysregulated inflammatory
response within the lungs.>°® Additional risk factors also influence
the susceptibility to and progression of COPD, including A1ATD.3%°
Chronic exposure to noxious stimuli initiates a cascade of
pathogenic events, including oxidative stress, epithelial barrier
dysfunction, and the aberrant activation of immune system.
Oxidative stress, driven by both exogenous sources (e.g., cigarette
smoke) and endogenous production by activated immune cells,
not only exacerbates tissue injury but also impairs antiprotease
defenses and promotes glucocorticoid resistance via histone
deacetylase 2 (HDAC2) inactivation.3'® This sustained oxidative
and inflammatory milieu contributes to protease-antiprotease
imbalance, leading to progressive alveolar wall destruction
(emphysema), and induces EMT and airway remodeling. The
resulting clinical characteristics include a combination of fixed
airflow obstruction and impaired alveolar gas exchange capacity
specific to COPD. Importantly, neutrophil-dominated inflammation
further amplifies this tissue destruction cycle through the release
of proteolytic enzymes such as neutrophil elastase and MMPs,
along with reactive oxy%en species (ROS), contributing to alveolar
and airway remodeling.>"’

Because airflow limitation in COPD is largely irreversible,
current pharmacologic treatments are directed at symptom
management without reversing the disease course. Inhaled
corticosteroids (ICS) can modestly reduce the frequency of
exacerbations and improve symptoms in a subset of COPD
patients. However, their overall efficacy is limited, particularly in
the context of neutrophilic inflammation, which is less responsive
to corticosteroid therapy. Moreover, long-term ICS use has been
associated with an increased risk of pneumonia, raising safety
concerns.?*3' Phosphodiesterase-4 inhibitors, such as roflumi-
last, have shown modest improvements in lung function and
quality of life, with improvements in FEV1 (forced expiratory
volume) falling below clinically meaningful thresholds. These
agents often exhibit delayed onset of action and are associated
with undesirable side effects such as gastrointestinal discomfort,
weight loss, and neuropsychiatric symptoms.>'> Bronchodilators,
including LABAs (Long-Acting Beta-2 Agonists) and LAMAs (Long-
Acting Muscarinic Antagonists), remain the cornerstone of
symptom control by promoting airway smooth muscle relaxation.
However, these drugs do not alter the underlying inflammatory
processes or slow the disease progression.>'® Combination
treatment regimens (e.g., LABA/ICS or LABA/LAMA) improve lung
function and reduce COPD exacerbations but fail to meaningfully
modify long-term disease trajectory.>'” Thus, while current
therapies provide symptomatic relief and reduce exacerbation
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Fig. 6 Schematic shows the use of nanoparticles in chronic obstructive pulmonary disease (COPD). COPD is primarily caused by cigarette smoke
and environmental pollution. In the diseased lung, excessive accumulation of viscous mucus and chronic airway inflammation create barriers for
delivery of therapeutic agents. Nanoparticles are designed to penetrate the mucus layers, achieve targeted delivery to epithelial and/or
inflammatory cells, and modulate key pathological processes such as inflammation, oxidative stress, and glucocorticoid resistance. Created with

Biorender.com

risk, they do not prevent the progression of COPD, highlighting
the urgent need for novel therapeutic strategies that specifically
target the underlying pathobiological mechanisms of the disease.

Recent advances in nanoparticle-based drug delivery provide
promising new avenues for future COPD treatments by enabling
targeted, efficient, and sustained delivery of therapeutics to key
pathological sites. The pathobiological changes in COPD, char-
acterized by reduced airflow and increased velocities and
collisions due to disturbances at airway bifurcations, intricately
complicate nanoparticle deposition because of the interplay of
diffusion and inertia forces3'® Nanoparticle design for COPD
therapy primarily focuses on two objectives: (1) targeted delivery
to specific pulmonary cells involved in COPD pathogenesis, and (2)
modulation of fundamental pathological processes such as
inflammation, oxidative stress, and glucocorticoid resistance (Fig.
6).
For cell-specific targeting, nanoparticles have been engineered
to direct drugs to airway epithelial cells and neutrophils, both of
which are central to COPD pathogenesis. The airway epithelium
acts as both a structural barrier and an immune sentinel,
regulating mucociliary clearance and innate immunity.>'® Neu-
trophils, although critical for host defense, exacerbate COPD
pathology through release of proteolytic enzymes and oxidative
mediators.3?° Several studies have capitalized on these mechan-
isms to direct nanoparticle therapy. For instance, liposomal
formulations encapsulating corticosteroids have been developed
to directly target the airway epithelium. Leo et al. engineered
unilamellar liposomes (40-65nm) capable of penetrating the
viscous sputum of COPD patients and delivering anti-
inflammatory agents directly to dysfunctional airway epithelial
cells*?' Similarly, neutrophil-targeting nanoparticles, such as
PLGA-based nanoparticles functionalized with polyethene glycol
and conjugated with neutrophil-specific antibodies (PINPs), have
been employed to selectively deliver drugs to activated neutro-
phils, thereby mitigating lung tissue injury.>?2

A major therapeutic approach involves nanoparticle-mediated
modulation of key molecular pathways underlying COPD patho-
genesis. Inflammation, oxidative stress, and glucocorticoid resis-
tance remain central, unresolved issues in disease progression. To
counter inflammation, nanocomposite microparticles (NCMPs)
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loaded with miR-146a microRNA were formulated using spray-
drying techniques. MiR-146a inhibits inflammatory signaling by
targeting IRAK1 and TRAF6, suppressing cytokine expression in
preclinical models>*® To address oxidative stress, dimethyl
fumarate, a potent Nrf2 activator,®** has been incorporated into
inhalable microparticulate/nanoparticulate systems to restore
antioxidant defense mechanisms by activating the Nrf2/Keap-1
pathway. These particles were engineered for improved aerosol
dispersion with deep deposition into the lung tissue.>* Natural
compounds with anti-inflammatory and antioxidant properties,
such as agarwood oil and berberine, are limited by poor
bioavailability when delivered conventionally. To overcome this
limitation, nanoemulsions based on poloxamers have been
created for agarwood 0il.3?® Berberine has been incorporated
into liquid crystalline nanoparticles, improving pulmonary absorp-
tion and therapeutic efficiency.>?” Another innovative strategy is
based on targeting glucocorticoid resistance by delivering plasmid
DNA encoding HDAC2 using lipid-polymer hybrid nanoparticles.
By restoring HDAC2 expression, these nanoparticles re-sensitize
immune cells to corticosteroids and increase anti-inflammatory
efficacy.3?®

Acute exacerbations of COPD are frequently triggered by
bacterial infections, further accelerating lung injury. Thickened
mucus and biofilm formation facilitate bacterial colonization and
persistence. To address this issue, bacteria-specific delivery
platforms have been developed. Zhu et al. developed hollow
mesoporous silica nanoparticles loaded with ceftazidime and
coated with a pH-responsive polypeptide. These nanoparticles
remain stable during aerosolization but undergo conformational
changes in the acidic biofilm environment. After interaction with
biofilm, the nanoparticles become cationic, disrupt the biofilm,
and release the antibiotic payload.3?° Similarly, black phosphorus
quantum dots have been used in mucus/biofilm-penetrating
systems. Once the quantum dots enter the biofilm microenviron-
ment, these nanoparticles release phosphate and protons, locally
acidifying the environment. This pH change destabilizes the PEG
shell on nanoparticles and accelerates drug release (e.g., amikacin)
at the site of infection.3*° Another approach utilizes inhalable
nanoparticles coated with neutrophil membranes that retain most
native membrane proteins. These biomimetic nanoparticles
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exhibited enhanced mucus penetration, prolonged retention in
the lung tissue, decreased macrophage phagocytosis, and efficient
delivery of levofloxacin®*' Furthermore, the nanoparticles neu-
tralized pro-inflammatory cytokines, decreased inflammation, and
reduced lung remodeling in murine COPD models.3*!

In conclusion, nanomedicines for COPD focus on targeting
specific molecular pathways to decrease disease progression. By
delivering agents such as miR-146a to inhibit IRAK1 and TRAF6,
Nrf2 activators to restore antioxidant defenses, and HDAC2
plasmid to restore HDAC2 expression, these nanoparticles address
the primary drivers of neutrophilic inflammation, oxidative stress,
and glucocorticoid resistance. These molecular-level interventions
target the protease-antiprotease imbalance and EMT, ultimately
aiming to reduce airway remodeling and improve pulmonary
function.

Pulmonary vascular diseases
PVDs represent a diverse group of life-threatening conditions that
involve structural and functional alterations in pulmonary arteries,
veins, lymphatic vessels, or capillaries and are characterized by
abnormal vascular remodeling and dysfunction of the pulmonary
vessels. These disorders, particularly PH, affect millions worldwide
and continue to pose substantial therapeutic challenges despite
significant advances in the understanding of their molecular
mechanism. PH affects ~1% of the global population and is a
frequent and clinically important consequence of many chronic
respiratory and cardiovascular diseases.>*> Hemodynamically, PH
is defined by an elevated mean pulmonary arterial pressure
(mPAP) greater than 20mmHg, measured by right heart
catheterization.>** Among PVDs, PH represents the most exten-
sively investigated and clinically significant form. Based on
pathophysiological mechanisms, clinical presentation, hemody-
namic characteristics, and therapeutic strategies, PH is classified
into five major groups: Group 1, PAH; Group 2, PH associated with
left heart disease; Group 3, PH associated with chronic lung
diseases and/or hypoxia; Group 4, PH due to pulmonary artery
obstructions; and Group 5, PH with unclear and/or multifactorial
mechanisms.>** PH occurs due to pulmonary embolism (PE) and
pulmonary veno-occlusive disease (PVOD). PE causes an acute rise
in pulmonary artery pressure, and in ~2.7% of survivors, this may
progress to chronic thromboembolic pulmonary hypertension
(CTEPH)33> PVOD is a rare form of PAH characterized by
remodeling of small pulmonary veins and capillaries, which
inherently presents with pulmonary hypertension and carries a
poor prognosis.>*®

Endothelial cells lining the pulmonary vasculature are the first
to respond to hemodynamic stress, environmental injury, and
inflammatory insults, placing them at the center of PVD
pathogenesis, particularly in PH.**” Under normal physiological
conditions, endothelial cells maintain vascular homeostasis by
producing vasodilatory mediators such as nitric oxide and
prostacyclin, regulating vascular permeability, and exerting
antithrombotic effects. In PVD, one of the earliest pathological
events is the development of endothelial dysfunction. During this
process, endothelial cells lose their normal functional properties,
including vasodilation, barrier integrity, antithrombotic properties,
and undergo functional reprogramming.®*>3° This maladaptive
reprogramming triggers a cascade of molecular changes that drive
pathological vascular remodeling which can result in occlusion of
pulmonary blood vessels. Multiple signaling pathways and
transcriptional regulators act in synchrony to accelerate endothe-
lial dysfunction, cellular phenotype alterations, and progress
vascular damage in PH. Understanding these molecular mechan-
isms has revealed potential therapeutic targets. One well-
characterized mechanism in PH is the endothelial-to-
mesenchymal transition (EndMT), in which endothelial cells lose
their canonical markers and gain fibroblast-like, migratory proper-
ties.3*® Transforming growth factor-beta (TGF-p) signaling plays a
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central role in PH pathogenesis, particularly in PAH.3*" Mutations
in BMPRII, a receptor from the TGF-B superfamily, have been
found in over 70% of familial PAH cases and approximately 20% of
sporadic cases, highlighting the importance of the BMPRII
signaling pathway.>*' SOX17, a transcription factor from the
SRY-box family, protects against PAH by suppressing EndMT.
Decreased expression of SOX17 seen in PAH patients and PH
animal models leads to the activation of Rho-associated protein
kinase 1 (ROCK1), which promotes EndMT and contributes to PAH
progression.** Similarly, FOXF1, a transcriptional regulator
expressed in pulmonary endothelial cells, is markedly diminished
in PH associated with neonatal PVDs.>** Loss of FOXF1 contributes
directly to persistent DNA damage** defective angiogen-
esis,>*>3%¢ and impaired cell migration.>*” Restoration of FOXF1
levels in endothelial cells from PAH patients repairs DNA damage,
reinstates angiogenic capacity, and improves cell motility.***
These restorative effects position FOXF1 as a promising target for
reversing PH-related endothelial injury.>** Beyond endothelial
cells, other vascular cell types also play a key role in PH
pathogenesis. Pulmonary artery smooth muscle cells undergo
phenotypic transformation from a quiescent, contractile pheno-
type to a proliferative, apoptosis-resistant state. This process drives
pulmonary vascular remodeling and muscularization of distal
pulmonary arterioles. The phenotypic shift arises primarily from an
imbalance between downregulated antiproliferative bone mor-
phogenetic protein signaling and upregulated proliferative TGF-3
signaling.?

Due to the central role of endothelial cells in the development
and progression of PVD, particularly PH, most nanoparticle-based
delivery systems are designed to specifically target the pulmonary
endothelium and perivascular stromal cells. PH is frequently
associated with underlying genetic mutations or dysregulated
gene expression, including the loss of endothelial-specific
markers, disrupting normal vascular homeostasis. As a result,
nanoparticles have emerged as promising vehicles for gene
therapy and gene editing applications in PVD (Fig. 7). By delivering
therapeutic nucleic acids, nanoparticles can restore the expression
of protective genes or repair disease-causing mutations. These
approaches aim to correct molecular defects at their source,
potentially offering long-term or curative solutions.

A key pathological process in PH involves the dysregulation of
the TGF-B signaling pathway. Oxidative stress, characterized by
increased reactive oxygen species (ROS), plays a critical role in PH
pathogenesis by inducing cell proliferation, DNA damage, and
activating the TGF-B1/BMP pathway. Non-metallic nanozymes,
such as melanin-polyvinylpyrrolidone-polyethylene glycol nano-
particles, are designed to combat oxidative stress because of their
strong antioxidant capacity, effectively scavenging ROS in
pulmonary artery smooth muscle cells. The beneficial effects of
these nanoparticles, including reducing PASMC proliferation and
migration, attenuating pulmonary vascular remodeling, and
improving right ventricular function, are attributed to inhibiting
the ROS-driven activation of the TGF-B1 pathway.>*® In another
study, hydrogen-generated MOF nanoparticles with high hydro-
gen storage and capacity for controlled and continuous release of
hydrogen gas were used.3° The hydrogen gas eliminates
excessive ROS, prevents DNA damage and reverses excessive
proliferation and migration of dysfunctional endothelial cells.**°
Gene therapy strategies targeting the TGF-B/BPM superfamily
signaling pathway have also demonstrated promise. For instance,
lipid nanoparticles engineered for targeted delivery of BMPR2
mRNA to pulmonary endothelial cells increase BMPR2 down-
stream signaling through phosphorylation of SMAD1/5/9 and
induction of ID1 expression that are key regulators of vascular
homeostasis.>*' In addition to the TGF-B/BMP pathway, EndMT is
recognized as a major contributor to PH progression. Down-
regulation of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a) has been observed in pulmonary
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Fig. 7 Schematic shows the use of nanoparticles in Pulmonary Hypertension. In healthy pulmonary arteries, endothelial cells maintain vascular
homeostasis. In pulmonary hypertension, endothelial dysfunction promotes vascular remodeling, muscularization, and endothelial-to-
mesenchymal transition (EndMT). Nanoparticles can be engineered to selectively deliver therapeutics to pulmonary endothelial and perivascular
stromal cells. These nanoparticles can restore normal cellular functions by reducing oxidative stress (ROS), inhibiting EndMT, and preventing
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arterial endothelial cells from PH patients and in preclinical animal
models.>*?> Recently, nanoparticles have been constructed to
deliver PGC-1a plasmids under control of endothelial-specific
promoters, stimulating PGC-1a expression and inhibiting EndMT.
This strategy aimed to preserve endothelial identity, restore
endothelial nitric oxide synthase expression, and increase nitric
oxide production that is critical to reduce pulmonary vascular
stiffness and remodeling.>*?

To improve therapeutic applicability, several nanoparticle
systems were designed to incorporate specific targeting
mechanisms. E-selectin, which is upregulated on pulmonary
endothelial cells under hypoxic conditions, has been explored for
selective targeting in hypoxia-induced PAH. In this context, sialic
acid-modified, hypoxia-responsive nanoparticles were devel-
oped to anchor to E-selectin, facilitating intracellular transport
to pulmonary artery smooth muscle cells and releasing the
endothelin receptor antagonist, ambrisentan, in response to
hypoxia-induced nitroreductase activity. This dual-targeted,
stimuli-responsive nanoparticle system effectively reduces
smooth muscle proliferation, media thickening, and pulmonary
vasoconstriction, while minimizing systemic toxicity.>>* Similarly,
hypoxia leads to increased expression of von Willebrand factor
(VWF) and exposure of subendothelial collagen in injured
endothelial cells. Platelet membrane-coated nanoparticles have
been employed to exploit this pathological change. The
membrane proteins GPIba and GPVI on platelets bind specifically
to VWF and exposed collagen, respectively, thereby enabling
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precise binding to injured endothelium in hypoxic PH.3>*

Magnetic targeting offers another promising strategy for
enhancing delivery precision for pulmonary vascular disorders.
In pulmonary vein stenosis (PVS), rapamycin-loaded SPIONs were
utilized with an external magnetic field to achieve targeted
delivery. This approach aims to deliver the mTOR inhibitor,
rapamycin, precisely to the site of neointimal proliferation (e.g.,
at the bifurcation point) to inhibit vascular cell overgrowth,
reducing restenosis and preventing systemic side effects.3>®
Notably, recent findings showed that nanoparticles with carefully
tuned physicochemical properties can achieve pulmonary
endothelial cell targeting even without biological ligands or
external guidance.”?® These findings underscore the potential of
physicochemical design principles as a viable strategy for
targeted delivery in PVD therapy.

Treprostinil palmitil (TP) is a hydrophobic prodrug initially
developed as a nebulized lipid nanoparticle suspension (TPIS).>>¢
To enhance patient convenience and reduce administration time,
the formulation was transitioned to a dry powder inhaler format
(TPIP), which maintains a sustained release of the active
vasodilator treprostinil in the lung over a 24-hour period.3*¢3%7
Data from Phase 1 clinical trials demonstrated that TPIP is well-
tolerated with a pharmacokinetic profile supporting once-daily
dosing, leading to current Phase 2 clinical trials in patients with
PAH and pulmonary hypertension associated with interstitial lung
disease (PH-ILD).>*” These advancements represent a significant
effort to overcome critical biological barriers in PVD.
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Fig. 8 Schematic shows the use of nanoparticles in cystic fibrosis (CF). Nanoparticles are engineered as inhalable carriers that stabilize therapeutic
nucleic acids, penetrate the thickened mucus barrier, and deliver genetic material to airway epithelial cells. Successful expression of functional
CFTR restores chloride ion transport across the epithelial membrane, thereby improving airway hydration and mucus clearance. Created with
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In conclusion, nanomedicines for PVD therapy prioritize the
regulation of key signaling pathways and transcriptional factors
critical for pulmonary vascular development and homeostasis.
Specifically, nanoparticles designed to restore FOXF1 levels target
the repair of DNA damage and angiogenic capacity, whereas
those delivering PGC-1a plasmids aim to suppress EndMT and
restore nitric oxide levels in pulmonary endothelial cells. Systems
that deliver BMPR2 mRNA or scavenge ROS via non-metallic
nanozymes target the TGF-B/BMP signaling axis, which is central
to smooth muscle cell proliferation and vessel wall thickening. By
intervening at these specific molecular levels, these nanomedi-
cines provide a means to attenuate smooth muscle proliferation
and mitigate the progressive vascular remodeling that
characterizes PH.

Cystic fibrosis

CF is an autosomal recessive genetic disease caused by loss-of-
function mutations in the CFTR. This disease mostly affects
epithelial compartments in the digestive, reproductive and
respiratory systems. The CFTR protein functions as a chloride
anion channel that is activated via phosphorylation by cyclic
adenosine monophosphate (cAMP)-dependent protein kinases.
Upon activation, this channel facilitates the transport of chloride
ions out of the cell. Mutations in the CFTR gene result in a
dysfunctional protein that either fails to properly transport
chloride ions or does not localize to the cell membrane.
Consequently, aberrant chloride ion accumulation occurs within
epithelial cells, creating an osmotic gradient that dehydrates
mucus.>*® The thick mucus in the airways of CF patients leads to
repeated episodes of infection and inflammation, progressing to
respiratory failure. Recently, there was a breakthrough in the
development of modulator therapy. Trikafta modulators, which
combine Tezacaftor (VX-661, type | corrector), lvacaftor (VX-770,
channel potentiator), and Elexacaftor (VX-445, dual-function
modulator), are beneficial for CF caused by the predominant
CF mutation, a deletion of phenylalanine 508 in the CFTR
gene.**° Approximately 85.5% of patients with CF in the United
States have the phenylalanine 508 gene variant, also known as
F508del.'?3%° Although, the novel modulator therapy provided
unprecedented clinical benefits for over 90% of patients with CF,
~10% of CF patients (including those with large CFTR deletions
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that include the promoter and intronic regions of the gene) are
ineligible for CFTR modulator therapy.>®' To address this clinical
problem, enormous efforts are being put into gene replacement
and gene editing strategies to restore CFTR expression and
function.

Nanoparticle-based gene delivery represents a promising
approach to correct the genetic defect in CF by restoring the
expression of functional CFTR%? The primary focus of nanopar-
ticle design for CF is the development of inhalable formulations
capable of stabilizing CFTR-encoding nucleic acids, penetrating
the thickened airway mucus layers, and delivering the nanopar-
ticle’s payload to airway epithelial cells (Fig. 8).

Lipid nanoparticles (LNPs) are among the most widely
investigated nanocarriers for CF gene therapy.3®® Intranasal
delivery of LNPs encapsulating CFTR mRNAs to CFTR knockout
mice restored up to 55% of net chloride efflux, demonstrating the
therapeutic potential of LNP-based nucleic acid delivery.3®*
However, effective translation of this strategy into clinical therapy
requires a careful design of LNPs to overcome the unique
biophysical properties of CF mucus, which is substantially more
adhesive, hyperviscoelastic, and structurally heterogeneous than
healthy airway mucus. CF mucus is more concentrated and
viscous, which reduces pore sizes and restricts the mobility and
diffusion of nanoparticles in human airways.>®> Compared to
normal airways, LNPs show little to no movement in CF airways
free of mucus, making the smaller size of nanoparticles pivotal for
delivery.®®® Furthermore, the density of PEG on the LNP surface
significantly influences mucus penetration. Higher PEG density
increases shear resistance and enhances the ability of LNPs to
diffuse through thick mucus. For example, LNPs incorporating
B-sitosterol and enriched with PEG lipids demonstrated superior
diffusion through the mucus3%® Nevertheless, some studies
suggest that in highly heterogeneous and polymicrobial CF
mucus, PEGylation may act as a lubricant without adding a
substantial advantage for mucus penetration.*®” Particle size and
intrinsic surface chemistry may play a more dominant role in
overcoming mucus obstruction.*®’ In addition to nanoparticle
engineering, mucolytic agents, such as dornase alfa (Pulmo-
zyme®), an FDA-approved nebulized DNase | enzyme, have been
shown to degrade extracellular DNA in CF mucus and decrease
sputum viscoelasticity.?*® Therefore, mucolytic agents can be
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Fig. 9 Schematic shows the use of nanoparticles in asthma. Allergens trigger the release of proinflammatory cytokines by immune epithelial cells,
particularly in individuals with a genetic predisposition, leading to immune cell responses and lung inflammation. This aberrant inflammatory
signaling results in airway remodeling and increased mucus production. Inhalable nanoparticles are capable of overcoming the mucus barrier and
selectively target immune cells and airway epithelium, improving therapeutic outcomes in asthma. Created with Biorender.com

effective in improving the diffusion and targeting efficiency of
LNP-based therapies.

Beyond LNPs, polymeric nanoparticles are also being explored
as gene delivery systems for CF therapy. Guan et al. developed a
nanocarrier composed of poloxamine-based block copolymers
combined with targeting peptides to deliver CFTR plasmids or
CFTR mRNA. This system achieved a long-term increase of CFTR
function in bronchial epithelial cells from CF patients carrying the
F508del mutation (CFBE-delF cells), as well as in murine models of
CF.2%® While pulmonary administration is the preferred route for
nanoparticle delivery in CF due to localized targeting, some
researchers are exploring systemic delivery to bypass the thick
mucus barrier entirely. For example, PLGA nanoparticles encapsu-
lating peptide nucleic acids (PNAs, a hybrid molecule with a
peptide backbone and nucleobases that can undergo base pairing
with DNA and RNA) were designed to specifically target CF with
the F508del mutation.?”® Intravenous administration of these
nanoparticles successfully corrected CFTR function and restored
transepithelial chloride secretion in preclinical models, demon-
strating that systemic delivery can also be a viable approach in
CF37° This study demonstrated that systemic delivery of
nanoparticles is feasible to develop future therapies for CF
patients.

In conclusion, nanomedicines for CF therapy focus on restoring
functional CFTR expression by delivering CFTR mRNA or DNA to
airway epithelial cells. These therapies restore transmembrane
chloride transport and improve mucus hydration, thereby
mitigating the production of thick mucus and subsequent cycles
of infection and inflammation in CF.

Asthma

Asthma is a chronic respiratory disease characterized by airway
inflammation and remodeling driven by a complex interplay of
immune and inflammatory mechanisms.?”" The process typically
begins when airway epithelial cells encounter allergens or irritants
and release innate cytokines such as IL-33, IL-25, and TSLP, which
activate T helper 2 (TH2) cells that serve as central orchestrators of
the allergic response. These TH2 cells produce key inflammatory
mediators including IL-4, IL-5, and IL-13, which drive eosinophilic
inflammation, promote IgE synthesis, and induce goblet cell
metaplasia leading to increased mucus production.>’**”*> Macro-
phages play a dual role in asthma pathogenesis. Initially recruited
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to clear allergens, these macrophages later adopt an activated M2
phenotype that produces pro-inflammatory mediators, recruits
additional immune cells and contributes to airway remodeling
through secretion of TGF-p and MMPs.3”* Mast cells migrate from
the submucosa to the airway epithelium where they degranulate
in response to allergen exposure, releasing histamine and
proinflammatory mediators that cause bronchoconstriction and
increased vascular permeability.>”> Neutrophils, particularly pro-
minent in severe and steroid-resistant asthma, contribute to
pathogenesis through release of neutrophil elastase and forma-
tion of extracellular DNA traps (NETs) that damage airway
epithelium and promote mucus hypersecretion.>’® Current asthma
treatment follows a stepwise approach with inhaled corticoster-
oids serving as the most effective long-term control medications
to reduce airway inflammation, combined with bronchodilators
such as albuterol for quick symptom relief.

Nanoparticle-based therapeutic strategies have emerged as
promising alternatives to current asthma treatment with the
overall goal of overcoming existing treatment limitations, includ-
ing suboptimal drug delivery, insufficient control of inflammation,
and the persistence of steroid-resistant disease.>”” Approximately
5-10% of patients exhibit severe, corticosteroid-resistant asthma,
which fails to respond to conventional therapies.>”® In addition,
the thickened mucus barrier characteristic of asthmatic airways
traps conventional drug particles, leading to rapid mucociliary
clearance and limited drug deposition at the intended sites of
action."”” Specialized nanoparticle formulations offer multiple
advantages, including the ability to penetrate mucus barriers,
target specific cell types, and provide sustained and localized drug
release. These features improve therapeutic efficacy and reduce
systemic adverse effects (Fig. 9).

Because immune cells are central to asthma pathogenesis,
nanoparticle-based therapies for asthma have been developed to
selectively modulate these cell populations. One example is the
use of hybrid nanoparticles loaded with dexamethasone and
coated with monophosphoryl lipid A to specifically target DCs and
macrophages. These nanoparticles induce the differentiation of
tolerogenic DCs and M2 macrophages, promote regulatory T-cell
generation, and significantly alleviate airway inflammation in
murine models of asthma by suppressing immune responses.®”?
Another innovative strategy involves targeting M2 macrophages
directly. Researchers have engineered exosome membrane-
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coated polylactic-co-glycolic acid (PLGA) nanoparticles (EM-PLGA)
that mimic natural surface properties of M2 macrophages. These
biomimetic carriers specifically home to M2 macrophages. When
loaded with a Dnmt3aos smart silencer, these EM-PLGA@Dnm-
t3aos nanoparticles significantly reduced lung inflammation and
decreased the abundance of M2 macrophages in a murine model
of allergic asthma.3® Additionally, airway epithelial cell-specific
delivery has been achieved through the development of lipid
nanoparticles (LNPs) targeting intercellular adhesion molecule-1
(ICAM-1) receptors on the apical surface of airway epithelial
cells>®' The targeting strategy mimics the natural entry of
rhinoviruses, a major trigger of asthma exacerbations, that enter
airway epithelial cells via ICAM-1 receptor-mediated endocytosis,
making this adhesion molecule an ideal target for therapeutic
intervention. When loaded with siRNA against thymic stromal
lymphopoietin (TSLP), these LNPs can reduce the secretion of
proinflammatory cytokines including IL-4 and IL-13, decreasing
inflammatory cell infiltration and mucus production in ovalbumin-
challenged mice3®'

In addition to targeting specific cell types, nanoparticles have
been employed to overcome physical barriers in the inflamed
lung. Gold nanoparticle-loaded macrophages have emerged as
cellular carriers capable of crossing lung barriers and delivering
therapeutic agents to inflamed sites.3®? The procedure involves
loading macrophages with gold nanoparticles ex vivo, followed by
the macrophage transfer to ovalbumin-challenged mice, where
the nanoparticle-loaded macrophages can navigate through lung
tissues and accumulate at sites of inflammation. This cellular
delivery system capitalizes on the inherent ability of macrophages
to cross biological barriers and their natural tropism for
inflammatory sites, making them ideal vehicles for targeted drug
delivery in respiratory diseases.*®? Furthermore, hydrophilic PEG
nanoparticles have been employed to enhance mucus penetra-
tion. The PEG shield prevents interaction with mucin fibers,
preventing particle adhesion to mucus.>® Fc receptor-binding
peptide (FcBP)-functionalized PEG nanoparticles have been
developed to penetrate both mucus and epithelial barriers
through receptor-mediated transcytosis.3®* By combining mucus-
penetrating properties with epithelial transcytosis capabilities,
these dual-functional nanoparticles first diffuse through the
mucus layer and then engage Fc receptors on airway epithelial
cells to undergo receptor-mediated transcytosis, thereby signifi-
cantly improving transepithelial transport and pulmonary reten-
tion of therapeutic agents.3®*,

In conclusion, nanomedicines for asthma focus on modulating
immune responses by targeting specific cell populations, such as
DCs, M2 macrophages, and airway epithelial cells. By delivering
payloads like dexamethasone, Dnmt3aos smart silencers, and
TSLP-specific siRNA, these therapies target the molecular drivers of
pulmonary inflammation. These interventions directly address
asthma pathophysiology by suppressing pro-inflammatory cyto-
kine secretion and decreasing mucus production.

Lung cancer

Lung cancer remains the leading cause of cancer-related deaths
worldwide, responsible for 18% of all cancer-related mortalities
and representing 11% of global cancer cases.*®> Lung cancer can
be broadly categorized into two major histological subtypes:
NSCLC and small cell lung cancer (SCLC).*#¢ NSCLC accounts for
~85% of all cases and consists of adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma. In contrast, SCLC, which
comprises ~15% of lung cancer cases, is characterized by rapid
growth, early metastasis, and a strong association with smok-
ing.*® The etiologies for lung cancers include cigarette smoking
and exposure to other carcinogens and environmental pollu-
tants.3®288 On the other hand, mutations and genetic predis-
positions are important etiologic factors in subjects who develop
lung cancer but are not exposed to pollutants or smoke 38738
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At the molecular level, lung cancers arise from a complex
interplay of genetic and epigenetic alterations. Tumorigenesis is
often driven by the loss of tumor suppressor genes, such as
TP53,°%° PTEN,*" and NF1,°° and the activation of oncoproteins
such as KRAS®*?® and EGFR,*** resulting in the dysregulation of cell
proliferation and survival pathways. In lung adenocarcinomas, the
simultaneous inactivation of NF1, RASA1,3%° and PTEN contributes
to synergistic oncogenic signaling and tumor development. In
SCLC, frequent mutations in TP53 and RB1 facilitate cell cycle
dysregulation and resistance to apoptosis.>*® Moreover, intratu-
mor heterogeneity, especially pronounced in squamous cell
carcinoma, poses significant challenges for effective targeted
therapy due to diverse mutational landscapes.®®”

Treatment options for lung cancers vary and are based on
tumor subtype and stage. For early-stage NSCLC, surgical
resection remains the primary treatment.>*® However, it is often
combined with adjuvant therapies such as chemotherapy or
immunotherapy to improve the likelihood of cure and reduce the
risk of recurrence.3®® For advanced NSCLC, treatments often
include platinum-based chemotherapy, radiation therapy, immu-
notherapy (e.g., PD-1/PD-L1 inhibitors), and targeted therapies
such as tyrosine kinase inhibitors (TKls) for tumors harboring
mutations in EGFR and ALK.3#9%° SCLC is typically managed with
a combination of platinum-based chemotherapy and radiother-
apy.*°! Although immune checkpoint inhibitors such as pembro-
lizumab and nivolumab, have improved outcomes in subsets of
patients, the overall prognosis for lung cancer remains poor.*?
This is largely due to late-stage diagnosis, limited drug efficacy,
and side effects of available therapies. In SCLC, despite initial
responsiveness to treatment, relapses are common and long-term
survival remains rare.**®

Current research efforts are directed toward addressing the
major limitations of conventional lung cancer therapies, including
high systemic toxicity, poor tumor specificity, and the emergence
of drug resistance.*** Consequently, the optimization of nanopar-
ticles has become a central focus. Key strategies involve the
design of novel, multifunctional nanoparticles capable of selec-
tively targeting tumor cells, navigating biological barriers through
tailored administration routes, enabling controlled and site-
specific release of therapeutic agents, and supporting early-
stage detection of lung cancer to enhance synergistic treatment
outcomes (Fig. 10).

Since lung cancer cells often express specific biomarkers
distinguishable from normal cells, nanoparticles with tumor-
targeting ligands have been designed to enhance targeting
efficiency. For example, programmed death ligand 1 (PD-L1) is
commonly upregulated in NSCLC, which enables immune evasion
through checkpoint suppression. Using nanoparticles conjugated
with PD-L1 antibody, PLK1 inhibitors can be delivered to target
PD-L1-expressing lung cancer cells. The enhanced delivery
significantly reduced tumor growth, prolonged survival, and
decreased drug resistance in immune checkpoint inhibitor-
refractory lung cancer models.*®® Similarly, CD47 is overexpressed
in NSCLC, assisting tumor cells in evasion of macrophage
phagocytosis. To explore these mechanisms, an antibody-
conjugated drug-loaded nanotherapeutic platform has been
recently developed using antibodies against CD47 and PD-L1.*%¢
These nanocarriers conjugated with both anti-CD47 and anti-PDL1
for lung cancer cell recognition were encapsulated with PI-103, a
dual PI3K/AKT/mTOR pathway inhibitor, to suppress tumor
growth.*®® In addition to antibodies, other molecules can be
functionalized onto nanoparticles for lung cancer targeting. For
example, epithelial cell adhesion molecule (EpCAM) is moderately
to highly expressed in over 70% of NSCLC tumors. The
modification of three-way junction RNA nanoparticles with EpCAM
aptamers can enable targeted siRNA delivery to EpCAM-positive
epithelial tumors residing in the lung.*®” FA is widely used for
nanoparticle modifications due to the overexpression of FR a on
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Fig. 10 Schematic shows the use of nanoparticles in lung cancer. Nanoparticle delivery systems enable precise targeting of tumor cells and the
tumor microenvironment, including tumor-associated macrophages and endothelial cells, for precision therapy. Nanoparticles can also control
cargo release at the tumor site, responding to lower pH and specific enzymes. Specially designed nanoparticles can be used for early detection of

lung cancers. Created with Biorender.com

lung cancer cells.*®® FA-functionalized nanoparticles were used to
co- deliver gefitinib and capsaicin, which led to enhanced
efficiency of drug targeting, and increased apoptosis of cancer
cells.*°® Ferroptosis is a regulated cell death pathway that can be
utilized to enhance tumor death. To induce this pathway, folate-
modified liposomes were used to deliver the IncRNA pseudogene
metallothionein 1D to enhance Erastin activity, a known inducer of
ferroptosis.*'® Similarly, hyaluronic acid is known to specifically
bind to CD44, which is overexpressed in many types of malignant
cancers, including lung cancers. Using hyaluronic acid modifica-
tion, CD44-mediated active targeting resulted in an ~3.8-fold
higher accumulation of docetaxel in tumor tissues, improving
tumor suppression in vivo.*'" Using this CD44-hyaluronic acid-
mediated endocytosis pathway, enhanced targeting of iron-
platinum nanoparticles was capable of overcoming tyrosine
kinase inhibitor resistance by inducing ferroptosis in metastatic
lung cancer cells.*'? Chondroitin sulfate is a natural glycosami-
noglycan which also binds to CD44 receptors. Self-assembling
chondroitin sulfate-based nanoparticles can be used for drug
delivery in lung cancers.*'® Additionally, these CD44-chondroitin
sulfate nanoparticles were capable of targeting the Golgi complex
and inhibiting production of multiple metastasis-associated
proteins, which significantly inhibited tumor metastasis.*'*
Pulmonary administration provides high local nanoparticle
delivery to lung tumors while minimizing systemic exposure to
anti-cancer drugs. A recent study discussed five essential elements
for nanoparticle targeting of lung cancers. The pulmonary
administration route enables the local accumulation of therapeu-
tic agents in the lung tissue, S|gn|ﬁcant|¥ minimizing systemic
toxicity and protecting healthy tissues.*'> Many studies have
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focused on developing nanoparticles suitable for pulmonary
delivery in lung cancer therapy. For example, a recent study
reported the production of liposomal nanoparticles co-delivering
osimertinib (a third-generation EGFR tyrosine kinase inhibitor) and
a gene therapy payload.*'® This formulation was optimized for
inhalation-based delivery to treat primary lung tumors and lung
metastases. The nanoparticle size was between 100 and 200 nm,
which is considered optimal for deep lung deposition where
tumors commonly reside. This inhalable nanoparticle system
significantly inhibited tumor ?rowth in both primary and
metastatic lung cancer models.*'® The targeting ligands are also
used with inhalable nanoparticles to further improve targeting
efficiency. For example, one research group has developed
biodegradable PLGA-PEG nanoparticles that can maintain the
structural integrity, spherical morphology, and sizes between 170
and 200 nm during nebulization.*'” To enhance nanoparticle
efficiency during pulmonary administration, a recent study
developed thiolated mussel adhesive protein (MAP)-based nano-
particles. These nanoparticles possess a superior adhesive ability
to mucosal tissues, enabling prolonged retention in lung tissue
and resisting mucociliary clearance. Furthermore, their small size
(<200 nm) and increased hydrophilicity (enhanced by moisture
absorption from the mucosal layer) facilitate their diffusion into
the mucus network, thereby improving therapeutic perfor-
mance.*'® Conjugation of luteinizing hormone-releasing hormone
(LHRH) to the end of the PEG molecule as a tumor-targeting
moiety demonstrated excellent lung tumor deposition and tumor
cell uptake after delivery of the nanoparticles through the
pulmonary administration route.*'” Another study compared
phenylboronic  acid-modified nanoparticles with different
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targeting modifications for pulmonary administration. Compared
to mannose modification, which causes nanoparticle interception
by lung macrophages, the FA modification significantly enhanced
lung cancer cell targeting and the accumulation in tumor
tissues.?

As another anti-cancer strategy, immune cells associated with
tumors can also be targeted. Tumor-associated macrophages
(TAMs) play important roles in carcinogenesis due to their
significant involvement in promoting tumor initiation, growth,
invasion, and metastasis. The accumulation of these macrophages
is associated with poor prognosis and thus, represents a promising
target for nanomedicine.*”® One study reported a biodegradable
polymeric multilayer capsule. Fabricated using layer-by-layer
assembly of poly-L-arginine (cationic) and dextran sulfate (anionic)
on CaCO; templates, this enabled encapsulation of chemother-
apeutic agents such as gemcitabine and clodronate to suppress
tumor growth.*?' FR B, another type of receptor in the FR family, is
primarily expressed in TAMs. Thus, the use of folate-modified
liposomal complexes to deliver pro-apoptotic genes can effec-
tively inhibit tumor growth by inducing apoptosis in both cancer
cells and TAMs.*?? Similarly, Park et al. successfully developed
folate-conjugated, pH-sensitive multi-drug liposomes capable of
delivering a synergistic combination of doxycycline and docetaxel
to FR B-expressing cancer cells and TAMs, significantly inhibiting
tumor growth and macrophage infiltration.*?* In addition to
macrophages, other immune cells can be targeted during lung
cancer therapy. For example, a research group developed an
inhalable nebulized nanoemulsion system designed to specifically
target the Lymphocyte-activation gene 3 (LAG-3 or CD223) on
immune cells within lung tumors and tumor-draining lymph
nodes. This innovative approach effectively promoted DC
maturation and T-cell activation, led to robust systemic antitumor
immune responses, prolonged survival, and the establishment of
immunologic memory in lung cancer models.*** A recent study
reported on the development of hyaluronic acid-lipid hybrid
multilamellar nanoparticles (HLHC) that demonstrated superior
mucus penetration via pulmonary delivery. Further optimization of
these nanoparticles through arginine modification resulted in Arg-
HLHC that significantly improved cytosolic drug delivery and
targeted antigen-presenting cells (APCs), including macrophages
and DCs. Delivery of Arg-HLHC enabled complete eradication of
lung metastases in preclinical cancer models by activating local
immune cells without inducing systemic inflammation.*”> In
addition to immune cells, endothelial cells have been recently
shown to be a promising target for nanoparticle-based therapies.
A recent study found that low levels of the FOXF1 transcription
factor promote lung cancer progression by impairing FZD4/Wnt/
[-catenin signaling in tumor-associated endothelial cells, leading
to abnormal, leaky tumor vessels. The study demonstrated that
precise nanoparticle delivery of Fzd4 cDNA to endothelial cells
effectively restores FZD4 expression, normalizes tumor vascula-
ture, and significantly inhibits lung tumor progression.*

The lung tumor microenvironment differs markedly from
normal tissue environments, exhibiting unique biochemical and
physiological features such as altered pH, redox status, and
enzymatic activity.**”*?® These distinct characteristics provide a
valuable basis for designing nanoparticles that can specifically
respond to tumor-specific stimuli to release therapeutic payloads
in a controlled manner. Given the acidic microenvironment of
lung tumors, pH-responsive systems are particularly promising. A
recent study reported on the development of a TME-responsive-
nanoimmunomodulator containing pH-sensitive amphiphilic
amino acid fluorenylmethoxycarbonyl-L-histidine that can disas-
semble and release encapsulated drugs in the acidic tumor
microenvironment to promote chimeric antigen receptor T (CAR-
T) cell infiltration, reducing immunosuppression in lung cancer
therapy.*”® To improve the therapeutic outcome, nanoparticles
can be triggered by external stimuli for precise controlled release.
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In a recent study, researchers designed supramolecular therapeu-
tic nanoparticles that contained photosensitizers generating
reactive oxygen species (ROS). ROS cleavage of thioketal bonds
led to disintegration of the nanoparticles and delivery of
therapeutic payload.*® Additionally, enzymes upregulated by
tumors can be used for payload delivery. For example, Cathepsin
B, which is upregulated in tumors, cleaves the GFLG peptide linker
in prodrugs delivered by the nanoparticles.**°

The early diagnosis of lung cancer is challenging, and a
significant percentage of patients are diagnosed at advanced
stages.*®' This late detection is a primary reason for high mortality
rates associated with lung cancers.* Early detection of lung
cancer is critical for therapies because it significantly improves
patient survival by enabling early treatment interventions.
Nanoparticle-based detection methods have emerged as a
transformative approach for early lung cancer detection, offering
superior sensitivity, signal amplification, and multimodal detection
capabilities for low-abundance lung cancer biomarkers. Recent
studies have utilized nanoparticles conjugated with specific
recognition elements, such as antibodies, aptamers, or peptides,
to enable precise imaging of cancer cells and detection of key
molecular biomarkers. These platforms harness fluorescent
nanomaterials, including quantum dots, for high-resolution
imaging.*** The use of magnetic nanoparticles facilitates the
enrichment of rare cell populations, such as circulating tumor cells
(CTCs),*** or enables the capture of low-concentration biomarkers
like NSCLC-associated miRNA-21.%> The combination of molecular
targeting and signal enhancement allows for the detection of
cancer-specific signals even at trace levels, enabling early-stage
diagnosis. For example, a group of studies focused on detecting
tumor-associated proteases and other cancer-related biomarkers
by monitoring electrical or electrochemical changes.**® These
platforms leverage highly conductive nanomaterials, such as
multiwalled carbon nanotubes,**” graphene-based composites,
MOF hybrids,**® and biotinylated DNA barcode-conjugated
nanosensors,”*® to convert molecular recognition events into
quantifiable electrical outputs. Such sensors can detect cancer
biomarkers in various biological matrices, including exhaled air,
urine, blood and serum, and offer non-invasive and rapid
diagnostic solutions. The integration of ML algorithms into these
systems enhances diagnostic accuracy by enabling sophisticated
signal interpretation and classification of disease-specific pat-
terns.*%%% Many of these nanoparticle-based detection systems
have been successfully validated using patient-derived samples,
demonstrating high sensitivity, low limits of detection, and
promising potential for real-world applications for lung cancer
diagnostics.***

In conclusion, nanomedicines for lung cancers use a wide range
of molecules, including PD-L1, CD47, EpCAM, and FRs, to target
tumor cells. By delivering therapeutic agents directly to tumor
cells, these nanomedicines inhibit oncogenic signaling and tumor
growth, induce tumor cell apoptosis, promote anti-cancer immune
responses, and normalize tumor vasculature.

Neonatal pulmonary diseases

Neonatal pulmonary diseases represent a distinct category of
respiratory conditions that are fundamentally different from adult
lung pathology due to the ongoing developmental processes and
inherent vulnerabilities of the immature respiratory system. The
human lung follows a complex developmental process which
extends well beyond birth, creating multiple critical windows of
vulnerability. One of the most vital stages is alveolar development,
which is crucial for establishing the mature gas-exchange
apparatus. This phase of lung development involves rapid
alveolarization, which is highly associated with pulmonary
vascular development, creating the intricate alveolar capillary
networks essential for efficient gas exchange. Disruption of normal
pulmonary vascular development leads to severe lung diseases.
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Nanoparticles in Neonatal Lung Diseases
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Schematic shows the use of nanoparticles in neonatal lung diseases. Bronchopulmonary dysplasia (BPD) and alveolar capillary dysplasia

with misalignment of pulmonary veins (ACDMPV) are severe neonatal lung diseases with different developmental origins. Nanoparticle delivery
systems can enable targeted delivery of therapeutic agents to treat these conditions by restoring developmental signaling in the developing lung.

FOXF1 is forkhead box F1. Created with Biorender.com

Due to the lack of proper protective mechanisms, immature
pulmonary vasculature is particularly susceptible to injury from
hyperoxia, mechanical ventilation, and inflammatory mediators.**'
These insults can lead to endothelial dysfunction, altered
vasoreactivity, and pathological vascular remodeling which
contributes to long-term pulmonary complications.**? The vulner-
ability of the developing pulmonary vasculature represents a key
factor distinguishing neonatal from adult lung disease patterns.
The neonatal lung exists in a state of active development. This
creates specific pathological conditions that rarely or never occur
in adults, with BPD, Congenital Diaphragmatic Hernia (CDH), and
ACDMPV serving as examples of neonatal pulmonary diseases (Fig.
11).

BPD is one of the most common complications of preterm birth
with lifelong consequences associated with adverse respiratory,
cardiovascular and neurodevelopmental outcomes.*>*** With
improved survival of neonates born at less than 28 weeks’
gestation, the number of survivors with BPD is increasing. BPD
results from the premature lung’s vulnerability to stress during the
neonatal developmental period. Multiple factors such as
ventilation-induced lung injury, oxygen toxicity, inflammation
secondary to infections, or any other stress result in additional
injury to the developing lung.*** Many transcription factors and
molecular pathways are involved in BPD pathogenesis.**> For
example, in infants with BPD, and particularly in its most severe
form accompanied by pulmonary hypertension (BPD + PH), the
transcription factor FOXF1 is significantly decreased within the
capillary endothelium.3*® The decrease of FOXF1 is associated with
deficits in VEGF signaling, NOTCH-dependent cell interactions, and
semaphorin guidance.***™*° Disruption of these pathways is
associated with abnormal alveologenesis and vasculogenesis
following preterm birth,#4>4%174>3

ACDMPV represents one of the most severe and lethal
developmental lung disorders affecting neonates.3*>#424%* This
congenital lethal lung disease is caused by mutations affecting
16024.1 locus.*>>~**® Most ACDMPV cases are caused by de novo
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single-nucleotide variants or copy-number variant deletions
involving the FOXF1 gene, altering the expression or activity of
the FOXF1 protein.”>> Most patients develop symptoms within the
first 24 h after birth, and the lungs of ACDMPYV patients exhibit loss
of alveolar capillaries, lung hypoplasia, and respiratory failure.**® A
published study demonstrated that the S52F FOXF1 mutation
causes ACDMPV by disrupting FOXF1-STAT3 protein-protein
interactions and inhibiting Stat3 gene transcription. This disrup-
tion reduces STAT3 signaling, a critical transcriptional regulator of
angiogenesis, and its downstream effects on gene expression and
endothelial cell proliferation, ultimately leading to severe defects
in pulmonary vascular development.***

Nanoparticle delivery systems are emerging as a promising
avenue for treating neonatal pulmonary diseases. Published
studies have used a murine model of ACDMPV to demonstrate
that intravascular delivery of positively charged polymeric
nanoparticles carrying the STAT3 expression plasmid effectively
prevents pulmonary hypertension and improves survival by
enhancing alveolar capillary density and arterial oxygenation in
ACDMPV mice3*® Similarly, in a model of BPD, the polymeric
nanoparticles have been successfully employed for the delivery of
plasmids encoding either FOXM1 or FOXF1, both of which are key
regulators of lung development and repair after lung
injury 38438460463 This approach stimulated lung angiogenesis
and endothelial cell proliferation, thereby inhibiting alveolar
simplification and preserving lung function.'®'>? In addition to
targeting the transcription factors, nanoparticle-mediated gene
delivery has been applied to modulate other critical molecular
pathways implicated in BPD-associated PH. For example, a
reduction of endothelial carnitine palmitoyltransferase 1a (Cpt1a)
expression is a major contributor to the development of
pulmonary hypertension in BPD. Targeted delivery of Cptla
plasmid to lung endothelial cells via nanoparticles significantly
restored Cptla expression, attenuated pulmonary vascular remo-
deling, decreased right ventricular hypertrophy, and corrected
dysregulated metabolic pathways.*** Moreover, lipid-based
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Table 2. Comparative performance and safety profiles of nanoparticle types for pulmonary diseases
NP types Lipid (LNPs, liposomes) Polymeric (polyethylenimine,  Inorganic (gadolinium, gold, hafnium  Cell-derived (exosomes)
chitosan) oxide, iron oxide)
Stability Thermodynamically unstable  Stability is highly dependent  Stability is highly dependent on Specific techniques such as
in certain conditions; high on the type of the polymer;  surface chemistry of the inorganic cryopreservation and freeze-
shear forces in nebulizers may polymer degradation can be  nanoparticles drying are needed to maintain
cause liposome degradation  engineered from hours to the integrity of modified
months exosomes
Payload Nucleic acids and small Nucleic acids and small Peptides and hydrophobic drugs Nucleic acids and proteins
types molecule drugs molecule drugs
Mucus Usually request particle size ~ Surface modification like In acidic mucus, PEGylated silica Enzyme-modified exosomes can

penetration

smaller than 200 nm."”?

Zwitterionic polymer
conjugation and PEGylation
can improve mucus
penetration'8%1%°

Macrophage Liposome uptake by AM cells Reduced via PEGylation or
clearance after 2 h was 14% (2000 nm)  zwitterionic polymer
propensity  and <4% (100 nm).'*? coatings'®1%°

Typical lung  Specific liposomal systems Specific liposomal systems

accumulation

Major safety
concerns

achieve lung-specific
accumulation without
affecting other organs via
intravenous injection®??

Generally biocompatible,
repeated use of PEGylated
lipids may trigger anti-PEG
antibodies

achieve lung-specific
accumulation without
affecting other organs via
intravenous injection®?®

Monomers from hydrolysis
must be biocompatible;
cationic density must be
controlled to prevent

nanoparticles exhibit a 42.7-fold

higher mean squared displacement
compared to carboxyl-modified silica

nanoparticles'®!

For nanodiamonds, a high-density
polyglycerol coating reduces
macrophage uptake from ~12% to
~1 0%214

Magnetic guidance of iron oxide
increases deposition into the lung
tissue'®®

Concerns include biopersistence, toxic

ion release, and reactive oxygen
species generation

reach an apparent permeability
coefficient over 5x 107 cm/s*®

Specific exosomes can reduce
the immune cell clearance rate
to 5-10%°*

Inhalation typically shows higher
accumulation compared to
intravenous delivery®®®

Generally biocompatible. Risks
include transferring pro-
inflammatory signals and
immunogenicity from repeated

membrane rupture

Phase 1/2 trials. Preclinical
studies

Clinical stage FDA-approved (Arikayce),
multiple Phase 1/2/3 trials,

preclinical studies

administrations

Phase 1/2 trials. Preclinical
studies

Phase 1/2 trials. Preclinical studies

nanoparticles incorporating ursolic acid have been recently
developed. In a BPD rat model, the lipid nanoparticles encapsulat-
ing NR1D1T mRNA have demonstrated notable therapeutic
efficacy. NR1D1 is an intracellular circadian clock protein which
is crucial for regulating inflammation and oxidative stress during
lung injury. Nanoparticle delivery of NR1D1 mRNA reduced
inflammatory cytokines and oxidative stress in a BPD model,
decreasing alveolar simplification and promoting neonatal lung
angiogenesis.*®®

Prenatal nanoparticle therapy is also being investigated for its
potential to prevent neonatal lung diseases. One compelling
example is the treatment of Congenital Diaphragmatic Hernia
(CDH), a life-threatening congenital defect characterized by
pulmonary hypoplasia and compromised vascularization. In a
recent study, prenatal administration of Vascular Endothelial
Growth Factor (VEGF) immobilization nanodiamonds significantly
improved lung growth and vascular development in animal CDH
models, offering a novel therapeutic opportunity to enhance or
complement current interventions such as fetal tracheal occlusion.
This early intervention strategy highlights the potential of
nanomedicine for prenatal therapeutic applications in neonatal
pulmonary diseases, opening new frontiers for precision-based
pediatric care.*®®

In summary, nanomedicines for neonatal pulmonary diseases
target key developmental pathways and transcription factors, such
as FOXF1, FOXM1, STAT3, Cptla, and NR1D1. Through the
nanoparticle-mediated delivery of plasmids or mRNA, these
therapies aim to restore normal lung development and repair
after neonatal lung injury. These interventions regulate the
pathophysiology of BPD and ACDMPV by promoting angiogen-
esis, enhancing endothelial cell proliferation, and regulating
inflammatory and oxidative stress responses.
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A technical comparison of the performance characteristics,
biological barrier interactions, and safety profiles for major
nanoparticle classes is provided in Table 2.

SAFETY CONSIDERATIONS FOR TRANSLATIONAL
NANOMEDICINE

Nanoparticle safety assessment is a fundamental requirement for
clinical translation because the unique physicochemical properties
of these systems, such as their small size and high surface energy,
allow them to navigate biological barriers.**” These characteristics
usually lead to the formation of a protein corona upon contact
with physiological fluids, which can alter the nanoparticle
biological identity and trigger unpredictable immune recognition
or rapid systemic clearance.*®® Safety profiles may vary signifi-
cantly across nanoparticle platforms. Inorganic materials like
Cadmium or silver are prone to biopersistence and the release
of toxic ions,**® whereas MOF nanoparticles can generate ROS,
resulting in oxidative stress and cellular damage.**® Additionally,
nanostructures with rigid surfaces or sharp edges, such as carbon
nanotubes or graphene oxide sheets, can physically disrupt
biological membranes.*®® Therefore, carefully addressing potential
safety concerns during the initial design phase is essential.
Rational nanoparticle design should avoid the use of inherently
toxic components, such as heavy metals or hazardous chemicals.
Lipid and polymer-based systems are generally considered more
biocompatible or biodegradable; employing these materials can
prevent the leakage of toxic metal ions and minimize the long-
term nanoparticle accumulation in human tissues. Furthermore,
the size and structure of the carrier must be optimized to prevent
excessive interaction with biological entities or membranes that
might cause damage to tissues or cells. Cationic nanoparticles are

SPRINGER NATURE

27



Precision nanomedicine for pulmonary diseases: from molecular targeting...

Deng et al.

28

specifically noted for their ability to rupture lysosomal membranes
via the “proton sponge effect”, which facilitates endosomal escape
and the release of cargo. However, an excessive “proton sponge
effect” may trigger the release of degradative enzymes into the
cytoplasm.*®® Therefore, researchers must balance cationic density
and working concentrations to maintain safety. Finally, surface
modifications with stealth molecules, such as PEG or zwitterionic
polymers, create an inert hydrophilic layer that masks nanopar-
ticles from the immune s%/stem, thereby reducing the potential for
inflammatory responses.”'®

Evaluating nanoparticle safety for clinical use requires a multi-
tiered assessment strategy that integrates physicochemical
characterization, in vitro screening, and in vivo validation in
preclinical animal models. Essential physicochemical parameters,
including size (hydrodynamic diameter), shape, surface charge
(zeta potential), purity, and stability, must be carefully character-
ized.**” These properties act as critical determinants of biological
effects and must be monitored to ensure batch-to-batch
consistency.”’® In vitro assessments utilizing human cell lines
serve as an initial biosafety screening phase to evaluate
cytotoxicity through assays measuring cell viability, metabolic
activity, membrane integrity, hemolytic activity, and the genera-
tion of ROS. In vivo animal studies further assess the toxicokinetic
profiles of nanoparticles across various species, typically transi-
tioning from rodents to non-human primates. Evaluation of
toxicity typically includes monitoring animal weight, blood
chemistry, hematology, and serum cytokines to detect systemic
inflammation or organ injury.*’' Furthermore, in vivo imaging
systems may be used to track real-time biodistribution and organ
accumulation. Comprehensive in vivo preclinical studies can
determine the maximum tolerated dose and identify dose-
limiting toxicities, serving as vital guidelines for potential clinical
translation.*”’ To improve predictive accuracy and minimize
animal use, innovative strategies such as iPSC-derived human
organoids and organ-on-a-chip devices that mimic in vivo
environments, control fluid mechanical forces, and allow real-
time monitoring are increasingly employed in nanomedicine
safety assessments.*®” Integrating all available methods to ensure
nanomedicine safety is necessary prior to potential clinical
translation.

While general nanotoxicology provides a baseline for safety, the
unique physiological environment of the lungs requires route-
specific pulmonary safety assessments. In preclinical validation, it
is essential to move beyond systemic toxicity and focus on local
pulmonary interactions. A critical component of this evaluation is
the analysis of bronchoalveolar lavage fluid (BALF). Monitoring
BALF cell counts and cytokine profiles provides a direct window
into the immediate inflammatory response and the recruitment of
immune cells to the lung. Furthermore, assessing airway
hyperresponsiveness and bronchospasm is vital for understanding
how nanoparticles may impact pulmonary mechanics and
function of airway smooth muscle cells. Beyond functional metrics,
local histopathology remains the gold standard for identifying
structural changes in lung remodeling. It is necessary to evaluate
signs of airway epithelial injury, mucociliary clearance impairment,
and the severity of PF. By integrating these route-specific
parameters, researchers can more accurately predict the safety
profile of lung-directed nanoparticles in humans.

CLINICAL APPLICATIONS AND CURRENT CHALLENGES

The clinical development of nanoparticle-based therapeutics for
pulmonary diseases represents a transformative approach over
the past several years, with multiple formulations reaching various
stages of human testing. The field encompasses diverse nano-
particle types, administration routes, and therapeutic applications,
ranging from infectious diseases to cancer and genetic disorders.
Among the most notable clinical successes is ARIKAYCE® (ALIS), a
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liposomal formulation of the antibiotic amikacin. Delivered directly
to the lungs via aerosolized nebulization, ARIKAYCE® received
approval in 2018 as part of a combination regimen for treating
Mycobacterium avium complex lung disease.”®2°13%8472 Another
notable example is Linhalig™, a liposomal ciprofloxacin formula-
tion developed by Aradigm for nebulized delivery using a jet
nebulizer system (PARI LC®). Linhalig™ underwent extensive
clinical testing, including two Phase 3 ORBIT clinical trials, for
the treatment of non-CF bronchiectasis associated with chronic
Pseudomonas aeruginosa infections.*’>*’* Current regulatory
assessments of nanotherapeutics and inhaled gene editing
platforms are conducted within established pharmaceutical and
biological frameworks.””> The U.S. Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) use case-by-case
evaluations to assess the safety and efficacy of these therapeutic
agents. The “case-by-case” methodology is primarily driven by the
structural complexity of these products, where multiple compo-
nents simultaneously influence the pharmacological behavior of
the active ingredient. Consequently, standardized tests cannot be
applied universally to all nanoparticle formulations. Regulators
instead evaluate each nanomedicine-specific characteristics rela-
tive to its intended use through several actions: (1) classifying the
product by its primary mode of action; (2) adapting established
pharmaceutical quality assessments; (3) requesting data based on
the unique architecture and surface interactions of nanoparticles;
(4) conducting stepwise comparisons with reference products; and
(5) applying real-time safety monitoring for risks during clinical
trials.*’®

The COVID-19 pandemic posed an unprecedented global health
crisis, resulting in millions of deaths worldwide and necessitating
the rapid development of effective countermeasures. Among the
most impactful biomedical achievements during the pandemic
era was the deployment of mRNA-based COVID-19 vaccines,
which represent a landmark application of lipid nanoparticle (LNP)
technology in human medicine. Both the Pfizer-BioNTech
(BNT162b2) and Moderna (mRNA-1273) vaccines utilize LNPs to
encapsulate and deliver mRNA encoding the SARS-CoV-2 spike
protein.’%*’” |In a multinational, placebo-controlled, observer-
blinded, pivotal efficacy trial involving 43,548 randomized
participants, the BNT162b2 vaccine demonstrated 95% efficacy
in preventing COVID-19 with onset at least 7 days after the second
dose.*’® Similarly, the mRNA-1273 COVID-19 vaccine demon-
strated over 94% efficacy against COVID-19 in the phase 3 clinical
trial.*’® These remarkable achievements not only underscore the
rapid translational potential of nanoparticle platforms but also
validate their utility for large-scale prophylactic and therapeutic
applications.

Currently, numerous nanoparticle-based therapeutic agents
undergo clinical trials for potential treatment of pulmonary
diseases (Table 3). Despite the clinical potential, numerous
challenges continue to hinder the broader development and
clinical translation of nanoparticle-based therapies. Although a
wide variety of nanoparticle systems have been reported in
preclinical literature, only a small subset has progressed to human
clinical trials. Currently, most nanoparticles used in clinical studies
are lipid-based. These nanoparticles lack specific targeting
capabilities or controlled-release functionalities. The lack of these
capabilities reflects the broader translational gap and highlights
persistent obstacles in bringing more advanced nanocarrier
systems into the clinic.

One significant barrier is the difficulty of large-scale production,
particularly for nanoparticles with complex designs or intricate
chemistries. While these structural complexities may enhance the
functionality of the nanoparticles, such as improved targeting,
cargo release kinetics, or immune modulation, the complex
structure often results in low production yields and poor
reproducibility, making the complex nanoparticles unsuitable for
industrial-scale manufacturing and global deployment. For
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example, microfluidics is highly effective in the lab because rapid
mixing at the microscale ensures that nanoparticles are nearly
uniform in size. However, industrial scale-up demands higher
throughput, which often involves increased flow rates. These
changes can alter the Reynolds number and other hydrodynamic
parameters, shifting the balance between inertial and viscous
forces. Even if the flow remains nominally laminar, differences in
shear stress, mixing efficiency, solvent exchange rates, and
residence time distributions can significantly impact nanoparticle
formation. Such variations can lead to nonuniform self-assembly,
aggregation, inconsistent drug loading, and changes in size, PDI,
surface coating, or ligand presentation. These issues are particu-
larly severe for complex platforms like multilayer and cell
membrane-coated nanoparticles, as their assembly is highly
sensitive to local fluid conditions. Furthermore, nanoparticles
incorporating expensive or scarce biological components may also
face economic hurdles in commercialization. In addition, biode-
gradable nanoparticles, which are preferred for clinical use due to
their safety profile, often suffer from instability during long-term
storage. The breakdown of these nanoparticles leads to alterations
in physicochemical properties, degradation of therapeutic cargo,
loss of biological function, or even potential safety risks.

The translation of pulmonary nanomedicines from laboratory
discovery to clinical application currently follows a product-
focused, science-based regulatory approach outlined in the FDA's
finalized 2022 guidance entitled “Drug Products, Including
Biological Products, that Contain Nanomaterials”.*’® This framework
applies to materials engineered within the 1-100 nm range or

those up to 1000 nm that exhibit size-dependent functional
properties. This classification requires the strict monitoring of
critical quality attributes (CQAs), including size, surface charge,
and morphology, to ensure consistent aerosol performance and
stability. Translating these therapies for pulmonary diseases often
involves multi-decade timelines due to significant hurdles like the
manufacturing process, GMP compliance, and the understanding
of complex bio-nano interactions. To mitigate clinical risks and
bridge the translational gap, researchers increasingly utilize
strategic models like the DELIVER framework.*®® This methodology
includes seven core principles: defining the target product profile
(D), essential characterization (E), lead candidate optimization (L),
intellectual property patenting (1), validated efficacy and safety (V),
economical and scalable production (E), and the regulatory and
clinical pathway (R). By establishing a quality target product profile
early in the design phase, nanomedicines can be rationally
engineered to bypass specific biological barriers while balancing
therapeutic efficacy with requirements for manufacturing and
biocompatibility.**® The integrated stages of this translational
roadmap are visually summarized in Fig. 12.

Another critical limitation in the field of nanoparticle-based
therapeutics arises from the preclinical models currently
employed. ARDS, a severe complication of acute lung injury
(ALl), remains a significant cause of morbidity and mortality in
both adults and children, with especially high vulnerability in the
neonatal population.”®*8? Epidemiological studies reveal key
differences in ARDS incidence and outcomes between pediatric
and adult populations, particularly in neonates who often
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experience distinct pathophysiological responses to lung injury
compared to adults.*®3*®*  Despite these differences, most
therapeutic development and preclinical studies rely on adult
models, leading to a significant underrepresentation of pediatric-
specific research and therapeutic development.*®'*®> Moreover,
existing preclinical models frequently rely on in vitro studies or
short-term rodent models. These models often fail to capture the
long-term biodistribution, degradation behavior, and potential
toxicity of nanoparticles after multiple applications. This must be
considered because many nanoparticles exhibit longer retention
times in vivo compared to conventional small-molecule drugs.
Consequently, long-term risks such as bioaccumulation, off-target
effects, and immune-related toxicities remain insufficiently under-
stood, representing potential safety liabilities in human
translation.

CONCLUSION AND FUTURE PERSPECTIVES

To overcome these complex, multi-level challenges, interdisciplin-
ary collaboration among researchers in medicine, chemistry,
materials science, and biomedical engineering is essential. A deep
understanding of disease-specific pathophysiology is critical for
guiding rational nanoparticle design tailored to specific cellular
targets and microenvironments. For instance, emerging technolo-
gies such as click chemistry offer powerful tools for nanoparticle
functionalization and lung-targeting ligand conjugation. While
several prior studies have used antibody-conjugated nanoparticles
to target lung cells, most have relied on traditional coupling
chemistries. There is an unmet need to explore next-generation
chemistries, including click reactions, that enable more efficient,
stable, and site-specific conjugation of ligands to nanoparticle
surfaces. Furthermore, scalable nanoparticle production will require
optimization of synthesis parameters to balance nanoparticle
functionality, reduce cost, increase yield, and establish robust
quality control metrics to ensure batch-to-batch reproducibility.
Additional efforts are needed to perform long-term toxicity and
pharmacokinetic studies, with the primary focus on elucidating
degradation pathways, clearance mechanisms, and immunogeni-
city profiles under clinically relevant conditions. The implementa-
tion of Quality by Design (QbD) principles during early process
development facilitates the identification of high-risk parameters to
establish a stable manufacturing process and reproducible
manufacturing outcomes. In the field of nanomedicine, the QbD
framework uses CQAs as measurable benchmarks that link complex
nanoparticle properties to their ultimate clinical performance and
patient safety. These CQAs typically include particle size distribu-
tion, morphology, surface charge, and polydispersity to ensure
batch uniformity and scientific reproducibility.*’”> To produce
specialized carriers for lung delivery, various particle engineering
technologies are employed to achieve the precise aerodynamic
properties required for deep airway deposition.*®® Supercritical
fluid (SCF) technology uses supercritical carbon dioxide as a
sustainable solvent to crystallize active ingredients, effectively
reducing organic solvent residues while achieving the narrow
particle size distribution required for inhalable powders. Comple-
mentary approaches include spray drying (SD), which generates
porous particles with consistent sizes, and spray freeze drying
(SFD), a method suited for thermolabile and lipid-based materials
that yields low-density particles with high surface areas. Further-
more, emerging technologies such as thin-film freezing (TFF), hot-
melt extrusion (HME), and proprietary platforms like TechnoSphere
and PulmoSphere provide solvent-free or specialized processing
routes to improve the solubility and stability of inhaled formula-
tions.*®*®” High-resolution methods like particle replication in non-
wetting templates (PRINT) further allow for the design of particles
with regulated NMADs to ensure uniform distribution throughout
the respiratory system.**®*” To overcome the structural constraints
of centralized, batch-based manufacturing, next-generation
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systems such as BioNTainer and Ntensify offer decentralized,
continuous-flow solutions that increase throughput and reduce
process variability.*®® For example, the BioNTainer system utilizes a
modular, container-based architecture to enable the rapid local
production of high-quality mRNA vaccines. Similarly, the Ntensify
platform achieves mRNA synthesis yields of 5.6 mg/mL and reduces
overall production costs by 60% compared to traditional
manufacturing.*®®

Beyond conventional drug and mRNA delivery, the next frontier
in pulmonary nanomedicine is the permanent correction of
genetic defects through advanced gene-editing tools. Recent
preclinical studies have evaluated the feasibility of pulmonary
CRISPR/Cas9 delivery using non-viral platforms.*®® The CRISPR/
Cas9 system is a programmable gene-editing technology which
utilizes guide RNAs to direct the Cas9 endonuclease toward
specific genomic sequences for precise DNA modification. Local
pulmonary delivery of these components requires a carrier to
protect CRISPR/Cas9 components from degradation and over-
come biological barriers. Published studies developed PEGylated
chitosan as a delivery platform and demonstrated that these
nanocomplexes were stable during nebulization-induced shear
stress and effectively permeated mucus layers.**® Other studies
employing high-throughput screening identified biodegradable
ionizable lipid nanoparticles (LNPs) that enabled efficient gene
editing in mouse lung epithelium and were suitable for repeated
intratracheal administration.*®’ This approach combining AAV-
mediated guide RNA delivery with LNP-mediated Cas9 mRNA
expression showed editing efficiencies near 17%, which is
comparable to dual-AAV systems but offers a safer, transient
expression profile.*’ In addition to DNA-targeted genome editing,
polymeric formulations have been used to deliver Cas13a mRNA
to lung epithelial cells to target SARS-CoV-2 RNA, demonstrating
therapeutic efficacy in infected mice*®® Despite these new
advances, significant constraints remain, including physiological
barriers such as mucociliary clearance, AM phagocytosis, and the
thick mucus characteristic of chronic respiratory diseases. Techni-
cal challenges also include the potential for cargo degradation
during aerosolization and overall limited progress in standardized
inhalation formulations for clinical applications.

In addition to designing nanoparticles for specific pulmonary
cell targeting, the clinical application of precision nanomedicine
can be improved through the identification of molecular
endotypes and patient-specific biomarkers. Identifying reproduci-
ble disease endotypes provides a foundation for clinical stratifica-
tion. For example, in ARDS, multi-omics integration has defined
two primary endotypes: a hyperinflammatory C1 phenotype and a
hypoinflammatory C2 phenotype.**? Because these ARDS endo-
types exhibit differential responses to standard care, it is
important to determine whether a nanoparticle system should
deliver anti-inflammatory payloads or focus on tissue-specific
repair. Similarly, severe asthma can be subdivided into T2-high
and T2-low endotypes using sputum cytometry and “breathomics”
signatures.**® These biomarkers will allow clinicians to distinguish
various inflammatory processes and select specific nanoparticle-
mediated agents, such as anti-IL-5 for T2-high disease or
macrolide antibiotics for neutrophilic bronchitis. Furthermore,
recent advances in single-cell transcriptomics and next-generation
sequencing enable the discovery of additional biomarkers that
guide the development of personalized nanomedicine. In ARDS,
ML applied to transcriptomic datasets has identified four-gene
signatures for diagnosis and an eight-protein panel for early
prognosis,**2 both of which can be used to determine the timing
and dosage of nanoparticle-based interventions. In lung cancer,
development of precision nanovaccines utilizes exome sequen-
cing to identify patient-unique neoantigens.*** This genotype-
guided approach facilitates the creation of individualized mRNA-
based or peptide vaccines targeting specific KRAS mutations,
ensuring that the nanoparticle cargo is tailored to the patient’s
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unique genetic profile. By incorporating these patient-specific
treatments, pulmonary nanomedicine can move beyond general-
ized delivery to a truly individualized therapeutic framework.

To speed up the design of complex new therapies, the field is
increasingly using data-driven methodologies to optimize nano-
particles. Recent advances in Al and ML offer promising avenues
for accelerating nanoparticle design, optimization, and prediction
of biological effects. A recent study introduced a novel Al-guided
deep learning strategy to design and optimize ionizable lipids for
LNPs. The strategy successfully identified high-potency candidates
that significantly enhanced mRNA delivery efficiency for pulmon-
ary gene therapy and vaccine applications.**> As nanoparticle
datasets become more comprehensive and standardized, Al/ML
platforms are expected to enable predictive modeling of key
properties such as cellular uptake, biodistribution, endosomal
escape, transfection efficiency, toxicity, and even age-specific
differences in therapeutic responses. These AI/ML tools may
facilitate rational design of safer and more effective nanoparticle
systems, ultimately streamlining the translation of nanomedicine
from bench to bedside for both adult and pediatric pulmonary
conditions.

In conclusion, this review provides a systematic overview of
precision nanomedicine for pulmonary diseases, focusing on how
nanoparticles can overcome the limitations of conventional
therapies. It highlights the critical role of physicochemical
properties in targeted delivery, explores advanced design
strategies, and compares pulmonary and systemic administration
routes. The manuscript also covers therapeutic applications for
various conditions, including PF, respiratory infections, COPD, PVD,
CF, asthma, lung cancer, and neonatal disorders. Finally, this
review discusses translational challenges and provides future
perspectives to guide the development of future respiratory
therapies.
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