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Respiratory diseases constitute a major global health burden, impacting both public health and socioeco-
nomic conditions. Pulmonary mRNA delivery systems are now emerging as a promising therapeutic strat-
egy to treat respiratory diseases, overcoming challenges of conventional mRNA formulations such as low
pulmonary bioavailability and adverse side effects. Notably, lipid and polymer nanoparticles integrated
into compatible inhaler devices represent the predominant pulmonary mRNA delivery systems. Despite
the promising aspects, pulmonary mRNA delivery systems in respiratory diseases treatments face four
key challenges, viz. complex airway tract structure, mucociliary clearance system, immune system, and
the “last hurdle” intracellular delivery barrier. All these challenges are critical to the treatment effective-
ness and safety. Recent progress made on inhalable mRNA delivery methods based on various vectors is
highlighted for addressing the above challenges, boosting prospective development of mRNA-based ther-
apies for the treatment of respiratory diseases. This review examines current challenges, strategies, and
advances in inhalable mRNA formulations for respiratory diseases and explores prospects for pulmonary

mRNA delivery systems, which hold great promise as a next-generation therapeutic platform.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Respiratory diseases constitute a major global health burden,
adversely impacting both human health and socioeconomic sys-
tems. Rapid urbanization and demographic aging have contributed
to escalating pulmonary disease mortality, with three respiratory
conditions currently ranking among the top ten causes of death
globally, namely chronic obstructive pulmonary disease (COPD),
pulmonary infections, and lung cancer [1]. Furthermore, significant
unmet clinical needs persist in the treatment of respiratory dis-
eases, particularly for highly prevalent conditions including lung
cancer and pulmonary infections. Furthermore, certain respiratory
diseases (e.g., inherited pulmonary conditions), while exhibiting
relatively low prevalence, present high clinical value and research
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imperative and thus warrant dedicated efforts. Most inherited pul-
monary conditions originate from single-gene defects that disrupt
essential pulmonary homeostasis mechanisms, particularly cystic
fibrosis (CF) and «—1 antitrypsin deficiency [2-4]. Present thera-
peutic approaches predominantly offer symptomatic relief and dis-
ease progression mitigation rather than curative outcomes.
Fortunately, delivering messenger ribonucleic acid (mRNA) has
brought a novel turnaround for respiratory diseases, which present
a variety of therapeutically challenging but offer attractive targets.
mRNA has demonstrated its potential to tackle the issues posed
by the coronavirus disease 2019 (COVID-19) pandemic, including
1273-mRNA (Moderna) and 162b2-mRNA (Pfizer/BioNTech), which
showcase their potential to elicit strong and specific immune re-
sponses and support their practical applications and efficacy ob-
served in clinical settings. Besides, >800 clinical trials, including
pathogen- or tumor-derived vaccines and antigen-encoding mRNA
drugs, had been registered (https://clinicaltrials.gov/) to evaluate
various mRNA-based formulations, providing critical empirical ev-
idence of their effectiveness and safety until 2025 [5,6]. Current
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mRNA delivery predominantly relies on injection-based adminis-
tration, which often leads to off-target organ accumulation and
suboptimal delivery efficiency. For instance, intravenous delivery of
lipid nanoparticles (LNPs) leads to predominant hepatic accumula-
tion, severely restricting their access to target organs [7]. While ad-
vanced strategies like selective organ targeting (SORT) technology
or ligand modification can improve lung targeting efficiency up to
40% [8,9], residual liver accumulation may still pose toxicity risks
[9,10]. These inherent constraints position inhaled mRNA adminis-
tration as a promising alternative for pulmonary therapeutics.

Inhalation therapy represents a non-invasive administration in
which medications are administered via inhalation, facilitating di-
rect therapeutic delivery to the lesions of respiratory diseases. In-
haled mRNA enables targeted pulmonary deposition, avoids po-
tential off-target effects in other organs, minimizes systemic ex-
posure, and offers distinct pharmacological advantages over oral
and parenteral administration routes [11]. These attributes are
advantageous for chronic pulmonary diseases such as CF, lung
cancer, ¢—1 antitrypsin deficiency, and pulmonary infections. In-
haled mRNA therapies include mRNA immunotherapy, protein re-
placement therapy, and gene editing. Among them, mRNA im-
munotherapy is mainly used in lung cancer and pulmonary in-
fections, which leverages pivotal mediators of immune responses
antigen-presenting cells (APCs) serve as an efficient mucosal im-
mune network, including dendritic cells (DCs), B cells, and alve-
olar macrophages [12]. Then, cellular immune responses are ac-
tivated through major histocompatibility complex class I (MHC I)
and class II (MHC II) pathways to clear pathogens or kill tumors
[13]. On the other hand, mRNA promotes the differentiation of
B cells into plasma cells in the lung mucosa, produces mucosal
secretory IgA (sIgA), establishing an immune barrier by neutral-
izing viruses and blocking pathogen mucosal adhesion [14]. The
successful implementation of mRNA-based COVID-19 vaccines has
provided mechanistic proof-of-concept for protein-encoding mRNA
therapeutics. Protein replacement therapy is a representative ther-
apeutic strategy for CF treatment, and several mRNA inhalation
formulations leveraging this approach are already in the clinical
study phase [15]. Notably, as a representative gene-editing technol-
ogy, the clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated proteins (CRISPR/Cas) system de-
livered via mRNA encoding the Cas nuclease is widely recognized
as a powerful and safe platform for precise mutation correction
and has received considerable attention in clinical practice [16].
Despite the promise, the use of pulmonary mRNA delivery systems
in the treatment of respiratory disease is limited by four challenges
largely including complex airway tract structure, mucus cilia clear-
ance system, immune system, and the “final hurdle” intracellular
delivery barrier [17-19]. These challenges are directly related to
the effectiveness and safety of treatment. The following details and
discusses the current challenges of promising inhalable formula-
tions applicable to the delivery of mRNA therapeutics treating res-
piratory diseases.

This paper provides an overview of the current challenges,
strategies, and advances in pulmonary mRNA delivery for the treat-
ment of respiratory diseases, as there are currently few published
studies on the development of inhaled therapies for respiratory
diseases. This review will offer forward-looking insights outlining
the present development of pulmonary mRNA delivery via inhala-
tion, with an emphasis on their design and critical experimental
results for mRNA therapies. This review begins with the thera-
peutic mechanisms of mRNA-based therapies from pharmacologi-
cal and physiological perspectives. Then, pulmonary drug delivery
systems are categorized by formulation characteristics, pharmaco-
logical benefits, and inherent limitations. It is followed by a de-
tailed discussion on current challenges, strategies, and advances of
pulmonary mRNA delivery.
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2. Therapeutic mechanisms of mRNA-based therapies

Human physiological functions rely on correct proteins being
synthesized through the processes of DNA transcription, mRNA
translation, and subsequent post-translational modifications, in-
cluding antibodies, hormones, enzymes, cytokines. The success of
COVID-19 mRNA vaccines has opened new avenues for applying
mRNA technology to the treatment of diseases, where it holds
promise for creating personalized mRNA drugs that can encode
therapeutic proteins, target specific antigens, enhance the immune
response, and modulate gene expression. mRNA-based therapeutics
can be categorized into three major fields: Immunotherapy (includ-
ing preventive and therapeutic vaccines), protein replacement ther-
apy, and gene editing therapy (Fig. S1 in Supporting information)
[20].

2.1. mRNA immunotherapy

mRNA immunotherapy provides a therapeutic approach to stim-
ulate the immune system that utilizes synthesized therapeutic
mRNAs translated into target proteins in humans, potentially for
the treatment and prevention of disease, including lung infections
[21,22] and lung cancers [23]. mRNA can induce an immune re-
sponse by encoding pathogen- or tumor-derived antigens, elim-
inating pathogen-infected cells and tumor cells expressing these
antigens, to achieve the effect of preventing viral infection and
treating tumors [24,25]. mRNA immunotherapy has demonstrated
its ability to solve the issues posed by the COVID-19 pandemic,
which contributed to the renaissance of research on mRNA and
their nano-formulations as potential therapeutic modalities for var-
ious diseases. For mRNA immunotherapy of pulmonary infections,
the expressed pathogen-derived antigenic proteins are presented
on cell surfaces via MHC I/Il molecules, initiating adaptive im-
mune responses that generate neutralizing antibodies and establish
memory immune cells [26,27]. For mRNA immunotherapy of lung
cancer, the high-quality tumor antigen delivery to APCs, the mat-
uration of APCs promotion and CD4* T helper cell activation, and
CD8* T cytotoxic cell response and immune cell infiltration into
the tumor microenvironment (TME) are the vital circle to generate
immunologic memory for sustainable therapeutic effects [28,29].

2.2. mRNA-based protein replacement therapy

Human physiological functions rely on correct proteins be-
ing synthesized through the processes of DNA transcription and
mRNA translation and subsequent post-translational modifications,
including hormones, enzymes, cytokines, etc. mRNA-directed pro-
tein replacement has emerged as a potential therapeutic strategy
for certain refractory diseases. mRNA-mediated protein replace-
ment therapy represents a transformative therapeutic platform
with multifaceted advantages: (1) Programmable synthesis of ther-
apeutic proteins/peptides including undruggable targets [30]; (2)
minimal genomic integration risk [30]; (3) sustained therapeutic
protein production [31]; (4) combinatorial therapeutic protein pro-
duction capabilities [30]; and (5) streamlined development time-
lines [32]. This technology platform demonstrates potential for two
critical scenarios involving rapid-response drugs (e.g., antibodies)
development against emerging pathogens and cancers, and treat-
ment of refractory disorders such as CF and alpha-1 antitrypsin
deficiency (AATD) [33]. mRNA therapeutics for pathogen infections
and tumors differ fundamentally from mRNA vaccines, which re-
quire only low-dose, localized transient expression of prophylactic
or therapeutic antigens. In contrast, mRNA-based protein replace-
ment therapy typically necessitates sustained expression of ther-
apeutic protein in specific tissues to achieve significant efficacy.
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When applied to refractory diseases stemming from genetic de-
fects or mutations, these therapeutics employ mRNA encoding the
required functional proteins, demanding targeted delivery to rele-
vant cell types (e.g., epithelial cells and fibroblasts) for biological
activity.

2.3. Gene editing technologies

Gene editing has attracted considerable interest across the sci-
entific community for its therapeutic and biotechnological promise.
Gene editing technologies include meganucleases, zinc finger nu-
cleases (ZFNs), followed by transcription activator-like effector
nucleases (TALENs), and CRISPR/Cas systems [34]. Among these,
the mRNA-based CRISPR/Cas system has emerged as the pre-
ferred gene-editing platform due to its high efficiency, favorable
safety profile, absence of integration risks, and broad therapeu-
tic applicability. Clinically, mRNA-encoded CRISPR/Cas system holds
great potential for cancer treatment due to the ability to pre-
cisely inactivate or repair cancer-related genes, and it offers safe
and efficient targeted gene editing capabilities for genetic respi-
ratory diseases, including CF [35], AATD [2], and surfactant pro-
tein dysfunction syndrome [36], supporting personalized thera-
peutic strategies. CRISPR/Cas systems function via gRNA-mediated
targeting: DNA editing (e.g., Cas9) requires nuclear delivery and
risks off-target effects [37], while RNA editing (e.g., Cas13a) enables
transient, cytoplasm-localized regulation without genomic changes
[38]. CASGEVY™ | 3 CRISPR/Cas-based gene editing therapy, has
demonstrated curative potential for monogenic disorders and re-
ceived conditional marketing authorization as the first approved
CRISPR/Cas therapeutic platform. This regulatory milestone demon-
strates the therapeutic potential of gene editing therapy in genetic
respiratory diseases, exemplified by CF (CF transmembrane con-
ductance regulator (CFTR) mutations).

3. Pulmonary drug delivery systems

Pulmonary drug delivery systems are a highly attractive choice
for the treatment of respiratory diseases, a non-invasive mRNA-
based delivery strategy with significant advantages including re-
ducing dosage requirements, off-target effects, and thereby miti-
gating systemic toxicity. Pulmonary drug delivery systems primar-
ily comprise three categories, namely the nebulizers (NEBs), the
metered-dose inhalers (MDIs), and the dry powder inhalers (DPIs)
(Table S1 in Supporting information). Each of them utilizes spe-
cialized devices to generate respirable particles for lung deposition
with distinct advantages and limitations. The following details the
differences, advantages, and limitations between those three pul-
monary drug delivery systems.

3.1. Nebulizers

The NEBs (inhalation solution, suspension or powder for inhala-
tion) refer to the dispersion of drugs into small droplets through
specialized nebulization device. They provide advantages of large
delivery doses, user-friendly, high flexibility in formulation devel-
opment and process optimization [39,40]. Given these advantages,
nebulizers have become the delivery platform of choice for mRNA
therapy research. For example, Liu et al. employed a nebulizer to
deliver charge-assisted stable LNPs loaded with mRNA vaccines,
achieving efficient lung transfection and robust mucosal immune
activation in murine, miniature pig, and canine models [41]. These
results underscore the significant potential of nebulization for pul-
monary mRNA delivery. The inherent aqueous instability of nucleic
acids represents the primary challenge for mRNA nebulization. Al-
though lyophilization enables storage stability, reconstitution of-
ten induces significant nanoparticle size alterations. Furthermore,
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different types of nebulization devices exhibit distinct character-
istics in terms of shear forces and aerosol properties, which can
significantly impact nanoparticle integrity and mRNA stability dur-
ing pulmonary delivery, thereby affecting the effective delivery of
mRNA drugs [42,43]. The MRT5005 Phase I trial showed no clinical
benefit despite stable lung function, primarily due to insufficient
lung deposition below preclinical expectations [44]. Generally, in-
adequate pulmonary mRNA deposition, shear stress during neb-
ulization, storage instability, and accessibility challenges in cold-
chain distribution significantly limit the translational potential of
NEBs for pulmonary mRNA delivery. Optimizations are typically di-
rected toward device design and formulation. The co-optimization
of devices and formulations ensures the effectiveness of the deliv-
ery systems. After selecting the nebulization device, the delivery
systems must be customized to the selected device by adjusting
formulation composition, buffer systems, and other essential excip-
ients [45]. Simultaneously, formulation properties such as viscosity
and surface tension must be carefully designed, as they directly in-
fluence droplet size and efficiency of pulmonary drug delivery. For
example, viscosity impacts nebulization performance, while surface
tension plays a critical role in determining aerosol droplet size and
stability, which affects lung deposition efficiency [46]. Thus, the co-
optimization of both device and formulation is crucial for develop-
ing effective inhalation therapies.

3.2. Metered dose inhalers

The MDIs refer to the propellant-drug mixture dispersed by
plastic actuators into aerosols with an inhalable size. Compared
to NEBs, they offer the advantages of compact size and portabil-
ity, making them particularly suitable for chronic disease manage-
ment [47]. While previous studies have confirmed negligible ef-
fects of propellants on the bioactivity of certain nucleic acid drugs
[48,49], mRNA-propellant compatibility has not yet been clarified
and urgently needs systematic reevaluation. However, shear stress
of high-pressure and hand-mouth coordination are the main ob-
stacles that limit the translational potential of MDIs for pulmonary
mRNA delivery. Furthermore, to lower the carbon footprints, the
hydrofluoroalkane (HFA), as the second generation of propellant,
is undergoing phasing out. The transition to next-generation pro-
pellants (e.g., HFO-1234ze and HFA 152a) forces require key vari-
ables including reformulation and actuator retooling, thereby pos-
ing temporary uncertainties for the MDI-based mRNA develop-
ment.

3.3. Dry powder inhalers

The DPIs refer to carrier-free active pharmaceutical ingredients
(APIs) or mixtures of carrier and micronized APIs aerosolized by
inhaler devices into respirable particles. They exhibit the advan-
tages of much better storage stability, flexibility and lower shear
stress compared to NEBs, and avoid hand-mouth coordination,
high-pressure shear stress of propellants and no prospective dele-
terious effects on the environment compared to MDIs. Additionally,
formulation optimization enables precise management of DPIs par-
ticles’ characteristics, ensuring alveolar deposition critical for pul-
monary drug efficacy. Formulations of DPIs are categorized into
two primary types: Carrier-based systems (typically lactose-bound)
and carrier-free formulations [50]. For mRNA therapeutics, carrier-
free DPIs offer flexible batch customization and diverse process-
ing options, including spray drying, freeze drying, thin-film freeze
drying, and spray freeze drying, enabling more efficient and scal-
able production [51]. DPIs have been successfully adapted for pul-
monary mRNA delivery, maintaining mRNA integrity and bioactiv-
ity during powder production and storage [52,53]. Developing ef-
fective mRNA DPIs requires co-optimizing both formulation pro-
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Fig. 1. Challenges in pulmonary mRNA delivery for therapeutic applications.

cesses and device design to balance mRNA stability with aerosol
performance under thermal and mechanical stresses [54,55]. Key
strategies of formulation stability and aerosolization performance
improvement include protectants (e.g., fucoidan, mannitol) that
preserve mRNA integrity through water replacement and modu-
late powder cohesiveness, and surfactants that stabilize LNPs while
tailoring powder surface energy to device shear forces [54]. More-
over, properties of dry powder inhalations (e.g., particle size, mois-
ture, flowability) and device characteristics (e.g., airflow resistance,
dispersion mechanics) must be optimized. For instance, if powder
adhesion is improper or airflow dynamics are mismatched, parti-
cle dispersion may be compromised [56-58]. Successful pulmonary
mRNA delivery thus demands integrated design of both the pow-
der formulation and inhalation device to achieve optimal lung de-
position while maintaining nucleic acid stability.

The MDIs are suitable for delivering fine particles (~1pum) and
nucleic acid drugs directly to the lungs. However, phase-out man-
dates for environmentally hazardous propellants, compounded by
uncertainties surrounding next-generation alternatives, have con-
strained research focus on this platform. NEBs and DPIs now rep-
resent the most intensively investigated pulmonary mRNA de-
livery systems. Among these, NEBs constitute the most widely
utilized inhalation platform for pulmonary mRNA delivery, pri-
marily owing to their broad device compatibility. Nevertheless,
given the inherent hydrolysis sensitivity and aqueous instability
of NEBs, DPIs hold greater promise as the optimal delivery for-
mat for pulmonary mRNA applications. Exemplified by BMD006
(NCT06928922), mRNA DPIs demonstrate superior long-term sta-
bility, ultra-low temperature storage and transport logistics. Such
advantages substantially facilitate the translational clinical out-
come and progress of pulmonary mRNA therapeutics.

4. Current challenges and strategies of pulmonary mRNA
delivery systems

Despite the promise, the use of pulmonary mRNA delivery sys-
tem in respiratory diseases treatments is limited by four challenges
largely including inadequate pulmonary deposition caused by the
complex airway tract structure, mucociliary clearance (MCC) bar-
rier, immune response, and the “last hurdle” intracellular delivery
barrier (Fig. 1). These challenges are directly related to the effec-
tiveness and safety of the treatment. To address these barriers,
advanced nanocarriers have been widely employed (Table S2 in
Supporting information), including LNPs, polymeric, and exosomes
(Exos). Among these, LNPs lead in clinical translation due to high
encapsulation efficiency, yet require optimization for lung distri-
bution and nebulization stability [59,60]. Polymer carriers provide
flexibility and cost benefits, with newer designs reducing cytotox-

icity [61]. Cell-penetrating peptides (CPPs) excel in cellular uptake
but face off-target effects [62]. While Exos, though biocompati-
ble and inherently targeted, face challenges in standardized pro-
duction and drug loading [63]. Hybrid systems such as LNP-CPP
composites improve delivery efficiency [64,65]. Wu's team showed
that nanocarrier surface properties and size affect pulmonary re-
tention, cellular uptake, and endosomal escape [66-68]. The fol-
lowing reviews the key challenges in pulmonary mRNA delivery
while analyzing how the physicochemical properties of nanopar-
ticle carriers can be engineered to overcome these challenges. Im-
portantly, these barriers are interconnected, requiring balanced op-
timization as strategies addressing one challenge may compromise
another.

4.1. Pulmonary mRNA deposition challenges

The airway tract for oral inhalation includes the pharynx, lar-
ynx and trachea, branching into 24 generations from the bron-
chioles to the alveoli. This continuous branching reduces airway
diameter and lowers the deposition efficiency of inhaled drugs
[69]. As a result, only a small percentage of particles reach the
deep lungs, while the majority are deposited in the upper airways.
Thus, the efficacy of pulmonary mRNA delivery depends critically
on the fraction of mRNA that can bypass the upper airways and
reach the deep lung regions. Aerodynamic diameter (Dg.) is de-
posited within specific regions through three primary mechanisms:
Inertial impaction, gravitational settling, and Brownian diffusion.
Aerosol distribution is related to the device design and charac-
terizations of formulations, such as particle size, velocity, viscos-
ity and hygroscopic properties. Inertial deposition is mainly as-
sociated with particle sizes of inhaled drugs. Particle size greater
than 5pum would deposit in the upper airways, which are not
the targeted sites of respiratory diseases. On the contrary, parti-
cles smaller than 1pum are easily exhaled through Brownian mo-
tion [70]. Only formulations with Dg between 1pm and 5pm
can deposit at the sites of action in respiratory diseases. mRNA
therapeutics are commonly delivered via nanoplatforms with hy-
drated particle sizes ranging from 1nm to 100nm. However,
the Dge of such particles is <1pum, increasing their susceptibility
to exhalation and significantly decreasing pulmonary deposition
efficiency.

To balance pulmonary drug delivery efficiency with nanopar-
ticle integrity in inhaled formulations, NEBs optimization repre-
sents a critical strategy through selection and design of device
types. This approach focuses on reducing aerosol droplet sizes
post-nebulization while maintaining nanocarrier stability, hence
enabling efficient nanoparticle deposition in the lungs. For ex-
ample, vibrating mesh nebulizer can effectively generate inhal-
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able droplets smaller than 5um, boosting the lung deposition effi-
ciency of mRNA LNPs to 60% while maintaining mRNA encapsula-
tion efficiency over 90% [60]. Further optimization can be achieved
through low-shear microfluidic nebulization systems, which offer
precise control over aerosol generation, producing monodisperse
particles with tailored size distributions while preserving excep-
tional mRNA encapsulation efficiency approaching 100% [71]. In
addition, optimized mRNA delivery systems require comprehen-
sive formulation strategies to enhance stability and efficiency (a
more detailed discussion is provided in Section S1 in Support-
ing information). Though NEBs currently represent the predom-
inant delivery method for clinical-stage nucleic acid drugs ow-
ing to their broad device compatibility, DPIs remain the optimal
form for mRNA delivery. However, technological constraints in de-
veloping formulation-specific DPI devices limit their implementa-
tion. For DPIs, particle drying techniques, including freeze drying,
spray drying, spray freeze-drying, and thin-film freezing facilitate
nano-to-micro conversion. These processes engineer micron-scale
nanoparticle aggregates that dissociate post-deposition to reconsti-
tute functional nanoparticles with preserved characteristics. For in-
stance, Zimmermann et al. spray-dried a nucleic acid within a 5%
lactose solution. The prepared inhalable particles showed uniform
and slightly rough spherical morphology. Median mass aerody-
namic diameter (MMAD) of inhalable nucleic acid DPIs is 2.85pum,
resulting in approximately 80 % drug deposition in the lower respi-
ratory tract (a more detailed discussion is provided in Section S1)
[72].

4.2. MCC barrier

The MCC comprises a periciliary layer, mucus layer, ciliated
epithelium, goblet cells, and serous glands, functioning through
airway surface liquid (ASL) that maintains ciliary hydration [73].
Ion channels (e.g., CFTR) critically regulate ASL osmolality and
viscosity. While MCC serves as a primary defense against in-
haled pathogens, it concurrently impedes mRNA delivery through
three mechanisms [74-76]: (1) Electrostatic adhesion by negatively
charged mucins hinders cationic nanoparticle penetration; (2) nu-
cleases within the mucus degrade nucleic acid therapeutics; and
(3) coordinated ciliary action clears particulates, eliminating up
to 50% of deposited drugs [77]. These intricate mechanisms have
the potential to significantly augment the clearance rate of mRNA
nanoparticles within pulmonary tissues.

To overcome MCC barriers, researchers have adopted vari-
ous strategies, including surface modification and biomimetics of
nanocarriers. Surface modification of nanoparticles can improve
mucus penetration by reducing interaction between nanoparti-
cles and mucus. A prime example employing hydrophilic coat-
ings, such as polyethylene glycol (PEG), which shield elec-
trostatic and hydrophobic interactions to enhance penetration
[78]. However, a dense PEGylation is often associated with
low uptake by the cells [79]. Alternative polymers like N-(2-
hydroxypropyl)methacrylamide (HPMA) and chondroitin sulfate A
show comparable permeability while potentially improving cellu-
lar uptake [80]. In addition, the coupling of mucus diluents (e.g.,
mannitol) can be directly carried out on the surface of the carrier,
thereby achieving the delivery effect of mRNA drugs [80,81]. Be-
yond steric shielding, precise modulation of surface charge through
methods such as acidic dialysis to neutralize conventional LNPs
or by formulating intrinsically anionic LNPs further minimizes
electrostatic adhesion to mucins [41,59]. For active penetration,
surface-functionalized CPPs have demonstrated a superior ability
to facilitate mucus penetration compared to traditional PEGylation
[82]. Biomimetic engineering offers another avenue by mimicking
native biological entities. Incorporating pulmonary surfactants (e.g.,
dipalmitoylphosphatidylcholine (DPPC)) into LNPs can reduce mu-
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cosal surface tension and viscosity, promoting nanoparticle spread-
ing and penetration [83]. More profoundly, natural nanocarriers
like lung-derived exosomes (Lung-Exos) exhibit innate superior
mucus (a more detailed discussion is provided in Section S2 in
Supporting information).

4.3. Immune challenges

Pulmonary alveolar macrophages and DCs are innate immune
sentinels in the distal alveoli, forming a crucial barrier against
pathogens [84,85]. Innate immune cells possess a repertoire of
pattern-recognition receptors (PRRs) that detect foreign RNA, trig-
gering potent type I interferon (IFN-I) and inflammatory responses,
a major hurdle for non-immunotherapeutic mRNA applications
[86,87]. Consequently, suppressing this innate immune recognition
is essential for effective mRNA delivery. Therefore, how to avoid
triggering immune reactions when delivering mRNA to target cells
is also a key issue to be considered.

The immunogenicity of exogenous mRNA, mediated through
PRR recognition, can be effectively mitigated using key chem-
ical modification approaches: (1) Strategic replacement of uri-
dine residues with modified nucleotides, like pseudouridine
(¥), 2-thiouridine (s*U), N1-methylpseudouridine (m!vy), N6-
methyladenosine (mSA) and 5-methylcytidine (m5C), suppresses
Toll-like receptor (TLR) pathway activation by reducing ligand-
receptor interactions [88]. Moreover, increasing the length of the
poly (A) tail (to reduce relative uridine content) or masking uri-
dine residues in the RNA sequence can generate mRNA with re-
duced immunogenicity; (2) To block retinoic acid-inducible gene-
I (RIG-I) recognition, 7-methylguanosine is usually capped with
a 5'-triphosphate end, thereby evading detection by RIG-I that
specifically targets 5-triphosphate RNA [89]. These immune eva-
sion strategies have been successfully translated into clinical ap-
plications. For example, the clinically approved mRNA-1273 vac-
cine (Spikevax®) reduces immune response through a combina-
tion strategy of modified nucleoside (m'y) and Capl capping
(m’GpppN™). In clinical trials, experimental results showed lower
systemic response than unmodified mRNA vaccines [90].

4.4. Intracellular challenges

mRNA must first navigate through complex bronchial struc-
tures, mucus, and lung fluids to reach target cells. After internal-
ization, a process influenced by vector size and surface properties,
the cargo is encapsulated within endosomal vesicles. Successful es-
cape from these vesicles is essential to prevent lysosomal degrada-
tion and ensure mRNA functionality [91]. While multiple escape
mechanisms have been proposed, such as the proton sponge effect
and membrane fusion, their precise mechanisms remain poorly un-
derstood [92]. Endosomal escape efficiency remains strikingly low;
studies indicate that only about 2 % of RNA delivered via liposomes
reaches the cytoplasm [93]. Therefore, optimizing the efficiency of
endosomal escape is pivotal to enhancing mRNA efficacy. To ad-
dress the bottleneck of low endosomal escape efficiency in mRNA
delivery, researchers have developed the following innovative so-
lutions, including optimization of carrier composition (e.g., ioniz-
able lipids in LNPs) [59] and functionalization with membrane-
penetrating agents (e.g., CPP conjugation) [94].

LNP delivery systems are composed of four essential compo-
nents: lonizable lipids, cholesterol, helper lipids, and PEG-lipids
[95]. Optimized lipid composition critically enhances mRNA de-
livery efficiency. A pivotal strategy involves replacing conven-
tional cationic lipids with ionizable lipids, whose multivalent po-
lar head groups not only improve mRNA binding stability but
also facilitate endosomal escape through pH-responsive conforma-
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tional changes [96,97]. The selection of helper lipids is equally
crucial. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) in-
duces membrane-destabilizing phase transitions, as shown in Fig.
S2 (Supporting information), while B-sitosterol enhances mem-
brane fluidity and fusion, significantly improving escape effi-
ciency over conventional components (Fig. S2A) [98,99]. Be-
yond conventional lipid modifications, chemical functionalization
strategies such as fluorination have emerged as powerful tools.
Fluorinated lipid components (e.g., fluorinated 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-poly(ethylene glycol)-2000 (PEG-
DSPE)) leverage the high electronegativity and hydrophobic-
lipophobic balance of fluorine atoms to further destabilize endo-
somal membranes (Fig. S2B). This approach can enhance endoso-
mal escape efficiency, achieving 3-fold higher mRNA expression
compared to non-fluorinated LNP [100]. While LNPs rely on mem-
brane fusion, polymeric carriers typically facilitate endosomal es-
cape through either the proton sponge effect (mediated by cationic
polymers such as polyethylenimine (PEI)) or pH-responsive confor-
mational changes [101]. The positively charged surface of cationic
polymers promotes electrostatic interaction between nanoparticles
and lung epithelial cells, thereby enhancing clathrin-mediated en-
docytosis. Following endosomal entry, pH-sensitive polymers un-
dergo protonation in the acidic environment, triggering the proton
sponge effect that increases osmotic pressure and causes endoso-
mal membrane rupture, significantly improving the endosomal es-
cape efficiency of mRNA [101]. Polymer performance can be op-
timized by adjusting the ratio of cationic groups to PEG chains.
For instance, Suberi et al. developed a PEGylated poly(amine-co-
ester) (10% PEG-PACE, or E14), which achieved 99.7% transfection
efficiency in A549 cells (Fig. S2C) [102]. Additionally, fluorination
of cationic polymers enhances their membrane penetration due to
strong phase separation, further promoting endosomal escape (Fig.
S2D) [103]. CPPs and other functional molecules such as sialic acid
(SA) enhance endosomal escape efficiency through membrane in-
teraction and disruption mechanisms [94,104]. For example, the
SA-functionalized lipid nanoparticle system (SAP@LNPs) was devel-
oped through co-assembly of SA-cholesterol conjugate with ioniz-
able lipids and PEGylated phospholipids. In vitro characterization
demonstrated the platform’s exceptional endosomal escape capa-
bility, with quantitative imaging analysis revealing that beyond
90 % of SA-LNPs successfully evaded endosomal entrapment within
2 h post-treatment (a more detailed discussion is provided in Sec-
tion S3 in Supporting information) [104].

Notably, the four major physiological barriers are intercon-
nected systems, and strategies targeting one barrier may compro-
mise others. For instance, PEGylation can enhance carrier stability
and mucus penetration, but excessive PEGylation may hinder cellu-
lar uptake efficiency [79,105]. Similarly, while cholesterol enhances
LNP structural integrity, it may compromise mRNA encapsulation
and transfection efficiency [106]. Effective pulmonary delivery re-
quires multifunctional designs to reconcile trade-offs, achieved by
either refining existing systems (e.g., the “LOOP” platform, a four-
step workflow to obtain LNPs) [59] or developing hybrid carri-
ers [82,107]. However, the inherent complexity of these systems
often hinders clinical translation. Future development should fo-
cus on redesigning components for intrinsic multifunctionality, en-
abling simpler yet effective formulations with improved safety and
translational potential. In addition, the carrier design must be tai-
lored to disease-specific pathology, which dictates device selection
and barriers to overcome, thus guiding mRNA delivery system opti-
mization. In summary, effective pulmonary mRNA delivery requires
integrated consideration of key factors, including delivery device,
physiological barriers, and cargo properties. Only through coordi-
nated optimization of these elements can current limitations be
effectively overcome and the clinical translation of inhaled mRNA
therapies advanced.
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5. Current advances of pulmonary mRNA delivery systems

In recent years, significant advances in pulmonary mRNA de-
livery have addressed previous bottlenecks, enabling successful
clinical applications such as the COVID-19 vaccines Comirnaty®
and Spikevax®. These mRNA-based therapies have demonstrated
significant clinical benefits (Table S3 in Supporting information),
spurring increased research into their use for other respiratory dis-
eases. The following details and discussion of the current advances
of pulmonary mRNA delivery systems in treating respiratory dis-
eases, including CF, idiopathic pulmonary fibrosis (IPF), lung can-
cer, and pulmonary viral infection, are presented below. It aims to
provide a foundational reference for further research in pulmonary
mRNA delivery systems.

51 CF

CF is a typical monogenic disease caused by mutations in the
CFTR gene, which encodes the CFTR protein for ion transport across
epithelial surface [108]. CFTR regulates electrolyte and fluid bal-
ance in secretions and influences other channels including Na*
channels and Cl~ channels [109]. CFTR mutations lead to reduced
CFTR function, disrupting ASL homeostasis and resulting in thick-
ened mucus, impaired MCC, chronic inflammation, and progres-
sive lung damage such as bronchiectasis. Severe cases may de-
velop right heart hypertrophy or failure. For patients unresponsive
to CFTR modulators, mRNA-based therapies delivering functional
CFTR mRNA via pulmonary route offer a promising alternative.

Multiple studies have confirmed that mRNA lung delivery sys-
tems have good safety and therapeutic efficacy. Kim et al. de-
veloped LNP carriers with a dense PEG layer on the surface,
significantly improving the delivery efficiency of mRNA [110].
Histopathological analysis in BALB/c mice confirmed that inhaled
LNPs induced no pathological alterations. Stable luciferase expres-
sion post-repeated dosing and consistent animal weight further
demonstrated their biocompatibility and repeatability. CFTR gene
knockout mouse model studies have shown that inhaled LNPs can
effectively deliver hCFTR mRNA to the lungs, and immunoprecipi-
tation detection has confirmed that lung tissue can express 170 kDa
functional hCFTR protein. This study demonstrates that inhaled
LNPs can effectively deliver therapeutic mRNA to the lungs, pro-
viding a new strategy for the treatment of CF [110]. Another study
developed a self-assembly mRNA nanoplatform using a ternary
synthetic peptide (peptide 9) and poloxamer T407 [59]. In a CF
mouse model, the ternary complex showed significantly enhanced
mRNA expression in lung tissue compared to binary complexes
(T407/mRNA), as demonstrated by quantitative bioluminescence
imaging [59]. Therefore, it introduced a new concept for the clini-
cal translation of inhaled mRNA therapy for CF [111].

In clinical research, inhaled mRNA therapy for CF has seen both
progress and challenges. While the first Food and Drug Adminis-
tration (FDA) approved nebulized CFTR mRNA therapy (MRT5005)
was shown to be safe and well-tolerated, interim results indicated
no significant functional benefit despite stable lung function [44].
Nevertheless, other LNP-based mRNA drugs, such as Vertex Phar-
maceuticals’ VX-522 currently in Phase 2 trials (NCT05668741),
have shown preliminary efficacy signals. To date, five CFTR mRNA
therapeutics for pulmonary delivery have received FDA clinical trial
authorization. Overall, inhaled mRNA therapy represents a promis-
ing approach for restoring CFTR function, though clinical outcomes
remain variable and further optimization is needed.

5.2. IPF

IPF affects approximately 3 million people worldwide and has
an elevated mortality rate compared to many cancers; it is one of
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the most prevalent forms of fibrotic-predominant interstitial respi-
ratory disease [112]. Generally, IPF develops as impaired epithelial
cells repair abnormally, and further scars form in the gas-exchange
sites of the lungs [113]. Currently, only two FDA-approved drugs,
pirfenidone and nintedanib, are clinically used for IPF treatment.
However, their therapeutic efficacy is limited to slowing dis-
ease progression, with no demonstrated disease-modifying effects
or significant clinical benefit [113,114]. mRNA-based protein re-
placement therapy has emerged as a powerful strategy for IPF
therapy.

Generally, the lung pathology of IPF is characterized by ab-
normal epithelial cells and excessive extracellular matrix (ECM)
deposition. This injury-repair dysregulation creates a vicious cy-
cle: Injured epithelial cells persistently release profibrotic media-
tors (e.g., transforming growth factor-8 (TGF-8)), activating fibrob-
lasts and driving aberrant ECM synthesis. The resulting ECM ac-
cumulation leads to largely irreversible fibrotic scarring and alve-
olar architecture collapse. Therapeutically, targeted ECM clearance
and functional alveolar epithelial regeneration represent critical
strategies to halt IPF progression. Currently, LNP-based mRNA de-
livery systems have demonstrated efficient targeted delivery to fi-
brotic lung tissue. In bleomycin-induced mouse pulmonary fibro-
sis models, intratracheally administered luciferase mRNA-LNP com-
plexes exhibited high delivery efficiency, with strong biolumines-
cence signals detectable in lungs within 2h post-administration
and sustained protein expression lasting over 48 h. This study not
only confirmed the efficient delivery capability of mRNA-LNP sys-
tems to fibrotic lungs but also provided critical experimental sup-
port for developing mRNA-based therapies against IPF [115]. Build-
ing on the efficiency of LNP-mediated mRNA delivery to fibrotic
lungs demonstrated in [115], recent studies have developed tar-
geted therapeutic strategies addressing both ECM remodeling and
epithelial regeneration. Wang et al. showed that co-delivery of
CYB5R3 and BMP4 mRNAs via LNPs significantly reduced fibrotic
markers and improved survival by promoting alveolar epithelial re-
pair [116]. Complementing this approach, Zhang et al. designed a
bifunctional mRNA nanoplatform that simultaneously enabled ma-
trix metalloproteinase-13 (MMP13)-mediated ECM degradation and
keratinocyte growth factor (KGF)-driven epithelial regeneration, ef-
fectively restoring alveolar architecture [117]. To ensure the clini-
cal translation safety of mRNA therapies, researchers have adopted
a dual optimization strategy combining mRNA molecular modifi-
cations with low-immunogenicity delivery vehicles (e.g., optimized
iLNP-HPOSLO0P and P76 polymeric NPs) (Fig. S3 in Supporting in-
formation). This approach has demonstrated excellent safety and
tolerability in cross-species studies (e.g., rodents, livestock, and
non-human primates), with efficacy independent of mRNA molec-
ular characteristics, thereby laying the foundation for clinical ap-
plications (detailed case studies are provided in Section S4 in Sup-
porting information) [59,118].

5.3. Lung cancer

Lung cancer is the most common cancer worldwide, with can-
cer mortality up to 18.7%. Based on the Global Cancer Observa-
tory 2022 published by the International Agency for Research on
Cancer, lung cancer was responsible for an estimated 1.8 million
deaths globally in 2022 [119]. Lung cancer treatment faces key lim-
itations due to rapid tumor proliferation and metastasis. mRNA-
based immunotherapy represents a promising approach, exempli-
fied by the Moderna/Merck melanoma vaccine (mRNA-4157). Phase
IIb data of mRNA-4157 showed significant survival benefits. These
positive results demonstrate that the mRNA vaccines hold great
promise in treating lung cancer, though delivering mRNA encod-
ing tumor-associated antigens (TAAs) to express therapeutic anti-
bodies in vivo, activating systemic innate and adaptive immunity.
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Nevertheless, the efficacy of TAAs is significantly hindered by the
immunosuppressive TME. To overcome this limitation, a variety of
adjuvant strategies have been developed, including advanced deliv-
ery systems that intrinsically enhance immunogenicity and molec-
ular immunomodulators such as cytokines, TLR agonists [120]. Re-
cent studies have demonstrated that cytokines (e.g., interleukin-
12 (IL-12), IFN-«) play multifaceted regulatory roles in tumor
immunotherapy. These immunomodulators can promote systemic
antigen-specific T cell expansion, enhance cytotoxic T lympho-
cyte infiltration, and induce long-lasting immunological memory,
thereby significantly improving antitumor efficacy. However, the
systemic off-target toxicity of cytokines may cause severe adverse
effects, substantially limiting their therapeutic potential [121,122].

To enhance the immunogenicity of mRNA vaccines, mRNA-
encoding antigens are usually delivered to the body together with
adjuvants to achieve tumor suppression effects. For example, co-
delivery of TLR4 agonists (e.g., monophosphoryl lipid A (mPLA))
and tumor antigen mRNA synergistically enhances both innate and
adaptive immune responses, leading to significant tumor growth
inhibition (Fig. S4 in Supporting information) [23,123]. In addi-
tion, targeted delivery systems (e.g, CD44 or mannose receptor-
mediated nanoparticles [124,125] and natural exosome carriers
(e.g., IL-12 mRNA Exo) can reduce off-target toxicity and enhance
tumor specific accumulation (detailed case studies are provided in
Section S5 in Supporting information) [122].

5.4. Pulmonary viral infection

The global impact of pulmonary viral infections, amplified by
the COVID-19 pandemic’s mortality burden, remains a critical pub-
lic health focus. According to the World Health Organization statis-
tics, COVID-19 alone has claimed over 6.9 million deaths since
2019 [126]. Effective prevention and treatment of pulmonary vi-
ral infections constitute an urgent public health imperative. In-
haled mRNA delivery demonstrates unique suitability for respira-
tory viral infections owing to its: Rapid induction of mucosal im-
munity, precise targeting of pulmonary tract pathogens, and in-
herent flexibility to accommodate viral mutations [17]. mRNA vac-
cines have emerged as a powerful platform for both prophylac-
tic and therapeutic interventions against viral infections, utilizing
advanced delivery systems including polymeric nanoparticles (e.g.,
PACE, a poly(8-amino ester) (PBAE)) [22,102] and exosome-based
carriers (Fig. S5 in Supporting information) [52]. When adminis-
tered via intranasal or pulmonary routes, these vaccines induce po-
tent cellular immune responses along with mucosal antibody pro-
duction (IgG and IgA), conferring enhanced protection against res-
piratory viruses such as SARS-CoV-2 in animal models while effec-
tively controlling viral replication in lung tissues. For therapeutic
applications, mRNA technology offers innovative antiviral strategies
through two distinct mechanisms: Encoding competitive inhibitors
like soluble angiotensin-converting enzyme 2 (ACE2) to block viral
entry, and employing CRISPR-Cas13 systems for precise viral RNA
degradation (detailed case studies are provided in Section S6 in
Supporting information) [127,128].

5.5. Other pulmonary diseases

Inhaled mRNA therapies have also demonstrated potential for
other pulmonary diseases. For example, a DNAI1T mRNA therapy
for primary ciliary dyskinesia (PCD) has entered Phase I clinical tri-
als (NCT06633757), while preclinical studies on alpha-1 antitrypsin
deficiency (AATD) and acute respiratory distress syndrome (ARDS)
have confirmed the therapeutic value of mRNA in protein replace-
ment and immunomodulation (for further details, see Section S7
in Supporting information) [129-131].
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6. Conclusions and perspectives

This review examined the therapeutic mechanisms of mRNA-
based therapies, detailed the pulmonary delivery systems, and
highlighted current challenges, strategies and advances. The re-
markable success of COVID-19 vaccines (Moderna-1273, BioNTech-
162b2) has validated the capacity of mRNA to induce robust, spe-
cific immunity while demonstrating excellent clinical efficacy. In-
haled mRNA therapy represents a non-invasive administration in
which medications are administered via inhalation, facilitating di-
rect delivery to the lesions of respiratory diseases, reducing off-
target effects. However, it is critical to determine therapeutic safety
and effectiveness by considering anatomical complexity, MCC, im-
mune responses, intracellular delivery limitations, and suboptimal
transfection efficiency in pulmonary mRNA delivery. To overcome
these delivery challenges, targeted strategies have been developed:
(1) Particle engineering optimizes aerodynamic size and device
design to enhance lung deposition; (2) surface modification and
biomimetic nanoparticles improve mucus penetration by reduc-
ing mucus adhesion; (3) nucleoside modification (e.g., pseudouri-
dine) minimizes mRNA immunogenicity; and (4) carrier optimiza-
tion with membrane-penetrating agents (e.g., CPP) enhances endo-
somal escape. Future efforts should prioritize integrating and sub-
stantially developing current strategies to promote clinical transla-
tion of inhaled mRNA therapeutics.

While research and development in the laboratories are advanc-
ing rapidly, undesirable translational clinical outcome and progress
still faces unresolved issues, including mismatch in animal mod-
els, long-term safety of mRNA, and short storage period of mRNA.
These hurdles are further compounded by our incomplete under-
standing of the in vivo fate of nanoparticles after pulmonary de-
livery, as well as the insufficient predictability of existing disease
models. We look forward to the emergence of novel in vivo fate
research methods and theories to assist in the development of
pulmonary mRNA delivery systems for the treatment of respira-
tory diseases. mRNA is susceptible to degradation caused by carrier
leakage and thermodynamic instability, imposing substantial cold
chain requirements, leading to the high costs and logistical com-
plexity that limit broad clinical deployment. In general, it is nec-
essary to research further the in vivo fate of inhaled mRNA formu-
lations and establish pathologically relevant disease models, opti-
mize carriers with enhanced biostability and delivery performance,
and improve long-term safety and stability of inhaled mRNA for-
mulations. Implementing such solutions will bridge the transla-
tional gap for mRNA therapeutics, enabling next-generation pul-
monary mRNA delivery systems with improved efficacy and safety
and expanded clinical applicability.
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