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Abstract. Lung cancer represents a marked global public
health concern. Despite existing treatment modalities, the
average 5-year survival rate for patients with patients with lung
cancer is only ~20%. As there are numerous adverse effects
of systemic administration routes, there is an urgent need to
develop a novel therapeutic strategy tailored specifically for
patients with lung cancer. Non-invasive aerosol inhalation,
as a route of drug administration, holds unique advantages in
the context of respiratory diseases. Nanoscale materials have
extensive applications in the field of biomedical research in
recent years. The present study provides a comprehensive
review of the classification, applications summarized according
to existing clinical treatment modalities for lung cancer and
challenges associated with inhalable micron/nanoparticle drug
delivery systems (DDSs) in lung cancer. Achieving localized
treatment of lung cancer preclinical models through inhala-
tion is deemed feasible. However, further research is required
to substantiate the efficacy and long-term safety of inhalable
micron/nanoparticle DDSs in the clinical management of lung
cancer.
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1. Introduction

Lung cancer, being a marked global public health concern,
poses a challenge due to elusive early symptoms, leading to
missed opportunities for optimal surgical intervention upon
diagnosis. According to the projections by the American
Cancer Society, the anticipated number of newly diagnosed
cases of lung cancer in the United States for both males and
females is expected to rank 2nd in 2023, constituting ~12%
of estimated new cancer cases. Furthermore, lung cancer is
projected to have the highest mortality rate, accounting for
21% of all cancer-related deaths (1). Despite existing treatment
modalities such as radiation therapy, immunotherapy and
highly specific targeted therapy, the average 5-year survival
rate for patients with lung cancer is only ~20% (1).

Ensuring selective targeting of tumor cells while mini-
mizing damage to normal tissues has long been a challenge
in traditional therapeutic regimens for lung cancer (2,3).
Furthermore, systemic administration routes result in only a
fraction of the drug reaching the tumor site, requiring high
drug concentrations for effectiveness. This economic burden
associated with systemic administration renders the treatment
of lung cancer unsustainable (4). Consequently, there is an
urgent need to develop a novel therapeutic strategy tailored
specifically for patients with lung cancer.

The non-invasive aerosol inhalation of drug administra-
tion has unique advantages in the treatment of respiratory
system diseases, and its application spectrum has gradually
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expanded with the increasing incidence of related respiratory
conditions such as asthma and chronic obstructive pulmo-
nary disease (5,6). Compared with oral or injectable routes,
aerosol inhalation enables direct drug delivery to the site of
lung lesions, reducing systemic drug consumption and alle-
viating patient discomfort and pain during administration.
This approach is conducive to the long-term management of
chronic diseases (7). Despite several decades of inhalation
drug delivery, no inhalation formulation of antitumor drugs
has been approved for clinical use in lung cancer.

In recent years, nanoscale materials have found extensive
applications in the field of biomedical research, offering vast
prospects for the diagnosis and treatment of lung cancer and
pulmonary metastases (8-10). The nano-sized dimensions,
large specific surface area, high drug loading capacity and
responsiveness to external stimuli make nanoscale drug
delivery systems (DDSs) promising candidates for non-inva-
sive inhalation administration (11). Traditional micron-sized
DDSs is still used the field of lung cancer (12,13). Several
reviews have demonstrated the potential of inhalable DDSs
in lung cancer (12,14-16). However, there is currently a lack
of comprehensive summaries categorizing inhalation DDSs
according to existing clinical treatment modalities for lung
cancer, and the safety assessment of inhalation therapy remains
insufficient. In the present review, DDS carriers are classified
based on their material properties, and a detailed account of
the preclinical application of inhalable DDSs is provided in
accordance with existing clinical treatment modalities for
lung cancer. Subsequently, the limitations of inhalation DDSs
in clinical translation are discussed, with a specific focus on
inhalation chemotherapy. Finally, the application and chal-
lenges of inhalation DDSs in immunotherapy and gene therapy
are addressed (Fig. 1).

2. Classification of existing inhalation formulations

Status of inhalation formulations. Compared with tradi-
tional routes of drug administration, inhalation-based
lung cancer treatment offers promising prospects due
to its direct and non-invasive drug delivery to the lungs,
elimination of first-pass metabolism in the liver, targeted
effects and reduced potential for systemic toxicity (17-19).
Integration of nanosystems such as lipid nanoparticles
(LNPs), polymer nanoparticles, or inorganic nanoparticles
with inhalation-based drug delivery further enhances the
bioavailability, stability and lung-targeting residence of
anticancer drugs, thereby improving the therapeutic index of
cancer treatment (20). However, it is crucial to note that not
all drugs are suitable for inhalation-based administration (17).
The efficacy of drugs largely depends on the size, lipophi-
licity and surface modifications of nanoparticles. To ensure
that nanoparticles are not cleared by respiratory airflow,
mucus or alveolar macrophages, it is essential to control the
surface cationic charge and achieve a lung residence time by
constructing nanoparticles with a calculated logP<0 and a
size range 100-150 nm, which represents an optimal choice
for pulmonary delivery (21-25). Currently, various inhalable
formulations have been developed, including drug nanopar-
ticles, nanocarrier delivery systems, and antibody-drug
conjugate systems incorporating nanoparticles.

Nanoscale drug particles. Nanoscale drug particles are created
by processing raw materials into particles of nm dimensions,
which are then formulated for delivery to the respiratory tract
through inhalation devices such as dry powder inhalers and
nebulizers (26). With sizes ranges of 1-100 nm, these particles
possess a larger surface area-to-volume ratio and enhanced
biological activity, effectively increasing the contact between
the drug and the respiratory mucosa, thus prolonging the
residence time within the airways (27). The construction of
nanoscale particles assists in the effective evasion of impaction
in the upper respiratory tract and facilitates deeper deposition
into the lungs, while concurrently evading engulfment by
alveolar macrophages (28). Local administration via inhala-
tion devices has demonstrated efficacy in preclinical models of
lung cancer, although previous studies have primarily focused
on small molecular drug compounds (29,30). At the same time,
several monoclonal antibodies (mAbs) have gained approval
for intravenous administration in the treatment of non-small
cell lung cancer (NSCLC) such as bevacizumab, trastuzumab
and others (31,32).

Shepard et al (33) developed a physically stable and
biologically active dry powder formulation of bevacizumab,
an anti-VEGF mAb. This formulation exhibits aerosol charac-
teristics suitable for deep lung tissue penetration, maintaining
excellent physical stability for =6 months at room temperature.
Moreover, the bioactivity of the anti-VEGF mAb properties
remains unaffected by the manufacturing process, resulting
in a 10-fold reduction in the effective dose compared with the
intravenous injection control group. Maillet et al (34) demon-
strated the use of a cloud of cetuximab aerosol particles for
local lung cancer treatment, using both mesh and jet nebulizers,
while preserving their immunological and pharmacological
characteristics. Furthermore, they conducted pharmacoki-
netic analyses of the deposition of mAbs after aerosolization,
showing rapid accumulation of mAb concentrations in normal
and cancerous lung tissues, with concentrations twice as high
as those achieved through intravenous administration (35).
Brunaugh et al (36) applied optimized aerosol conditions in the
spray-drying and spray-freezing-drying particle engineering
processes to determine the impact of freeze-drying on mAb
stability and aerosol performance, showing the feasibility
of inhaled mAb dry powder formulations and particle engi-
neering processes. Cortez-Jugo et al (37) presented a novel
portable acoustic microfluidic device capable of nebulizing
epidermal growth factor receptor mAbs into a fine aerosol
mist with a mass median aerodynamic diameter (MMAD) of
~1.1 um. This technology ensures stable and active delivery,
achieving deep lung deposition.

Nanoparticle drug delivery systems (NDDS). Nanoparticle
drug delivery systems (NDDS) are DDS that use nanotech-
nology for their preparation. They employ nanoparticles
as carriers to encapsulate drugs either internally or on their
surface, facilitating the precise delivery of drugs to target
tissues or cells through targeted and controlled release mecha-
nisms. NDDS offer numerous advantages. Firstly, owing to
their small size, nanoparticles can easily traverse biological
barriers, thereby enhancing the bioavailability and therapeutic
efficacy of drugs. Secondly, NDDS enable targeted delivery by
employing surface modification or specific bioactive ligands,
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Figure 1. Categories of DDS carriers and preclinical treatment for lung cancer. DDS carriers are categorized based on their material characteristics, and a
description of the preclinical utilization of inhalable DDSs is presented, aligning with established clinical treatment for lung cancer. NDDS, nanoparticle drug

delivery system; DDS, drug delivery system; RNA, interference.

ensuring the precise delivery of drugs to diseased tissues or
target cells while minimizing damage to normal cells (38).
Additionally, NDDS enable controlled release of drugs,
prolonging their residence time in the body and providing
more stable and sustained drug effects (39).

Lipid-based nanocarriers. Lipid-based nanocarriers are
nanoscale particle systems constructed using lipid materials,
which possess notable features such as biodegradability,
non-toxicity, drug release capability, ability to penetrate
tumor cell phospholipid membranes and potential for vascular
transport (40). These nanocarriers can efficiently deliver
chemotherapeutic drugs, small interfering RNA (siRNA), and
other therapeutic agents by encapsulation or adsorption, while
achieving effective delivery through targeting, controlled
release and enhanced bioavailability (Fig. 2).

Liposomes. Liposomes, composed of one or more phos-
pholipid bilayers, are hollow spherical structures with great
versatility (41). Phospholipids consist of hydrophilic head-
groups and hydrophobic tails, allowing liposomes to form

stable bilayer structures in aqueous environments. Drugs
can be loaded into liposomes by either embedding them
within the bilayer structure or dissolving them in the inner or
outer part of the bilayers. Meanwhile, liposomes offer high
tunability, allowing for control of their stability in both in vivo
and in vitro settings by modifying phospholipid composi-
tion, layering and surface charge and modifications (42).
The range of liposomes suited for pulmonary delivery is
50-500 nm (43). In a study by Szabova et al (44), employing
liposomes containing phosphates via jet nebulization and
with the presence of polyethylene glycol, achieved a loading
efficiency of >17% for erlotinib compared with liposomes
with other constituents (44). Sarvepalli et al (45) used indo-
methacin (IND)-liposomes for the treatment of NSCLC and
observed markedly better reduction of ex vivo tumors in 3D
spheroid experiments at a concentration of 200 xM compared
with regular IND (45). Fu et al (46) developed lipid-based
biomineralized nanocarriers (LDM) co-encapsulating dihy-
droartemisinin (DHA) and pH-responsive calcium phosphate
(CaP) with exceptional nebulization performance, resulting in
~6.80 times higher drug accumulation in lung lesions compared
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Figure 2. Lipid-based nanocarriers. (A) Liposome, (B) solid lipid nanoparticles, (C) nanostructured lipid carriers, (D) nanoemulsions and (E) lipid-polymer

hybrid nanoparticles. PEG, polyethylene glycol.

with intravenous injection, making it an ideal nanoplatform
for lung cancer therapy. Furthermore, lipid-based nanocar-
riers have been combined with emerging bacterial therapy for
inhalation treatment of primary lung cancer. Zhang et al (47)
successfully prepared paclitaxel (PTX)-loaded liposomes
using thin film hydration and subsequently transferred them to
Escherichia coli or Lactobacillus casei through electropora-
tion, creating a promising inhalation therapy for lung cancer.
LNPs. LNPs primarily consist of ionic or non-ionic
phospholipids, cholesterol and surfactants, and are used for
delivery of drugs and gene editing tools. They are commonly
employed for nucleic acid delivery, and have a size range
of 20-200 nm (48). Two types of LNPs with solid matrices
have been reported: i) First-generation LNPs or solid LNPs
(SLNs) composed of triglycerides; and ii) second-generation
LNPs or nanostructured lipid carriers (NLCs) composed
of lipid matrices in disordered crystalline form (49,50).
NLCs overcome the poor loading capacity of SLNs in
aqueous dispersions, drug release upon storage and high
water content limitations in aqueous SLN dispersions (51).
Zimmermann et al (52) constructed LNPs comprised of
ionizable cationic lipids (DLin-MC3-DMA analogs), helper
lipids, cholesterol and siRNA encapsulation using poly-
ethylene glycol (PEG)-dimyristoyl glycerol. They further
assessed the feasibility of spray-dried LNPs and determined
that setting the target for re-dispersibility of the spray-dried
powder at ~150 nm resulted in <5% residual moisture content
and <15% RNA loss. These LNPs were able to penetrate the

pulmonary mucus layer and effectively maintain biological
activity for therapeutic applications (52).

Nanoemulsions (NEs). NEs, a novel composite emulsion
system, consist of aqueous and oil phases, and possess a
nanoscale particle size (53). The formation of NEs involves the
uniform mixing of the oil and water phases through high-speed
shearing or high-pressure homogenization, wherein the
oil droplets are enveloped by specialized surfactants (54).
Compared with conventional emulsions, NEs typically
exhibit a particle size range of 1-100 nm, offering increased
surface area and improved dispersibility. This enables the
solubilization of hydrophobic drugs within the lipophilic
core, safeguarding the payload from enzymatic degradation
and hydrolysis in the surrounding environment. Consequently,
NEs hold the potential to address issues associated with the
poor aqueous bioavailability and solubility of drug candidates,
thus offering a solution to the challenges associated with their
pharmacokinetics and chemical properties (55,56).

At present, beyond their application in the delivery
of chemotherapeutic agents such as erlotinib, docetaxel,
curcumin and quercetin, NEs are also under development
for RNA delivery systems (57-60). Xu et al (61) reported a
cationic NE delivery system based on chitosan (CS), capable
of encapsulating both the antitumor drug gambogic acid and
anti-X-linked inhibitor of apoptosis protein siRNA. NEs,
through efficient enhancement of gambogic acid solubility,
and the CS-siRNA complexation via electrostatic interactions,
achieve improved siRNA protection and rapid drug release
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upon intracellular entry through a pH-responsive proton
sponge effect, facilitating enhanced therapeutic efficacy. By
contrast, Chauhan et al (62) optimized and evaluated the
physicochemical properties and aerosol deposition behavior of
prepared NEs. Using hot melt extrusion technology, NEs loaded
with tyrosine kinase inhibitors and erlotinib were successfully
manufactured in a single-step, continuous process without the
need for additional size reduction steps, thereby facilitating
scalability and enabling efficient aerosol deposition in deep
lung regions (62). Furthermore, Asmawi et al (60) employed
response surface methodology based on central composite
design to optimize the preparation conditions of NEs with
the desired particle size. The resulting NEs demonstrated
favorable physicochemical and aerodynamic properties for
lung delivery, and it was demonstrated that NEs with a size of
100 nm exhibited superior membrane permeability compared
with larger-diameter NEs (60).

Lipid-polymer hybrid nanoparticles (LPHNs). LPHNs
are derived from the combination of liposomes and polymer
nanoparticles, incorporating the excellent structural stability
and tunability of the polymer nanoparticles with the inherent
biocompatibility of liposomes. This novel shell-core nano-
structure employs a polymer core encapsulated by a lipid layer,
enabling high drug loading of hydrophilic and hydrophobic
drugs in both the lipid and polymer regions (63). LPHNs
consist of three components: i) A polymer core that encap-
sulates the drug; ii) a lipid monolayer surrounding the core;
and iii) an outer lipid-PEG layer. The lipid monolayer reduces
drug loss and degradation, while the PEG layer maintains
spatial stability and prolongs circulation time in vivo (64).
Bardoliwala ef al (65) used a quality by design approach to
optimize and develop an inhalable dry powder formulation
of LPHNSs, using a hydrophobic polymer core encapsulating
docetaxel, a positively charged lipid layer incorporating short
hairpin-RNA (sh-RNA) particles, and an outer PEG layer to
evade recognition and enhance circulation time. That study
further confirmed the high drug retention and particle fraction
of docetaxel and shRNA encapsulated by LPHNS.

Polymer nanoparticles. Polymer nanoparticles are nanoscale
particles composed of polymer materials with size range
of 1-1,000 nm. They can encapsulate or adsorb bioactive
compounds on their core or surface, exhibiting two distinct
morphologies: i) Nanocapsules; and ii) nanospheres. Various
methods, such as solvent evaporation, emulsion/solvent diffu-
sion, emulsion/salting-out and nanoprecipitation have been
employed for the synthesis of NPs (66).

Synthesized polymer nanoparticles. At present, commonly
employed polymer nanoparticles for inhalation formulations
include polylactic acid NPs, polylactic acid-polyethylene glycol
NPs, polymethyl methacrylate NPs, poly(lactic-co-glycolic
acid) (PLGA) NPs and polyvinylpyrrolidone (PVP) NPs.
Among them, PLGA is a widely used polymer for inhalable
formulations due to its appealing mechanical and processing
characteristics (67). Elbatanony et al (68) developed biodegrad-
able PLGA nanoparticles loaded with afatinib (AFA), referred
to as AFA-NPs, and subsequently evaluated their physico-
chemical stability. AFA-NP demonstrated excellent deep lung
penetration performance, with MMAD 4.7+0.1 ym and a fine
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particle fraction 77.8+4.3%, as well as outstanding permeability
in 3D tumor spheroid experiments (68). PVP is well known
for its excellent solubility and biocompatibility. Gaikwad and
Dinanath (69) prepared a spray-dried targeted nano-delivery
system called PECTIN-PVP CUR for lung cancer cells and
blood vessels, using pectin, PVP and curcumin nanoparticles. It
was further demonstrated that the system exhibited remarkable
flowability, aggregation and solubility. Twin Impinger experi-
ments indicated a 29% inhalable fraction, directly delivering
the nanoparticles to the lungs. This formulation exhibited
stronger anticancer potential compared with curcumin alone.

Naturally occurring polymer nanoparticles: CS/alginate/
gelatin and others. Polymer nanoparticles synthesized using
CS, alginate, gelatin and other naturally occurring polymers
are considered one of the preferred designs for DDS. CS,
derived from the exoskeletons of shellfish and crustaceans, is
a natural cationic copolymer. It is soluble under acidic condi-
tions and forms a gel under alkaline conditions. CS exhibits
properties such as mucosal adhesion, enhanced permeation
and cellular targeting, which make it an ideal candidate for
non-invasive aerosol inhalation therapy in NSCLC (70).
Jin et al (71) developed a novel inhalable immunotherapy
using CS and a programmed death-ligand 1 (PD-L1) complex.
Cationic CS adhered to the mucus layer in the lungs via elec-
trostatic interactions, thereby prolonging antibody retention.
Additionally, it facilitated reversible opening of tight junctions,
enhancing drug penetration. This approach holds promise for
addressing the inefficiencies and off-target effects of immune
checkpoint blockade therapy.

Alginate, a natural extract obtained from brown algae,
possesses non-toxic, cost-effective and easily producible
characteristics. Comprised of p-1,4-linked D-mannuronic
acid nd L-guluronic acid in varying proportions, alginate has
demonstrated excellent biocompatibility and biodegradability.
Alginate calcium and sodium are the most promising subtypes
in this field and serve as ideal carriers for biologically active
delivery systems (72,73). Alsmadi et al (74) fabricated highly
porous alginate-CS microsphere nanoparticles with a high
specific surface area using emulsion gelation. These particles
were loaded with cisplatin (CIS) using supercritical fluid
technology, achieving >76% drug loading. Inhalation targeting
delivery of CIS was successfully accomplished, with no loss of
crystallinity and no chemical interaction observed between the
drug and the carrier. This strategy exhibited notable potential
for targeted pulmonary cancer therapy using CIS.

Gelatin, derived from the hydrolysis of animal collagen,
is characterized by high biocompatibility and biodegrad-
ability (75). Gelatin possesses numerous functional groups
such as cationic, anionic and hydrophobic amino acid residues,
making it suitable for conjugation with various ligands. Gelatin
has been employed as a carrier in several inhalation-based
delivery systems. Gou et al (76) developed a self-assembled
inhalable gelatin/silk fibroin protein composite (GSC) DDS.
This system used phase separation and desolvation processes
to rapidly encapsulate various drugs within the GSC structure.
The size of the system could be controlled between 100 nm
and 20 ym by adjusting the mass ratio of gelatin to silk fibroin.

Dendrimers. Dendrimers are artificial macromolecules with
highly branched and hierarchical structures. They consist of
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Figure 3. Dendrimers. Dendrimers consist of a core molecule, branch units
and terminal functional units.

a core molecule, branch units and terminal functional units.
The surface groups of dendrimers can be coupled with various
functional moieties, such as antibodies, peptides and proteins,
enhancing their lung-targeting ability (77,78). As drug
carriers, dendrimers typically have a size range of 1-10 nm,
which facilitates tumor penetration (79). Conti et al (80)
developed an orally inhaled formulation of polyamidoamine
dendrimers (G4NH2) complexed with siRNA, using a pres-
surized metered-dose inhaler to produce biodegradable, stable
dispersions. These dispersions achieved a high inhalable frac-
tion of <77%, ensuring prolonged exposure of siRNA to harsh
environmental conditions while maintaining its gene-silencing
efficacy (Fig. 3) (80).

Inorganic NDDS. Inorganic NDDS are nanosized particles or
structures constructed from inorganic materials,serve as crucial
platforms for inhalation drug delivery. Commonly employed
materials include magnetic nanoparticles such as Fe;O,, metal
nanoparticles such as gold, silver and copper, nanoporous
materials such as mesoporous SiO, and two-dimensional
nanomaterials (12). Mesoporous silica nanoparticles (MSNs)
with adjustable pore size and volume have been widely used as
drug carriers in cancer therapy (81). Ma et al (82) designed a
dual drug delivery carrier, MSNs loaded with doxorubicin, an
anticancer drug, and HHC36, an antimicrobial peptide, termed
MSN@DOX-AMP. They demonstrated that this carrier exhib-
ited excellent blood compatibility, controlled release properties
and biocompatibility. Moreover, it effectively accumulated in
the lungs through needle-free aerosol inhalation (82).

Despite the numerous advantages of nanocarrier DDSs,
they also present challenges in terms of stability, drug loading
capacity and control of in vivo release. Therefore, continuous
research and technological advancements are still necessary to
further enhance the performance of lipid-based nanocarriers
and promote their development in clinical applications.

3. Preclinical application of micron/NDDS

As it was aforementioned, the material classification of DDS
carriers and their parameters and performance in aerosol
inhalation are discussed. Micron-/nano-sized particles have
demonstrated marked potential as drug entities or carriers in
the diagnosis and treatment of lung cancer. The application
and therapeutic efficacy of inhalable DDSs in preclinical
models of lung cancer are the focus of the current review.

Radiotherapy. Radiotherapy is a fundamental treatment
modality for NSCLC and is commonly used in conjunction
with other approaches in clinical practice (83). However, the
delivery of high-intensity ionizing radiation to lung cancer
tissue in radiotherapy may result in damage to surrounding
healthy tissues, leading to complications such as radiation
pneumonitis, cardiovascular diseases, secondary malignan-
cies and lymphedema (84). In recent years, researchers have
proposed the use of radiosensitizers to enhance the sensitivity
of tumor tissue to ionizing radiation (85). Radiosensitizers can
expedite DNA damage in tumor cells and induce oxidative
stress in tumor tissue upon exposure to ionizing radiation by
generating free radicals (86).

In 2015, a Monte Carlo simulation study was conducted to
investigate the radiation dose enhancement effect of nanopar-
ticles with high atomic numbers in lung cancer, administered
via inhalation and intravenous routes. Three different types
of nanoparticles were examined: i) Platinum; ii) carboplatin;
and 1iii) gold nanoparticles. The calculated results demon-
strated that the dose enhancement factor, defined as the ratio
of radiation dose with and without nanoparticles at a given
nanoparticle concentration and tumor size range, was higher
for nanoparticles administered via inhalation compared
with those intravenously administered (87). That study lacks
corroborating evidence from cellular and animal models, and
does not provide an assessment of the tumor-killing capacity
of the nanoparticles. Consequently, the therapeutic efficacy
of the aforementioned inhalable nanoparticles in preclinical
models of lung cancer remains unknown.

Subsequently, researchers proposed a combined
therapeutic strategy involving radiosensitizers and photo-
thermal therapy. Photothermal therapy primarily relies on
near-infrared light and photothermal agents. When exposed
to light of specific wavelengths, the photothermal agents are
activated to induce tumor cell destruction (88). Xue et al (89)
devised a lipid-modified bismuth-based nanoflower, which
was subsequently transformed into a dry powder inhaler,
DP-BNF@Lat-MPs, using lactose spray-drying method after
optimizing the preparation parameters. After assessing the
expression levels of cleaved caspase-3, HSP70 and p-p65
within the respective cell groups, it was demonstrated that
under the coexistence of near-infrared light (NIR) and
infrared light (IR), the nanoparticles effectively facilitated the
activation of the NF-kB pathway in tumor cells and induced
cellular apoptosis (89). Another study investigated the thera-
peutic efficacy on lung metastasis breast cancer mice using
similar material compositions under NIR/IR irradiation. The
results demonstrated a notable reduction in tumor volume in
both the NIR and IR groups, with the combined treatment of
radiotherapy and photothermal therapy exhibiting superior
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effects compared to monotherapy. Western blotting indicated
that the synergistic effect of these treatments downregulated
the expression of Snail and upregulated the expression of
E-cadherin, effectively inhibiting tumor metastasis (90).

Photodynamic therapy. Photodynamic therapy is a minimally
invasive treatment method that has been clinically applied,
exerting selective cytotoxicity against tumors (91). Its mecha-
nism of action involves the application of a photosensitizer,
which is accumulated in the diseased tissue and activated upon
absorption of light at an appropriate wavelength, resulting
in tumor cell destruction (92). A study showed that patients
administered with 5-ALA, a photosensitizer, via inhala-
tion exhibited distinct positive fluorescence in the sites of
in situ carcinoma and dysplastic lesions during fluorescence
bronchoscopy. Analysis of 30 patients with suspected lung
cancer indicated high sensitivity but specificity <50% for this
screening method, which could be improved by combining it
with other screening approaches such as imaging or serum
markers to enhance early detection rates (93).

In 2019, Baghdan et al (94) developed an inhalable
curcumin formulation, where curcumin, a natural photo-
sensitizer, was encapsulated within PLGA microspheres
(MPs). Langmuir monolayer experiments demonstrated
good compatibility between the particles and pulmonary
surfactants. In vitro experiments using A549 cells as target
cells showed that activated particles exhibited selective cyto-
toxicity and dose-dependent killing effects on tumor cells.
Lehmann et al (95) similarly prepared curcumin liposomes
using bipolar tetraether lipids extracted from the biomass
of the archaea Sulfolobus acidocaldarius and observed
comparable in vitro experimental results (95). However, both
of these studies have yet to evaluate the antitumor effects of
these particles after inhalation in animal models. Another
study explored the therapeutic efficacy of PLGA-encapsulated
gefitinib nanoparticles combined with 5-ALA in primary
lung cancer in rats, confirming a notable synergistic effect
of chemo-photodynamic therapy, along with marked down-
regulation of typical lung cancer biomarkers such as VEGF
and NF-xB p65. Researchers found that external irradiation
had higher safety compared with internal irradiation, which
may cause damage upon the insertion of laser fibers into the
lungs (96). Less invasive therapies are more readily accepted
by patients in practical clinical settings.

Chemotherapy. For patients with locally advanced NSCLC
who are deemed unresectable and have positive lymph nodes
(stage IIB-IIIC), the standard treatment regimen involves
concurrent chemoradiotherapy (CCRT) with a total dose
range of 60-66 Gy, followed by 1 year of treatment with
durvalumab (97). Randomized controlled trials conducted
on patients with NSCLC at stages I-III who had undergone
successful surgery have demonstrated a notable reduction in the
risk of death with platinum-based chemotherapy (98). Although
chemotherapy plays a crucial role in clinical management of lung
cancer, the adverse effects associated with CCRT should not be
overlooked, and studies have recommended the implementation
of supportive care for patients undergoing CCRT (99,100).
Prevention is better than cure. Research has shown that
by administering chemotherapy drugs, including targeted
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agents, in the form of inhaled micron/NDDS, the adverse
effects caused by systemic chemotherapy can be reduced at
the source (101,102). Based on whether a carrier is used for
pulmonary drug delivery, relevant studies can be classified
into two categories.

As early as 1993, Tatsumura et al (103) confirmed the
accumulation of 5-fluorouracil (5-FU) and its metabolites in
the trachea, bronchi and regional lymph nodes of patients who
received aerosol inhalation of 5-FU prior to surgical treat-
ment (103). A study on 10 patients with lung cancer revealed
that six patients exhibited a certain sensitivity to this inhala-
tion treatment strategy, while the remaining four patients
died due to tumor progression (103). Another phase I clinical
study investigating inhalation of docetaxel for the treatment of
pulmonary malignancies demonstrated no notable drug-related
systemic toxicity. However, among 16 patients with NSCLC,
only two patients did not exhibit apparent disease progression
after five treatment cycles (104). Azacitidine exhibits cytotox-
icity at high doses and demethylation activity at low doses,
primarily used for the treatment of hematological malignan-
cies (105). A total of eight patients with stage IV or recurrent
NSCLC received inhaled azacitidine treatment for a median
of two cycles, and no clinically notable adverse events were
observed. The presence of azacitidine in the plasma of patients
receiving high-dose treatment was only transient, confirming
the limitations of drug distribution in administration of inhala-
tion (106). It is noteworthy that no notable adverse reactions
were observed in patients receiving aerosol inhalation of
carboplatin and gemcitabine (GCB) (101,102).

The aforementioned small-scale clinical studies have
suggested that aerosol inhalation of chemotherapeutic drugs
appears to be safe compared with systemic administration,
although its efficacy remains to be established. Subsequent
research should exercise caution in selecting drug particles for
aerosol inhalation strategies to enhance therapeutic efficacy
and appropriately prolong their metabolic duration in the
lungs.

Compared with simple inhalation of chemotherapeutic
drugs, the use of inhalable DDSs offers greater potential
for lung cancer treatment. A commonly employed strategy
involves the formulation of inhalable DDSs by encapsulating
traditional chemotherapeutic drugs, such as PTX and platinum
agents, or emerging targeted therapies within carriers. On
one hand, these carriers protect the drugs from physiological
degradation, enhance their bioavailability and enable sustained
release (107). On the other hand, surface modification of
the carriers imparts specific characteristics to the particles,
facilitating improved overall pharmacokinetic parameters and
effective delivery to target cells (108).

PLGA is a biodegradable and biocompatible polymer
commonly used as a drug delivery vehicle and approved by the
FDA for parenteral administration (109). Kim et al (110) synthe-
sized porous PLGA MPs loaded with doxorubicin called Dox
PLGA MPs using a water/oil/water double emulsion technique.
Following pulmonary inhalation, Dox PLGA MPs exhibited
prolonged lung deposition for <14 days. In vivo experiments
demonstrated that Dox PLGA MPs effectively reduced tumor
mass and quantity in a B16 lung metastasis mouse model,
while no notable cytotoxicity was observed in normal lung
tissue (110). Subsequently, MPs were functionalized with
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Apo2L/tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) on their surface (TRAIL/Dox PLGA MPs).
TRAIL selectively binds to the death receptors (DRs) DR4/
TRAIL-rl and DR5/TRAIL-r2 expressed on tumor cells with
minimal expression on normal cells. The modified particles
exhibited prolonged tumor residence time for <1 week, and
TRAIL/Dox PLGA MP treatment markedly reduced the size
and quantity of tumor lesions. The average lung mass of mice
treated with TRAIL/Dox PLGA MPs (288.5+50.6 mg) was
significantly lower than that of mice treated with TRAIL or
Dox PLGA alone (544.8+£122.9 mg vs. 500.9+£115.7 mg, respec-
tively; P=0.005), indicating a synergistic effect of doxorubicin
and TRAIL in promoting tumor apoptosis. It is noteworthy
that only 40 ug of doxorubicin was delivered to the lungs of
every mouse in that study, a dose that would help minimize
damage to normal cells caused by chemotherapy drugs (111).

Liposomes, composed primarily of lipids and fatty acids,
are considered to be biocompatible and biodegradable due to
their presence in cell membranes. Their amphiphilic nature
makes them ideal carriers for drugs with different polari-
ties (112). Curcumin, a polyphenolic compound with various
pharmacological activities, including anticancer properties,
faces limitations in clinical applications due to its low water
solubility, rapid metabolism and low bioavailability (113). To
address these issues, Zhang et al (114) developed a liposomal
dry powder inhaler (LCD) formulation for the treatment of
primary lung cancer. A549 cells exhibited notably higher
absorption rate and velocity of curcumin from LCD compared
with free curcumin powder. Compared with free curcumin
and GCB, LCD demonstrated superior downregulation of
tumor-related biomarkers such as VEGF, TNF-a and caspase-3.
In another study, an aerosol formulation of cyclosporine A
(CsA) and PTX liposomes was used for combination therapy
in a Renca lung metastasis mouse model. The results showed
that when CsA was administered before and during PTX
treatment, the reduction in tumor area and quantity in mice
was markedly greater than in all previous treatment groups.
Moreover, histopathological examination revealed no apparent
cytotoxicity of the combined treatment agents (115).

With the emergence of more drugs, inhalable micron/
nanoparticles loaded with lung cancer targeted therapy drugs
such as sorafenib, erlotinib and osimertinib may potentially
exhibit more effective inhibition of lung cancer proliferation
and metastasis compared with conventional chemotherapy
drugs. Furthermore, their relatively specific targets of action
may further alleviate adverse drug reactions (116-118).

Ferroptosis, a newly discovered form of cell death char-
acterized by the presence of iron, leads to the production
of a marked amount of reactive oxygen species (ROS) and
lipid peroxidation, ultimately resulting in cell demise (119).
Ferroptosis has been closely associated with tumors (120,121).
Fu et al (46) used this mechanism to develop an inhalable
LDM loaded with DHA and pH-responsive CaP. Compared
with intravenous injection, inhalation delivery achieved a
6.8-fold increase in drug accumulation at the pulmonary
lesions. DHA, with its peroxide bridge structure, promotes
ROS generation within tumor cells and induces ferroptosis,
while the degradation of the CaP shell leads to intracellular
calcium overload, triggering mitochondrial dysfunction to
enhance the progression of ferroptosis. In an orthotopic lung

cancer mouse model constructed with A549-luc cells, LDM
treatment exhibited the highest tumor suppression rate and the
slowest tumor growth curve, demonstrating the highest tumor
inhibition efficiency, while local toxicity and systemic toxicity
were negligible (46). The outstanding therapeutic performance
of LDM may serve as a customized nanoplatform for aero-
solized inhalation therapy in lung cancer. Additionally, two
other studies developed inhalable nano-complexes, PNDH and
Fc-NLC(F)@PC, co-loaded with CIS and phenethyl isothiocy-
anate, respectively, to validate the efficacy of ferroptosis-based
therapies in lung cancer tumor models (122,123). The combi-
nation of inhalable nanoparticles and ferroptosis-inducing
agents has shown tremendous therapeutic potential in the field
of lung cancer treatment.

Immunotherapy. The poor prognosis of patients with lung
cancer after receiving first-line chemotherapy is often
associated with the resistance of tumor tissues (124,125).
Immunotherapy, with a relatively good safety profile, enables
the body to mount a sustained response against tumors
following the generation of immune memory (126). Almost all
patients with metastatic NSCLC, except those with actionable
oncogenic drivers, receive programmed cell death protein 1
(PD-1)/PD-L1 therapy (127). Immunotherapy is profoundly
changing the clinical treatment landscape of lung cancer (2).

Jin et al (71) developed an inhalable CS-aPD-L1 complex
(CS/aPD-L1) using the immune checkpoint blockade
mechanism. The aPD-L1 antibody facilitated CD8* infiltra-
tion around the tumor and activation, while CS acted as an
adjuvant by activating the cGAS-STING pathway in dendritic
cells, promoting the release of type I interferons. Although
CS/aPD-L1 did not completely inhibit BI6F10 metastatic
tumors in the lungs of mice, it markedly prolonged their
survival to 60 days. In another study, a combination of CIS
and nivolumab was used for nebulized inhalation therapy.
The results showed that administering immunotherapy before
CIS treatment extended the survival of mice and reduced lung
metastasis (128). However, it is noteworthy that the model used
in that study involved subcutaneous tumor implantation in the
foot, and further observation is needed to evaluate the direct
therapeutic effect on in situ lung cancer.

Liu et al (129) designed lipid-based nanoparticles loaded
with cyclic dinucleotide (CDN), a stimulator of the STING
pathway, named AeroNP-CDN, for inhalation delivery to
deep lung tumors. The results demonstrated that the drug
reprogrammed tumor-associated macrophages from an M2
phenotype to an M1 phenotype, activating dendritic cells
for effective tumor antigen presentation. Upregulation of
tumor tissue PD-L1 expression was also detected during the
treatment, creating conditions for subsequent use of immune
checkpoint inhibitors. Another feasible approach is to use
oligodeoxynucleotides containing CpG motifs (CpG-ODNs)
to activate innate immunity through toll-like receptor 9
(TLRY). DV281, a CpG-ODN, induced a transient but substan-
tial cytokine and chemokine response in the lungs of mice
after intranasal delivery. In human cell experiments, DV281
promoted the production of IFN-a in peripheral blood mono-
nuclear cells and upregulated IL-6 expression in B cells (130).
The combined application of DV281 and immune checkpoint
inhibitors may contribute to the clinical development of
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immune therapy for lung cancer. Fan e al (131) constructed
inhalable pH-responsive tetrahedral DNA nanomachines that
simultaneously delivered immunomodulatory CpG-ODNs and
PD-L1-targeting antagonistic ligands, thus activating innate
immunity, while blocking the PD-1/PD-L1 immune check-
point axis through a similar mechanism.

The inefficient infiltration of immune cells into tumor
tissues and the adverse reactions including but not limited to
dermatitis, arthralgia, hypothyroidism and diabetes associ-
ated with systemic administration partially affect the clinical
efficacy of immunotherapy (132). Modulating immune factors
in the lung tumor microenvironment through aerosol inhala-
tion delivery may represent a future direction in clinical lung
cancer treatment.

RNA interference (RNAi) therapy. siRNA holds potential
therapeutic value in various diseases, as it can selectively
inhibit the expression of disease-associated genes (133). In
recent years, the emergence of siRNA drugs such as inclisiran
has brought a ray of hope to RNAi therapy (134).

Unmodified siRNA is rapidly degraded by nucleases in the
bloodstream (135). Moreover, the lack of efficient mechanisms
in organisms for cellular uptake and delivery of extracellular
nucleic acids to the cytoplasm necessitates the search for suit-
able DDSs for siRNA (136). Similarly, local delivery of siRNA
requires lower doses compared with systemic administration.
However, aerosol inhalation faces challenges such as clearance
by respiratory cilia, degradation by nucleases and phagocy-
tosis by macrophages (137). Representative inhalation RNAi
therapeutic strategies, and their composition and effects in
preclinical treatment of lung cancer are presented in Table I.

4. Current clinical transformation and adverse events of
inhalable micron/nanoparticle drug delivery systems

At present, several liposomal and polymeric nanocarrier
formulations have been approved by the FDA for use in lung
cancer therapy, such as DaunoXome, Doxil, Pegasys and
Eligard (144-146). Despite the large number of preclinical
experiments demonstrating the feasibility of inhalable
nanoparticles for the treatment of lung cancer, no inhaled nano-
medicine has yet been successfully approved for use in clinical
therapeutic areas (101,147-149). Most of the products involved
in inhalable nanoparticles in studies related to clinical transfor-
mation have focused on phase I/II clinical trials (101,147,148).
Among them, inhaled chemotherapy-related studies accounted
for the majority, and some clinical trials related to lung cancer
have also been reported in the literature in the field of inhaled
gene therapy and inhaled immunotherapy (150-153). The
earliest clinical study on inhaled chemotherapy was published
in 1968, and since then studies have been performed to vali-
date the feasibility of inhaled nanoparticles for the treatment
of lung cancer (154). Considering pulmonary toxicity, the
chemotherapeutic candidates chosen in clinical trials were CIS,
carboplatin, GCB, doxorubicin (DOX), 9-nitro-camptothecin
and 5-FU (150). In addition, Rizvi et al (155) conducted a phase I/
II study of inhaled therapy with PTX as a chemotherapeutic
drug. Clinically developed drugs for lung delivery have focused
mainly on liposomes, while there is still a lack of research data
on nebulized therapy with inorganic nanoparticles (156).
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A number of studies have suggested that the targeted
and non-invasive properties of inhalation therapy are effec-
tive in improving efficiency and the comfort of treatment in
patients (157-159). Meanwhile, inhalation therapy has a fast
effect, high bioavailability in the lungs, low systemic exposure
and minimal side effects (160-162). Compared with systemic
administration, inhalation administration requires a lower
dose (163). Inhalation administration allows nanoparticles to
be internalized by cancer cells through endocytosis rather than
deposited directly through enhanced permeability and retention
(EPR) effect. At the same time, the small size of nanoparticles
enables them to enter the body circulation and accumulate
secondarily in the lungs through the EPR effect (Fig. 4) (16).
Thus, inhaled drugs have higher antitumor activity than free
drugs. Nanoparticles have a property of slow release, which can
maintain the drug concentration at the tumor for a longer period
of time, enhancing the effectiveness of inhaled therapy (16).

However, inhaled chemotherapy has certain adverse
effects, such as nausea, vomiting, fatigue, dyspnea and cough,
and patients may also experience bronchospasm, decreased
lung function indexes such as forced expiratory volume in
1 sec, which may be related to the drug interaction as well as
the irritating effect of inhaled drugs on the respiratory tract.
The most serious toxic reactions are associated with the lungs,
so dose-limiting toxicity (DLT) of inhaled chemotherapeutic
drugs as pulmonary toxicity is of concern (14,164,165). In
addition, patients with lung cancer are often associated with
impaired lung function such as chronic obstructive pulmonary
disease, leading to an increased risk of serious local adverse
reactions associated with inhaled chemotherapy (150). Clinical
trials with different chemotherapeutic agents have validated
the above possible characteristics and risks of inhaled chemo-
therapy. Despite the lack of available data, it is noteworthy that
inhaled particles may cause an acute phase response, which
is causally related to cardiovascular disease risk (166). A
comparison of the adverse effects of systemic administration
of chemotherapy with those of inhalation administration is
shown in Fig. 5. Wittgen et al (147) evaluated the safety of
aerosolized sustained release lipid inhalation targeting CIS
by treating patients with lung cancer. The results of the trial
indicated good tolerance of aerosolized CIS. At the maximum
administered dose, no DLT was observed, which was grade 3
chemical pharyngitis in that trial. Distinguishing from previous
systemic administration of CIS, nebulized inhalation therapy
did not show nephrotoxicity, hematotoxicity, ototoxicity, or
neurotoxicity, whereas the most common adverse effects were
nausea, vomiting, dyspnea, fatigue and hoarseness. At the
same time, some patients showed different degrees of decline
in lung function-related indexes after inhalation therapy.
Zarogoulidis et al (101) conducted a phase II study with
aerosolized carboplatin and found that it resulted in prolonged
survival with fewer systemic side effects and reduced myelo-
suppression in selected patients with NSCLC. However, there
are limitations in patient selection that restrict the applicability
of this treatment regimen to patients with lung cancer, and
further randomized studies are still needed to demonstrate
the safety and efficacy of inhaled chemotherapy (101).
Lemarie et al (102) used a new inhaler device to treat patients
withlung cancer by nebulizing GCB. The clinical study found no
hematotoxicity, nephrotoxicity, or neurotoxicity with the DLT
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Table I. Representative inhalation RNAi therapeutic strategies in preclinical treatment of lung cancer.

First author(s),

year Target Delivery system Preclinical model Therapeutic effect (Refs.)
Taratula et al, MRP1 and Mesoporous silica A549 lung Suppressed cell resistance and (138)
2011 BCL2 nanoparticles orthotopic tumor enhanced cytotoxicity of
model in nude anticancer drugs
mouse
Gou et al, 2023 PD-L1 Self-assembled 4T1 lung metastatic Had a notably relieving effect (76)
gelatin/silk fibroin tumor model in and prolonged survival rate
composite particle mouse
Zhao et al,2023 KRAS GO0-C14 and PLGA-PEG A549 lung Demonstrated potent (139)
with modification orthotopic tumor knockdown of mutated KRAS
model in nu/nu in tumor-bearing lungs and
mouse enhanced antitumor activity
Luo et al,2016 Aktl Folic acid-modified K-ras“*! mouse Suppressed lung tumor growth.  (140)
hyperbranched
polyspermine
Gankhuyag et al, Rab25 Glycerol propoxylate NNK-induced lung  Suppressed tumorigenesis and (141)
2017 triacrylate-spermine tumorigenesis in A/J  cell proliferation in lungs
copolymer mouse
Xu et al, 2022 XIAP Chitosan-modified B16F10 lung cancer Had fewer and smaller lung 61)
cationic nanoemulsions  model in BALB/c nodules than the intravenous
mouse therapy group
Fukushige et al,  Bcl-2 Hyaluronic acid coated ~ N.A* Had a marked gene-silencing (142)
2020 on liposome-protamine- effect in A549 cells
DNA complex
Garbuzenko et al, Pool of Nanostructured lipid A549 lung Demonstrated a favourable (143)
2019 siRNAs carriers modified by orthotopic tumor organ distribution and superior
targeted to the LHRH decapeptide model in nude anticancer effect
four major mouse
forms of
EGFR-TKs

*N.A., not applicable. GO-C14, a cationic lipid-like molecule; K-rasLA1 mouse, which contains spontaneously activated K-rasLA1 in vivo;
LHRH, luteinizing hormone-releasing hormone; PLGA-PEG, poly (lactic-co-glycolic acid)-polyethylene glycol.

of grade 4 pulmonary toxicity, and adverse effects including
fatigue, vomiting, dyspnea and cough. Otterson ef al (104,148)
have verified that inhalation administration of DOX is safe

immediately after inhaled 5-FU treatment was higher than in
the surrounding tissue (103).

In addition, inhaled gene therapy can be more targeted
due to the effect of gene expression and regulation on drug
absorption. Inhaled gene therapy does not form neutralizing
antibodies and therefore has the potential for repeated admin-
istration (151). Drugs that have received attention include
RNAI, which has specificity of inhibition and reduction of
immune response (152). However, numerous gene therapies are
still in the preclinical stage or phase I, with no clear toxicity
data, so further studies on feasibility are needed (151,152).
Garon et al (153) combined the TLR9 agonist DV281 with
nivolumab in patients with advanced NSCLC in a phase 1B
study which demonstrated the high therapeutic potential of
local activation of innate immunity in combination with a
PD-1/PD-L1 blocker (153). The therapy was well tolerated with
mild adverse effects. Although the evaluation had limitations,
this inhaled immunotherapy requires further clinical studies.

with little systemic toxicity, although the DLT is pulmonary
toxicity. Adverse effects of inhaled chemotherapy involving
metallic taste, mild bronchospasm and moderate reduction
in pulmonary function tests can be minimized by using a
bronchodilator before each treatment and rinsing the mouth
with water after treatment. Verschraegen et al (149) conducted
a clinical study on the feasibility and safety of aerosolized
liposomal 9-nitro-20(S)-camptothecin. The data suggested
that nebulized inhalation requires a smaller dose of drug than
oral administration, and has rapid systemic absorption, good
anticancer activity and few side effects. DLT is a chemical
pharyngitis and there is a lack of long-term pulmonary toxicity
data. Tatsumura et al (103) demonstrated the rapid effective-
ness of inhaled chemotherapy by finding that the concentration
of the drug in the tumors of patients who were operated on
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Figure 4. Mechanisms of action of inhaled drugs on cancer cells. Inhalation administration allows nanodrugs to be internalized by cancer cells through
endocytosis. Meanwhile, drugs enter the systemic circulation and accumulate secondarily in the lungs through the EPR effect. EPR, enhanced permeability

and retention effect.
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Figure 5. Adverse effects of systemic vs. inhalation administration of chemo-
therapy. Systemic administration may result in neurotoxicity, ototoxicity,
pulmonary toxicity, cardiovascular disease risk, nephrotoxicity and hema-
totoxicity. Inhalation administration may result in respiratory irritation and
pulmonary toxicity.

5. Challenges of inhalable micron/nanoparticle drug
delivery systems

Although inhalation therapy has shown bright prospects in
both preclinical and clinical studies for lung cancer treatment,
there is anumber of challenges. First, lungs have special defense
mechanisms, including airway mucus, mucosal cilia clearance,

peripheral degradative enzymes and alveolar macrophages
which pose a challenge to the penetration of inhaled nanopar-
ticles. They contribute to the aggregation of nanomedicines,
results in the rapid clearance of inhaled drugs (16,167,168). In
addition, epithelial tight junctions prevent penetration of drug
molecules and nanoparticles (169). Second, drug deposition
depends on anatomical features, whereas lung structures of
patients with lung cancer have changed, and this alteration
and obstruction affects lung ventilation and alters the aerosol
deposition pattern leading to a low rate of drug deposition
in lung tumors. Notably, differences in airway anatomy and
respiratory physiology between rodents and humans affect the
transformation of preclinical experiments to clinical applica-
tions (14,16,156,170). Third, the technologies associated with
inhaled drugs also pose challenges, such as in drug formula-
tion, storage and delivery (171). The choice of excipients for
inhalation therapy limits drug development and formulation
strategies, and the stability of therapeutic agents also has an
impact on the effectiveness of inhalation therapy (19,156,172).
Different inhalation devices have their own strengths and
weaknesses, and the latter require improvement to increase
drug delivery efficiency and to prevent spillage of nebulized
medicines into the environment (14). The biocompatibility
of the material of the inhaled nanomedicine itself deserves
to be studied to prevent toxic or inflammatory effects (169).
It is currently challenging to quantify the proportion of drug
release from nanoparticles, and drugs are often quantified
throughout the lungs, making it challenging to assess the
true ability of nanoparticles to improve drug penetration/
uptake (16). In addition, the distribution of most inhaled
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free anticancer drugs in the lungs is not tumor-specific (16).
Compared with other lung diseases, patients with lung cancer
need to inhale high doses of nanomedicine, and the impact
of this on DLT and possible local toxicity remains unclear;
the high concentration of the drug may affect the alveolar
area too. Also, prolonged nebulized drug administration may
affect patient compliance (16,147,150). Existing studies lack
long-term data on lung parenchymal adverse effects after drug
administration (14,147-149). The suitability of this treatment
modality for early-stage lung cancer or as neoadjuvant/adju-
vant therapy remains questionable as tumor size is a limiting
factor for patient candidacy (14). Finally, the financial cost of
the therapeutic agent needs to be considered.

6. Conclusions and prospects

Owing to the anatomical structure of the lungs, such as
large alveolar surface area, thin epithelial barrier and high
degree of vascularization in the lungs, pulmonary inhalation
therapies have unique advantages over systemic routes of drug
delivery (173-175). Available studies have shown that inhaled
nanomedicines are non-invasive and targeted (144,145). They
can increase the local drug concentration in the target tissues
and reduce systemic exposure, improving the therapeutic effi-
cacy as well as reducing systemic toxicities and side effects.
The present review discussed inhalable formulations related
to the treatment of lung cancer, including drug nanoparticles,
nano-carrier delivery systems and antibody-drug conjugate
systems incorporating nanoparticles, and summarized their
preclinical research results and current clinical applications
based on existing diagnostic and therapeutic modalities.
Inhalation therapy has advantages over classical therapy as
it can deliver the drug to target cancer cells while avoiding
hepatic metabolism. Despite the potential of inhalation
therapies for lung cancer treatment, no nano-inhalation formu-
lations have been formally approved for clinical use, which
is largely attributed to the diversity of pulmonary delivery
considerations and the lack of safety assessment. Pulmonary
drug delivery requires consideration of nanoparticle and
drug properties, inhalation devices and lung airway micro-
environmental conditions (14,158,169). The water solubility
and molecular size of the nanoparticles themselves make a
difference in their deposition efficiency. To develop inhalable
DDSs, the selection and composition of nanoparticles and
drugs, different types and sizes should be studied to select the
most effective one. Also, the biocompatibility of nanoparticles
should be studied to prevent their inherent toxic or inflamma-
tory effects. Considering that pulmonary toxicity remains an
important challenge for inhaled therapies, inhaled formula-
tions should be selected with relatively lower pulmonary
toxicity. Multiple clinical studies have verified that inhalation
preparations have some adverse effects on the respiratory tract,
and drugs such as bronchodilators can be added to therapy to
mitigate the adverse effects (104,147,148,150,169). In addition,
the effectiveness and degree of leakage of different inhalation
devices should be evaluated. The histological characteristics
of the respiratory system and the different pathological mani-
festations of patients with lung cancer have an impact on the
efficacy of the drug and should be considered during drug
development.

In conclusion, as a type of nanomedicine with high effi-
cacy and low toxicity, inhalable formulations have a broad
prospect in lung cancer treatment. In addition, nanomedicines
have certain advantages in lung cancer diagnosis such as
tumor imaging. However, the clinical application of inhalable
nanomedicines is still at an early stage, and the development
of multiple novel nanomedicines corresponding to various
therapies, such as radiotherapy and immunotherapy, as well as
the development of pulmonary drug delivery devices, requires
additional research on inhalable formulations in the future to
formulate a more effective clinical diagnostic and therapeutic
program for lung cancer.
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