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H E A LT H  A N D  M E D I C I N E

Hydrogen-induced disruption of the airway mucus 
barrier enhances nebulized RNA delivery to reverse 
pulmonary fibrosis
Chang Liu1,2, Xidong Tian1, Zhenping Wang3, Judith Choi Wo Mak4, Shirui Mao2,5, 
Tzu-Ming Liu6*, Ying Zheng1,7*

Nebulized RNA therapies are well suited for treating respiratory diseases, in particular pulmonary fibrosis (PF); 
however, effective delivery remains challenging. In this study, we present a highly efficient aerosol inhalation 
system that enables high levels of in vivo transfection efficiency in lung macrophages, yielding durable responses 
against PF. First, we established a nose-only aerosol inhalation device integrated with a hydrogen supplement 
system. This setup enables the precise administration of lipid nanoparticles (LNPs) at a controlled low dose, while 
simultaneously delivering the optimal concentration of therapeutic hydrogen gas. We further developed a hybrid 
lipid NP (HNP) by hybridizing a pH-dependent charge-inverting lipid film with apoptotic T cell membranes to en-
hance endosomal escape and trigger macrophage production of hepatocyte growth factor for lung repair. We 
demonstrated that the hydrogen flow–induced shear stresses disrupt the NP-mucus interaction, enhancing the 
deposition of aerosolized HNPs/TGFβ1 siRNA within fibrotic lung lesions, effectively blocking fibrogenic signaling 
pathways and offering a clinically viable strategy for combating PF.

INTRODUCTION
Pulmonary fibrosis (PF) is a chronic, progressive, and fatal lung 
interstitial disease with limited therapeutic options (1). Recent 
advancements in pulmonary gene therapies have shown potential 
to halt or even reverse PF, particularly by focusing on correcting 
gene mutations in alveolar epithelial cells (2,  3). Despite these 
advancements, a clinical trial using nebulized gene-liposome 
complex for inhaled cystic fibrosis transmembrane conductance 
regulator mRNA failed to show notable efficacy in patients with 
cystic fibrosis (4), underscoring the need for more effective pul-
monary delivery systems. Most studies have focused on the 
chemical surface modifications or physical structures of lipid 
nanoparticles (LNPs) to address nebulization challenges (5,  6); 
however, these factors may not fully address the complexities of 
pulmonary RNA delivery, particularly within a diseased micro-
environment. In PF, dense and viscous mucus barriers in the 
lungs present a substantial challenge for inhaled LNPs to effec-
tively deliver local gene therapy (7). In addition, macrophages in 
the lungs may alter the delivery pathway due to their high phago-
cytic uptake and processing of NPs (8–10). This issue may be ex-
acerbated in patients with PF, who experience a remarkable 
accumulation of macrophages in the lungs, further restricting the 
access of transgene therapeutics to target epithelial cells (11).

Driven by the need for efficient RNA delivery to the lungs and the 
potential for long-lasting treatment of PF, we present a highly effi-
cient aerosol inhalation system in this study. The nose-only aerosol 
inhalation device consists of the following key components (Fig. 1): 
(i) a vibrating mesh nebulizer to aerosolize LNPs, (ii) a medical-
grade hydrogen supplement system to facilitate the delivery of nebu-
lized LNPs across the mucus barrier, and (iii) a central chamber 
connected to six rodent restraints to enable the controlled adminis-
tration of LNPs at a low dose with the desired concentration of hy-
drogen gas. We used the unique properties of hydrogen gas, including 
its potent antioxidant and anti-inflammatory effects (12, 13), and its 
use as an effective inhalation therapy for patients with injuries and 
inflammation (14, 15). Unlike other gases, such as oxygen or nitro-
gen, hydrogen gas has lower viscosity and smaller Reynolds numbers 
(16, 17). Despite its promising potential, the use of therapeutic hy-
drogen gas to facilitate LNP delivery, potentially reducing aerody-
namic barriers, remains largely unexplored. We hypothesize that 
using hydrogen as the nebulization gas for pulmonary RNA delivery 
could enhance deposition in the deep alveolar regions, promoting 
efficient in vivo transfection.

Given the limited transduction efficiency of lung epithelial cells us-
ing conventional viral and nonviral methods (18), we propose an alter-
native strategy targeting phagocytic macrophages. Recent evidence 
highlights the intricate interplay between aberrantly activated profi-
brotic alveolar macrophages (AMs) and fibroblasts as key drivers of PF 
pathogenesis (19). Profibrotic macrophages notably secrete transform-
ing growth factor–β1 (TGFβ1), which activates fibrogenic signaling 
pathways (20). Thus, we hypothesize that inhibiting TGFβ1 produc-
tion by macrophages could be an effective strategy to disrupt the fi-
brotic cascade at its source. To enhance siRNA transfection efficiency, 
we hybridized T cell–derived apoptotic body membranes (TABMs) 
with a pH-dependent charge-inverting lipid, dioleoylglycerophosphate-
diethylenediamine (DOP-DEDA), to construct hybrid NPs (HNPs) 
that precisely target macrophages and improve endosomal escape (21). 
Previous studies have shown the high phagocytic capacity of 
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macrophages in clearing apoptotic cells (22). The instillation of apop-
totic T cells into bleomycin-stimulated lungs also has been shown to 
increase hepatocyte growth factor (HGF) production in macrophages, 
mitigating pulmonary injury and fibrosis (23, 24). We demonstrated 
that HNPs remain stable after nebulization (aHNPs) and can be ex-
posed to the desired concentration of hydrogen gas using our custom-
designed device. The laminar flow of hydrogen gas generates positive 
pressure, facilitating lung inflation and promoting the movement of 
aerosolized HNPs/TGFβ1 siRNA through the mucus layer. This en-
ables precise targeting of macrophages for blocking fibrogenic signal-
ing pathways and induced efficient HGF production in macrophages, 
promoting alveolar epithelium repair. These favorable outcomes not 
only reshape the macrophage profile but also modulate the lung im-
mune microenvironment, resulting in long-lasting therapeutic ef-
fects for PF.

RESULTS
Fabrication of inhalable biomimetic NPs with efficient 
siRNA loading
The fabrication process of HNPs/siRNA involves three steps (Fig. 2A): 
(i) isolation of TABM from Jurkat T cells, (ii) preparation of LNPs 
loaded with siRNA (LNPs/siRNA), and (iii) fusion of LNPs/siRNA 

with TABMs. Initially, we successfully isolated T cell apoptotic bodies 
(TABs) from apoptotic T cells (Fig. 2B and fig. S1, A and B). We again 
found the abundance of two crucial protein markers, CD3 and CD44, 
in both T cells and TABs (Fig. 2C). In addition, TABs exhibited high 
expression of cleaved caspase-3, indicating successful induction of 
apoptosis in T cells (22). We then analyzed the size distribution and 
morphology of TABM vesicles using dynamic light scattering (DLS) 
and scanning electron microscope (SEM) imaging (fig. S1C). We 
found that the HNPs could be successfully fabricated by optimizing 
the hybridization of TABM and lipids at a weight ratio of 1:1 (TABM to 
lipid film, w/w) (fig. S1D). In addition, the successful fusion was con-
firmed by observing the marked yellow fluorescence resulting from 
the overlap of red (LNPs) and green (TABMs) fluorescent signals using 
confocal laser scanning microscopy (CLSM; Fig. 2D). Transmission 
electron microscope (TEM) images further revealed the spherical and 
uniform dispersion of HNPs (Fig. 2E), consistent with the 102.1 ± 1.2 nm 
hydrodynamic diameters (Fig. 2F). We again found a significantly 
lower zeta potential of the HNPs compared to the LNPs (Fig. 2F and 
fig. S1E). This difference might be attributed to the successful fusion of 
negatively charged TABM (−17.1 ± 0.4 mV) with the LNPs. Further-
more, we observed a significant increase in the zeta potential of both 
LNPs and HNPs when exposed to pH 5.0 conditions, as opposed to 
pH 7.4 conditions for NPs (Fig. 2G). This observation is consistent 

Fig. 1. Schematic illustration of an inhalable biomimetic HNP delivered via a custom-designed aerosol inhalation device for the treatment of PF. (A) Construction 
of HNPs/TGFβ1 siRNA. (B) Inhalation of nebulized HNPs/TGFβ1 siRNA through the flow of oxy-hydrogen gas (hydro HNP). The hydro HNPs displayed efficient mucus pen-
etration ability and a strong affinity to AMs in mice with PF. (C) The cellular internalization of HNPs/TGFβ1 siRNA. The combined effects of gene silencing and HGF secretion 
help mitigate pulmonary injury and fibrosis. Figure created with BioRender.com.
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Fig. 2. Construction and characterization of HNPs/TGFβ1 siRNA. (A) Fabrication of the biomimetic HNPs/TGFβ1 siRNA. (B) Representative SEM images of TABs. Scale 
bar, 1 μm. (C) The representative protein profiles of T cells and TABs. (D) Confocal images of HNPs. TABMs were labeled with DIO (green) and LNPs were labeled with DII 
(red). Scale bars, 20 μm. (E) Representative TEM images of LNPs and HNPs. Scale bars, 100 nm. (F) Size and zeta potential of LNPs and HNPs measured by DLS (n = 3). 
(G) Zeta potential of LNPs and HNPs at pH 7.4 and 5.0 (n = 3). (H) Gel retardation assay for HNP-encapsulated siRNA. (I) Size of LNPs and HNPs measured in PBS containing 
10% FBS at pH 7.4 or 6.8 at 37°C for 72 hours (n = 3). (J) Cumulative siRNA release from LNPs and HNPs in medium at pH 7.4 or 5.0 (n = 3).
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with the previously reported charge-reversible property of DOP-
DEDA LNPs (25), indicating their potential to facilitate siRNA lyso-
some escape. In addition, the HNPs demonstrated a protective effect 
on siRNA against ribonuclease (RNase; Fig. 2H). In addition, the 
HNPs maintained stability for 72  hours when stored in phosphate-
buffered saline (PBS) with 10% fetal bovine serum (FBS) under two 
pH conditions (pH 7.4 and 6.8; Fig. 2I), indicating the potential for our 
HNPs to retain the encapsulated siRNA within the mildly acidic envi-
ronment of PF lung tissues (26). Next, we further evaluated the release 
profiles of siRNA from HNPs in PBS at pH 5.0, which simulate the 
acidic endosomal environments after macrophage uptake (27). The 
HNPs demonstrated a faster release observed at pH 5.0 compared to 
pH 7.4 (Fig. 2J). Together, these data verify the potential applicability 
of HNPs for nebulized delivery.

To enhance the lung delivery efficiency of nano-formulations, we 
developed a home-built aerosol inhalation device that connected a 
mouse-holding chamber to a mesh nebulizer via an inhalation cham-
ber (fig. S1F and Fig. 3A). This setup ensured that the mice were ex-
posed to the desired concentration of hydrogen gas while inhaling 
the HNPs/TGFβ1 siRNA (hydro HNPs). We initially conducted a 
comparison of HNP morphology before and after nebulization using 
TEM. The results were consistent with our DLS measurements (Fig. 

3B). In addition, we observed no significant differences in terms of 
siRNA encapsulation efficiency (EE) (fig. S1E) and protein profiles 
(Fig. 3, C and D) within the HNPs before and after nebulization. This 
finding further strengthened the evidence for the HNPs’ capability to 
withstand the shear stress experienced during the nebulization pro-
cess. To assess the feasibility of the aerosol inhalation device for pul-
monary delivery of HNPs, we tested the distribution homogeneity of 
nebulized NPs (Fig. 3E), nebulization time, and output efficiency 
(Fig. 3F). These data indicated the reliability of our home-built de-
vice for the efficient inhalation of nano-formulations, even at low 
dosages. Collectively, these results emphasized the potential of using 
hydrogen gas–based aerosol inhalation devices and biomimetic NPs 
to effectively deliver siRNA into lung tissues.

Enhanced cellular internalization and in vitro gene 
silencing efficacy
Efficient cellular internalization of NP cargoes is crucial for enhanc-
ing siRNA transfection efficiency (5). Initially, we evaluated the cel-
lular uptake selectivity of NPs in RAW 264.7, A549, and HFL-1 cells 
(fig. S2, A and B). CLSM images demonstrated a significant increase 
in red fluorescence of HNPs in RAW 264.7 cells compared to LNPs 
before fusion (Fig. 4A). However, negligible uptake of HNPs was 

Fig. 3. Construction of a self-designed aerosol inhalation device. (A) A schematic of the nebulization process of HNPs. This setup ensured that the mice were exposed 
to the desired concentration of hydrogen gas while inhaling the HNPs/TGFβ1 siRNA. The inlet of hydrogen gas was represented by “a” and the mouse-holding chamber 
was represented by “b.” (B) Size distribution and representative TEM image of HNPs after nebulization (aHNPs). Scale bar, 100 nm. n = 3. (C and D) Protein profiles visualiza-
tion of T cells, TABMs, LNPs, HNPs, and aHNPs by Coomassie Blue staining (C) and Western blotting analysis (D). (E) Fluorescence images of six independent tubes in a 
self-designed device receiving Cy5.5-HNPs and its quantitative analysis (n = 3). (F) Nebulization time and output efficiency of HNPs in three independent batches (n = 3). 
Significant differences were assessed using a one-way ANOVA with Tukey test. NS, not significant, P > 0.05.
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Fig. 4. Precise targeting toward AMs endowed by TABM coating. (A) Confocal images (left) and flow cytometry analysis (right) of RAW 264.7, A549, and HFL-1 cells in-
cubated with LNPs, HNPs, aHNPs, or hydro HNPs for 2 hours. Nuclei stained by DAPI (blue), Cy5.5-labeled formulations (red). Scale bars, 20 μm. n = 3. (B) Colocalization 
analysis of cells from the lung tissues treated with Cy5.5-labeled LNPs, HNPs, or hydro HNPs (n = 6). (C) Intracellular localization of Cy5.5-labeled formulations (red) with 
endosomes (green). Nuclei stained by DAPI (blue). (D and E) Silencing efficiency comparison of LNPs, HNPs, and hydro HNPs in profibrotic macrophages (n = 6). Relative 
mRNA level based on RT-PCR (D) and protein expression level based on ELISA (E). A one-way analysis of variance (ANOVA) with Tukey test (A, D, and E), and a two-way 
ANOVA with Tukey test (B). *P < 0.05, **P < 0.01, ***P < 0.01, and ****P < 0.0001; NS, not significant, P > 0.05.
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observed in both A549 and HFL-1 cells. These observations were 
further supported by flow cytometry analysis (Fig. 4A and fig. S2C). 
Collectively, these results provide strong evidence supporting the 
specific targeting property of HNPs toward RAW 264.7 cells, which 
was endowed by the introduction of the TABM on the LNPs (22). 
Furthermore, we did not observe substantial differences in terms of 
HNPs uptake when they were nebulized and exposed to a hydrogen 
flow. To further validate the relevance of our results to human mac-
rophages, we assessed NP uptake selectivity in the THP-1 cell line. 
Initially, we induced differentiation in THP-1 cells by stimulating 
them with phorbol 12-myristate 13-acetate (PMA) to establish an 
in vitro model of monocyte differentiation. Following PMA treatment, 
the THP-1 cells exhibited adherence and displayed a macrophage-
like morphology (fig. S2D). Confirmed by CLSM images and flow 
cytometry analysis (fig. S2E), our findings reaffirmed the targeting 
specificity of HNPs toward macrophages. Subsequently, we pro-
ceeded to investigate their distribution among various cell types 
within PF lung tissues. Mice with PF were administered Cy5.5-
labeled NPs via inhalation, and lung tissues were collected 2 hours 
after the treatment. We then conducted flow cytometry analysis on 
the lung cells obtained from each experimental group. Consistent 
with the in vitro uptake findings, both HNPs and hydro HNPs ex-
hibited preferential internalization by macrophages, with 77.8% of 
macrophages internalized NPs as compared to 11.6% internaliza-
tion by epithelial cells and 10.6% by endothelial cells (Fig. 4B and 
fig. S2F). Together, our aerosol inhalation device effectively facili-
tated the pulmonary delivery of HNPs/siRNA and demonstrated a 
promising ability to selectively target macrophages in PF lung tissues.

We then assessed cellular uptake mechanism of HNPs by pretreat-
ing RAW 264.7 cells with various inhibitors (26), such as chlorproma-
zine (CPZ), filipin, and amiloride, followed by flow cytometry 
analysis. We found a significant reduction in the uptake of LNPs in 
the presence of filipin, while much fewer HNPs were delivered into 
cells when exposed to CPZ or amiloride. These findings indicated that 
the cellular internalization of HNPs is primarily mediated by clathrin-
dependent endocytosis and micropinocytosis (28) (fig. S3A). The cel-
lular uptake mechanism of HNPs was not altered after nebulization 
and exposure to a hydrogen flow. In addition, we evaluated the ability 
of the hydro HNPs to escape from endosomes after uptake. We ob-
served a gradual decrease in the fluorescence signal of HNPs within 
lysosomes over a time period of 1 to 6 hours (Fig. 4C). Furthermore, 
the calculation of Pearson’s correlation coefficient from CLSM images 
provided additional evidence for the successful escape of HNPs from 
endosomes and subsequent release of siRNA into the cytosol (fig. 
S3B). To provide a comparison, we also prepared conventional NPs 
lacking DOP-DEDA using a dipalmitoylphosphatidylcholine (DPPC) 
film, followed by hybridization with TABM (fig. S3C). This observa-
tion was consistent with prior studies showing that siRNA delivery via 
DOP-DEDA LNPs leads to siRNA escape from endosomes (25), a 
process facilitated by the charge reversal effect of the DOP-DEDA 
lipid. Nevertheless, the mechanisms underlying the escape of our NPs 
from endosomes remain unclear. In future studies, we intend to con-
duct a more detailed assessment of endosome escape, including galec-
tin-8 tracking (29), to effectively screen and improve intracellular 
drug delivery systems.

Next, we evaluated the silencing efficiency of HNPs by measur-
ing the expression of TGFβ1 in profibrotic macrophages. The transi-
tion of murine bone marrow–derived macrophages (BMDMs) to 
profibrotic macrophages (referred to as M2) was induced using 

interleukin-4 (IL-4) (19) (fig. S3D). Treatment with hydro HNPs re-
sulted in the lowest TGFβ1 mRNA expression in M2 macrophages, 
representing an approximate 80.1% reduction compared to PBS 
treatment (Fig. 4D). Furthermore, we evaluated TGFβ1 protein ex-
pression in the M2 macrophages by collecting the culture medium 
using enzyme-linked immunosorbent assay (ELISA). We observed 
a notable and sustained reduction in TGFβ1 protein levels after 
hydro HNP treatment (a 2.5-fold decrease compared to PBS treat-
ment), aligning with the results obtained from the polymerase chain 
reaction (PCR) analysis (Fig. 4E).

Enhanced mucus penetration and biodistribution of 
hydro HNPs
While the introduction of the TABM on LNPs enabled specific tar-
geting properties toward AMs, the presence of abnormal mucus in 
conditions like PF still posed a challenge for effective pulmonary de-
livery of NP to target cells (26). To gain insights into the interaction 
between NPs and the mucus layer, we have successfully synthesized 
Muc/poly(vinyl alcohol) (PVA) hydrogels with a water content rang-
ing from 97.6 to 98.1% over three freezing-thawing cycles. This 
method was chosen to prevent any chemical reactions that could po-
tentially alter the mucin (Muc) structure, as illustrated in Fig. 5A 
(9, 30). The gelation process relies on the development of microcrys-
talline structures of PVA, resulting in hydrogels with robust mechan-
ical properties without the need for chemical cross-linkers. SEM 
images further confirm the highly porous nature of the Muc/PVA 
hydrogels, showcasing a combination of large and small pores with 
narrow gel walls across the matrix, typically with pore sizes below 
5 μm (Fig. 5A). Next, we delved into the penetration of NPs into Muc/
PVA hydrogels designed to simulate the PF mucus. The findings, il-
lustrated in Fig. 5B, revealed that both LNPs and HNPs displayed 
intensified red fluorescence signals in the supernatant above the hy-
drogel, signifying limited transmucosal penetration capability of the 
NPs. It is not unexpected that exposure to gas flow (air or hydrogen) 
enhanced the NP permeation through Muc-PVA hydrogels. How-
ever, only the application of hydro HNPs resulted in a significant 
increase, showing a 1.4-fold rise compared to air HNPs. This raises 
the question of why the flow of hydrogen gas substantially improved 
NP permeation ability through mucus. To gain further insights, we 
replaced hydrogen with conventional compressed air and investi-
gated the permeation of HNPs through the Muc-PVA hydrogel un-
der the same flow conditions. The exposure of HNPs to compressed 
air did enhance NP permeation through the mucus, but it was not as 
effective as hydrogen supplementation. The supplement of hydrogen 
gas not only exerted an external force to propel NPs through the 
mucus layer but also potentially altered the interaction between the 
NPs and mucus. To gain a mechanistic understanding of the impact 
of hydrogen on Muc-particle interactions at the molecular level, we 
conducted a comparison of the association constant (Ka) between 
NPs and mucus using isothermal titration calorimetry (ITC). For 
this comparison, mucus samples were pretreated separately with hy-
drogen and compressed air. Subsequently, the NPs were used to ti-
trate Muc solutions. Irrespective of additional flow supplementation, 
we observed that the interaction between Muc and NPs was exother-
mic and entailed an entropy loss process (fig. S4A). This suggested 
that the interaction was driven by enthalpy and involved the forma-
tion of noncovalent bonds, such as hydrogen bonds, electrostatic 
interactions, and van der Waals forces (31, 32). Consistent with the 
enhanced permeability observed under hydrogen conditions, the Ka 
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Fig. 5. Enhanced mucus penetration, efficient deposition into deeper alveoli, and precise targeting following inhalation of hydro HNPs. (A) Synthesis of 
mucus-mimicking Muc-based hydrogels by cross-linking with PVA (left). Scanning electron micrographs of freeze-dried Muc/PVA hydrogel at different magnifi-
cations (right). (B) Penetration of LNPs, HNPs, aHNPs, and aHNPs delivered by hydrogen or compressed air in Muc/PVA hydrogel hydrogels (n = 3). (C) Represen-
tative trajectories of LNPs, HNPs, hydro HNPs, and air HNPs were captured during the 20s movies. (D) ⟨MSD⟩ as a function of the timescale for inhaled formulations 
in airway mucus (upper panels) and distribution of the log (MSD) of indicated formulations at a timescale of 1 s (lower). At least 100 particles of each type were 
tracked per sample. (E) Representative images (left) and image-based quantification (right) of coverage of Cy5.5-labeled formulations in mouse large airways 
following intratracheal administration for 0.5  hours. Arrows indicated formulations trapped in the mucus layer. Nuclei stained by DAPI (blue), Cy5.5-labeled 
formulations (red). Scale bar, 100 μm. n = 4. (F) Fluorescence imaging of major organs collected at 2 hours after inhalation of indicated Cy5.5-labeled formula-
tions. H, heart; Li, liver; S, spleen; Lu, lung; K, kidney. (G) Enlarge images were captured by DMI 8 to demonstrate distribution of the formulations in the alveolar 
ducts (left) and image-based quantification (right). Scale bar, 100 μm. n = 4. (H) Colocalization analysis of nano-formulations and macrophages within lung tis-
sues (left) and image-based colocalization analysis (right). R indicated the Pearson’s correlation coefficient of red fluorescence with macrophages/epithelial cells’ 
green fluorescence. Scale bar, 100 μm. n  =  4. Significant differences were assessed using a one-way ANOVA with Tukey test. *P  <  0.05, **P  <  0.01, and 
****P < 0.0001; NS, not significant, P > 0.05.
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value of hydro HNPs was approximately 2.3 times lower than that of 
conventional HNPs without hydrogen supplementation. In contrast, 
when exposed to compressed air, although the NP-Muc interaction 
was decreased compared to NPs alone, it was not as effective as hy-
drogen supplementation. These findings consolidated that hydrogen 
supplementation could disrupt the formation of noncovalent bonds 
between mucus and NPs, rather than simply exerting positive pres-
sure to push NPs through the mucus layer.

To validate these findings in vivo, we conducted further investi-
gations into the real-time diffusion of nebulized NPs in mouse tra-
cheas using multiple particle tracking (MPT) (33). Initially, we 
assessed mucus expression in airway tissue sections from mice with 
PF. Alcian Blue (AB)–periodic acid Schiff staining revealed goblet/
mucous cell hyperplasia in the experimental murine models (34, 35) 
(fig. S4B), demonstrating the utility of our approach in directly ex-
amining the impact of thickened mucus on inhaled NPs. The mean 
square displacement (MSD) of nebulized particles was quantified to 
assess their diffusion (fig. S4C). Hydro HNPs exhibited significantly 
more diffusive trajectories in the tracheal mucus of mice with PF 
compared to conventional nebulized NPs. This resulted in a 4.4-fold 
increase in median MSD values (Fig. 5, C and D, and movies S1 to 
S4). Subsequently, the tracheas of mice were cryo-sectioned and 
stained to visualize the distribution of NPs. The results confirmed 
that hydro HNPs traveled evenly through the lung airways, with a 
substantial increase in airway coverage (92.1% versus 46.3%) com-
pared to conventional nebulized NPs without hydrogen supplemen-
tation (Fig. 5E). Having established the enhanced mucus penetration 
capabilities of hydro HNPs, we proceeded to evaluate their distribu-
tion within lung tissues. Initially, we assessed the nebulization effi-
ciency of the hydro HNPs by quantifying the fluorescence signal of 
the retained NPs in the lungs after intratracheal administration for 
0.5 hours. Notably, our hydro HNPs exhibited significantly higher 
retention in the lung compared to conventional nebulized NPs, ex-
hibiting approximately a 2.5-fold increase (fig. S4D). Subsequently, 
we evaluated the distribution of NPs among different lung tissues at 
various time intervals. Imaging using the in vivo imaging system 
(IVIS) demonstrated that hydro HNPs significantly improved siRNA 
delivery to deeper lung tissues, exhibiting a uniform fluorescence 
signal within each lung lobe (Fig. 5F and fig. S4E). In contrast, 
nebulized NPs without hydrogen supplementation were sparsely 
distributed in lung lobes following intratracheal administration for 
2 hours. Furthermore, fluorescence images of the lung parenchyma 
clearly indicated that hydro HNPs were predominantly located in 
the fibrotic areas of lung tissues (Fig. 5G and fig. S5, A and B), 
whereas PF mice treated with conventional nebulized NPs only 
showed weak fluorescence signals in the lung parenchyma, with 
most of the NPs being trapped in small airways. On the basis of 
these findings, we further investigated the cell types that internal-
ized the particles following inhalation. Consistent with the previous 
flow cytometry analysis, immunofluorescence data further con-
firmed that approximately 80% of hydro HNPs colocalized with 
F4/80+ macrophages rather than prosurfactant protein C (pro-
SPC)+ epithelial cells, indicating a high delivery efficiency of siRNA 
to macrophages (Fig. 5H and fig. S5C). A strong fluorescence signal 
could still be detected in the lung tissues 72 hours postinhalation of 
hydro HNPs, indicating their superior lung retention capacity after 
nebulization using the aerosol inhalation device (fig. S5D). The 
findings presented in this study offer compelling evidence that neb-
ulized HNPs, administered via our specialized aerosol inhalation 

device, significantly decreased their adherence to mucus barriers by 
disrupting hydrophobic interaction through hydrogen flow–induced 
shear stresses. As a result, the HNPs could readily penetrate the deeper 
regions of lung tissues and selectively target macrophages, thereby 
demonstrating a high efficacy in gene silencing.

Hydro HNPs improved gene silencing efficiency in 
bleomycin-induced mice
We next assessed whether the enhanced distribution in the deeper 
alveoli and precise uptake of hydro HNPs by macrophages improved 
the efficiency of gene silencing in lung fibrosis. Severe PF was in-
duced in C57BL/6 mice by intratracheal bleomycin injection for a 
duration of 21 days. Nebulization of NPs loaded with TGFβ1 siRNA 
was conducted at 3-day intervals from day 9 to day 18 (Fig. 6A). On 
day 21, the mice were euthanized, and their lungs were isolated. We 
initially analyzed the alterations in TGFβ1 expression in macro-
phages using immunofluorescence staining. Consistent with the ob-
served in vitro gene silencing efficacy, mice treated with HNPs 
demonstrated a significant reduction in TGFβ1 expression levels in 
F4/80+ macrophages compared to the groups treated with PBS or 
LNPs (Fig. 6B and fig. S6A). Treatment with hydro HNPs led to a 
significant suppression of TGFβ1 expression levels in macrophages, 
exhibiting a notable 1.2-fold decrease compared to the air HNPs 
treatment. This effect could potentially be ascribed to better mucus 
penetration of NPs the anti-inflammatory properties of hydrogen 
(14). Consistently, treatment with hydro HNPs significantly reduced 
the levels of TGF-β and other profibrogenic markers (19), such as 
IL-1β, in both mRNA and protein expression (Fig. 6, C and D).

These data prompted us to consider the contribution of silencing 
the TGFβ gene in macrophages to the attenuation of lung injury and 
fibrosis. We therefore investigated the polarization of macrophages 
following NP treatment for lung fibrosis, considering the notable 
contribution of M2 macrophages in producing elevated levels of 
TGFβ1, which in turn promote profibrotic processes (11). Notably, 
inhalation of hydro HNPs led to a significant decrease in the expres-
sion levels of the M2 marker CD206 compared to the PBS or other 
NPs groups (Fig. 6E). This finding was further supported by a 
marked reduction in CD206 and Arg mRNA expression (Fig. 6F). 
Furthermore, the dysregulated activation of profibrotic monocyte–
derived AMs (Mo-AMs) has been implicated in the pathogenesis of 
lung fibrosis (20), and it is noteworthy that Mo-AMs exhibit the 
highest expression of the cytokine TGFβ1 during fibrosis (19). In 
line with the observed shift in macrophage phenotype, treatment 
with hydro HNPs significantly reduced the population of TGFβ1-
producing Mo-AMs in the lungs (Fig. 6G and fig. S6, B and C). In 
addition, we investigated the expression of HGF, which plays a key 
role in alveolar epithelial regeneration and reconstruction after lung 
injury (36). Previous studies have shown that direct instillation of 
apoptotic cells promotes the release of HGF by macrophages in PF 
lungs (24), leading to the attenuation of lung injury and fibrosis. The 
anti-inflammatory effects of HGF are thought to be mediated 
through phosphoinositide 3-kinase/Akt/glycogen synthase kinase-
3β signaling and inhibition of nuclear factor κB signaling (37). Fur-
thermore, HGF diminishes fibrogenesis not only by blocking TGF-β 
signaling but also by reducing TGFβ levels in multiple experimental 
fibrosis models (38–40). In addition, HGF has been shown to pre-
vent apoptosis in alveolar epithelial cells in a bleomycin-induced 
lung fibrosis model (41) and small airway epithelial cells in vitro 
(42). In line with these observations, mice treated with hydro HNPs 
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Fig. 6. Hydro HNPs improved gene silencing efficiency, reshaped macrophage phenotype, and promoted the production of HGF for lung repair in bleomycin-
induced mice. (A) Schematic illustration of hydro HNPs treatment. (B) Image-based analysis of TGFβ1+ macrophage numbers in the lung (n = 6). (C) Profibrotic cytokines 
including TGFβ1 and IL-1β secretion in BALF by ELISA (n = 6). (D) Relative mRNA level of fibrosis-related genes (TGFβ1 and IL-1β) in the lung (n = 6). (E) Quantification 
analysis of CD206 (M2 macrophage biomarker) expressed on macrophages in the lung tissues by flow cytometry (n = 6). (F) Relative mRNA level of Arg and CD 206 in the 
lung (n = 6). (G) Percentage of tissue-resident AM (TR-AMs) and monocyte-derived AMs (Mo-AMs) in the lungs by flow cytometry (n = 6). (H) Relative HGF mRNA levels in 
lung homogenates and HGF production in BAL fluid samples from groups treated with saline, bleomycin + PBS, bleomycin + LNPs, bleomycin + HNPs, and bleomycin + 
hydro HNPs on day 21 after bleomycin challenge (n = 6). Significant differences were assessed using a one-way ANOVA with Tukey test. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001; NS, not significant, P > 0.05.
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showed elevated expression of HGF mRNA and protein (Fig. 6H). 
This sustained increase in HGF levels has the potential to bolster 
anti-inflammatory and antifibrotic effects, thereby facilitating im-
proved alveolar wound repair. Together, these outcomes emphasize 
the notable enhancement in pulmonary delivery of HNPs/siRNA to 
macrophages within the lungs facilitated by our self-designed aero-
sol inhalation device. This approach resulted in a reduction in the 
number of TGFβ1-producing macrophages, a shift in macrophage 
phenotype toward a less profibrotic profile, and the promotion of 
HGF for lung repair.

Hydro HNPs alleviated bleomycin–induced PF
Last, we evaluated the therapeutic efficacy of hydro HNPs treatment 
in a PF mouse model. The mice received treatment every 3 days, 
beginning from day 9 to day 18 postbleomycin insult, and were 
euthanized on day 21 for outcome assessment. As illustrated in Fig. 
7A, the lungs of bleomycin-challenged mice treated with PBS ex-
hibited severe injury. In contrast, lung injury was significantly 
alleviated in mice treated with NPs loaded with siRNA. We also 
examined the effects of inhaling blank HNPs or hydrogen alone on 
lung fibrosis, but unfortunately, neither the blank nanocarrier nor 
hydrogen exhibited any impact on lung fibrosis (fig. S7, A to D). In 
contrast, the hydro HNPs treatment group demonstrated a signifi-
cant reduction in the total protein content in BALF, which was sub-
stantially increased after bleomycin challenge (fig. S7E). Compared 
to mice treated with conventional nebulized NPs or air HNPs, the 
survival rate of mice receiving hydro HNPs treatment was extended 
by 100% at 21 days (Fig. 7B). These findings underscored the poten-
tial of hydro HNPs in the treatment of lung fibrosis. Furthermore, 
histological analyses using hematoxylin and eosin (H&E) and Mas-
son’s trichrome staining collectively showed a significant decrease 
in collagen deposition, parenchymal disruption, while preserving 
alveolar epithelial structures after hydro HNP treatment (Fig. 7, C 
and D). Consistently, the hydro HNPs treatment group exhibited 
significantly lower levels of hydroxyproline in the lung (Fig. 7E), 
accompanied by a substantial reduction in collagen deposition as 
demonstrated by immunostaining results (Fig. 7, F and G, and fig. 
S7F). In addition, compared to the PBS or other NP groups, mice 
receiving hydro HNPs treatment displayed the lowest expression 
levels of proliferation markers (43), including fibronectin, collagen 
I, and α-smooth muscle actin (α-SMA) (Fig. 7, H and I, and fig. 
S7G). Nonetheless, administering hydro HNPs notably prevented 
lung damage.

Last, we sought to determine whether hydro HNPs could effec-
tively reverse lung fibrosis. To address this, we induced a mouse 
model of PF using a single intratracheal injection of bleomycin for a 
15-day period, as outlined in Fig. 8A. Following the bleomycin chal-
lenge, mice were treated with hydro HNPs on days 15 and 18, re-
spectively, while another group of mice received air HNPs for 
comparison. On day 21, the mice were euthanized to assess the 
therapeutic outcomes. Inhalation of hydro HNPs not only alleviated 
bleomycin–induced lung injury (Fig. 8B) and improved mouse sur-
vival (Fig. 8C) but also reversed fibrosis, as demonstrated by histo-
pathological analysis (Fig. 8, D and E). In addition, mice treated 
with hydro HNPs exhibited significantly lower levels of hydroxypro-
line in the lungs (Fig. 8F). Micro–computed tomography (CT) im-
ages also confirmed that hydro HNPs had significant effects in 
reversing lung fibrosis (fig. S8, A and B). Collectively, these findings 
provided evidence for the potential therapeutic effects of hydro 

HNPs in reversing PF by efficiently delivering TGFβ1-siRNA into 
macrophages (Fig. 8G).

DISCUSSION
Nebulized RNA delivery offers remarkable potential for treating a 
range of lung diseases that currently lack effective therapies. How-
ever, the success of nebulized RNA therapies depends on the devel-
opment of clinically relevant delivery methods, as shown by a 
recent clinical trial in which nebulized gene therapy failed to 
achieve sufficient efficacy (4). The authors specifically emphasized 
the need for improved delivery techniques. Despite notable ad-
vancements in lung biology, LNP design has predominantly fo-
cused on RNA delivery via intravenous or intramuscular routes, 
rather than inhalation-based administration (44). Inhalation-based 
delivery, unlike systemic delivery, poses unique challenges due to 
the need for compatibility with inhalation devices and the distinct 
characteristics of the respiratory system, such as its anatomical 
structure and the presence of thick, adhesive mucus commonly 
found in many lung diseases, in particular PF (45).

Our study demonstrated efficient siRNA delivery to the lungs 
and the potential for durable PF treatment using HNP formulations 
delivered through a custom-built aerosol inhalation device. AMs 
exhibit a robust phagocytic capacity and are considered the primary 
cells in the lung responsible for the uptake and processing of NPs. 
Prior studies have used antibody-based methodologies to target 
miR delivery to various cell types while minimizing particle uptake 
by AMs (5). Recognizing the pivotal role of AMs as profibrotic cells 
in initiating the fibrotic cascade (19), we aimed to directly deliver 
TGFβ1 siRNA to AMs by fabricating inhalable LNPs. To maximize 
the therapeutic potential of macrophage targeting, we developed 
HNPs coated with TABMs. Our research revealed that these HNPs 
selectively colocalize with AMs in fibrotic lung lesions, effectively 
disrupting the fibrotic cascade at its source. A notable aspect of our 
study involved using the T cell membrane coating to induce HGF 
production in macrophages, thereby promoting alveolar epithelium 
repair. These findings align with previous research indicating that 
the recognition and phagocytosis of apoptotic cells by macrophages 
stimulate the production of HGF, a critical factor in the regeneration 
and restoration of alveolar epithelial cells following lung injury 
(37, 39). Specifically, we prioritized the use of apoptotic body mem-
branes from Jurkat T cells over other cell types. While macrophages 
respond similarly to different apoptotic cells, the use of apoptotic 
Jurkat T cells enables us to differentiate them from the predominant 
inflammatory cells (neutrophils and macrophages/monocytes). For 
instance, the secondary necrosis of neutrophils could introduce ad-
ditional pro-inflammatory and harmful substances (46). Besides, 
the method of using TABMs potentially provides sufficient host 
ABM vehicles to be used in drug delivery in vivo (23). Compared to 
conventional LNPs, the mechanisms of our HNPs to reverse lung 
fibrosis are likely multifaceted. These particles not only reduce the 
number of TGFβ1-producing macrophages but also shift macro-
phage phenotypes toward a less profibrotic profile while promoting 
alveolar epithelium repair. These effects have lasting implications for 
lung fibrosis treatment. In addition, unlike surface-modified NPs, 
our findings show that nonmodified HNPs remain stable during 
nebulization while maintaining precise targeting of AMs. This is im-
portant, as LNP stability has been a concern for both storage and 
nebulization, with instability potentially leading to the dissociation 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of M

acau on A
pril 23, 2025



Liu et al., Sci. Adv. 11, eadt2752 (2025)     16 April 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 18

Fig. 7. Hydro HNPs prevented bleomycin-induced PF. (A) Representative images of lungs from groups treated with saline, bleomycin + PBS, bleomycin + LNPs, bleo-
mycin + HNPs, bleomycin + hydro HNPs, and bleomycin + air HNPs on day 21 after bleomycin challenge (n = 5). (B) Survival curve of fibrotic mice from different thera-
peutic treatments (n = 10). (C) Histological analysis of lung sections, including H&E staining and Masson’s trichrome staining. Scale bars, 50 μm. (D) Ashcroft scale toward 
fibrotic on lung section (n = 5). (E) Measurement of hydroxyproline content in mouse lung tissues (n = 5). (F) Representative immunofluorescence images of COL I expres-
sion in lung tissues. Nuclei stained by DAPI (blue), COL (green). Scale bars, 100 μm. (G) Image-based COL fluorescence signal analysis (n = 5). Western blotting analysis 
(H) and quantification (I) of α-SMA, fibronectin, and COL1A1 expression in lung tissue homogenates. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 
a housekeeping standard (n = 3). Significant differences were assessed using a one-way ANOVA with Tukey test (D, E, G, and I). Survival analysis was performed using a 
log-rank test (B). *P < 0.05, ***P < 0.001, and ****P < 0.001.
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of surface-modified components and compromising the targeting 
ability of nanodelivery systems.

We critically optimized the delivery process to ensure efficient 
deposition of siRNA-loaded HNPs in the lungs. Previous studies 
and our observations revealed that nebulization causes undesired 
drug loss in the upper airways of mice due to inadequate breathing 
patterns and insufficient breath-holding (6). As a result, only a small 
fraction of the drug dose (approximately 10 to 15%) is deposited in 
the lungs (47). This limitation is further exacerbated in diseases 
characterized by thick, viscous mucus. To address these challenges, 
we incorporated a hydrogen supplement system into a vibrating 

mesh nebulizer. We also used individual mouse restrainers connect-
ed to a nose-only exposure system, where their noses were exposed 
to a central chamber that delivered aerosolized particles with the aid 
of hydrogen gas. Compared to conventional nebulized LNPs, our 
hydro HNPs offered several advantages, including uniform distribu-
tion across all five lung lobes and efficient deposition in the lung fi-
brotic areas. Our findings also offer compelling evidence supporting 
the pivotal role of hydrogen flow–induced shear stresses in disrupt-
ing NP-mucus interactions. Previous studies have confirmed that 
high-speed airflow leads to momentum transfer to mucus accumu-
lated on airway surfaces, propelling it toward the larynx (48). The 

Fig. 8. Hydro HNPs alleviated bleomycin–induced PF. (A) Schematic illustration of hydro HNPs treatment. (B) Representative images of lungs from groups treated with 
saline, bleomycin + PBS, bleomycin + hydro HNPs, and bleomycin + air HNPs on day 21 after bleomycin challenge (n = 5). (C) Survival curve of fibrotic mice from different 
therapeutic treatments (n = 10). (D) Histological analysis of lung sections, including H&E staining and Masson’s trichrome staining. Scale bars, 50 μm. (E) Ashcroft scale 
toward fibrotic on lung section (n = 5). (F) Measurement of hydroxyproline content in mouse lung tissues (n = 5). (G) Schematic representation showing actions of hydro 
HNPs/TGFβ1 siRNA in targeting the AMs and their role in alleviating lung injury and fibrosis. Significant differences were assessed using a one-way ANOVA with Tukey test 
(E and F). Survival analysis was performed using a log-rank test (C). *P < 0.05 and ****P < 0.001. NS, not significant, P > 0.05.
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high airflow–induced stresses in larger airways can remove more 
substantial mucus accumulations with a length of approximately 
1 cm, as evidenced by the average mass of sputum expectorated by 
subjects with mucoobstructive lung disease, which is around 1 g 
(equivalent to a volume of approximately 1 cm3) (49). However, in 
smaller airways (<2 mm, generations 7 and beyond), mucus does 
not accumulate to a mass or height that would allow shear stress 
forces to act. Our studies were further designed to explore how ac-
cumulated mucus in both large and small airways responds to hy-
drogen flow. Specifically, our findings, based on a study involving 
NP permeation through native Muc–based hydrogel and ITC analy-
sis, revealed that the introduction of hydrogen gas not only exerts an 
external force to propel NPs through the mucus layer but also dis-
rupts the formation of noncovalent bonds between mucus and NPs. 
Similarly, the in vivo transmucosal study confirmed the exceptional 
mucus permeation ability of our hydro HNPs, aligning with our 
in vitro findings. These results are in line with recent data indicating 
that hydrogen gas, with its lower viscosity and smaller Reynolds 
numbers compared to oxygen or nitrogen, exhibits high shear force, 
enabling it to reduce aerodynamic barriers and access deeper areas 
(16, 17). We hypothesized that the laminar flow of hydrogen may 
also contribute to tearing apart the Muc-Muc and/or other protein-
protein bonds (14), offering remarkable benefits to improve the lung 
delivery of nebulized NPs. This property of our inhalation system 
may also provide benefits for other mucoobstructive lung diseases, 
including chronic obstructive pulmonary disease (COPD), asthma, 
and cystic fibrosis. In present, international guidelines recommend 
mucolytic agents as add-on therapy in selected patients with COPD 
due to their potential to reduce exacerbations and enhance health 
status. Our data indeed demonstrate that hydrogen inhalation may 
also disrupt or break interactions that contribute to the viscous dis-
sipation in mucus, thereby directly improving the lung delivery of 
nebulized therapy, as opposed to traditional combination therapies. 
In addition, inhaled hydrogen has been demonstrated as a therapeu-
tic gas for treating neurological disorders and inflammatory diseas-
es such as asthma (13–15). While mechanical ventilation remains a 
crucial supportive intervention for patients with respiratory disease, 
it is crucial to acknowledge its potential adverse effects, such as in-
ducing oxidative stress and inflammatory responses in the lungs 
(50). In contrast, inhaled hydrogen has been recommended as an 
auxiliary therapy to alleviate symptoms in patients with COPD 
(14, 15). Furthermore, hydrogen inhalators are more portable, en-
abling patients to use them conveniently at home. Given its clinical 
relevance, we believe that it may be possible for patients with respi-
ratory diseases to inhale hydrogen to relieve symptoms while con-
currently receiving inhaled drug treatments. Further research and 
clinical studies are needed to fully explore the potential benefits and 
safety of combining inhaled hydrogen with drug delivery systems 
such as HNPs. Individual patient factors and specific disease condi-
tions should also be considered when designing and implementing 
such therapies.

In summary, the synergistic combination of HNPs with a hydro-
gen gas–based aerosol inhalation system significantly enhanced lung 
siRNA delivery by overcoming both extracellular and cellular barri-
ers, surpassing the efficacy of currently used nebulized LNPs. Our 
hydro HNPs demonstrated excellent mobility through the dense mu-
cus barrier, efficient deposition in fibrotic lung lesions, precise macro-
phage targeting, and successful endosomal escape for gene silencing. 
These favorable outcomes not only suppressed profibrotic cytokine 

production but also modulated the lung immune microenvironment, 
contributing to the reversal of PF. Overall, our inhalable platform rep-
resents a notable breakthrough in nebulized gene therapy, offering 
potential opportunities for the treatment of chronic lung diseases.

MATERIALS AND METHODS
Preparation of T cell–apoptotic body membrane vesicles
Jurkat T cells were exposed to ultraviolet irradiation at 254 nm for 
30 min to induce apoptosis (23) and then incubated at 37°C for 2.5 hours. 
TABs were then isolated from the culture media by subjecting them 
to a centrifugation step at 4°C and 50g for 5 min, followed by another 
centrifugation step at 4°C and 1000g for 15 min. The protein concen-
tration of the TABs was determined using the BCA method. Last, the 
TABs were resuspended in PBS and stored at −80°C for future use. 
The TABs were further characterized using annexin V–fluorescein 
isothiocyanate (FITC) staining (annexin V–FITC/PI apoptosis assay 
kit; Beyotime, China) and C1q staining. Fluorescence images were 
acquired using a confocal microscope (CLSM; Leica SP8, Germany), 
and flow cytometry analysis was also performed.

To obtain the TABM vesicles, the collected apoptotic bodies were 
subjected to hypotonic treatment and sonication (51). Initially, the 
ABs were suspended in a membrane protein extraction buffer solu-
tion containing 10 mM tris (pH 7.4), 10 mM MgCl2, and 1 mM 
phenylmethylsulfonyl fluoride, and then cooled in an ice bath for 
1 hour. Subsequently, the mixture was subjected to a gentle sonica-
tion for 5 s and centrifuged at 4°C and 100g for 10 min. The super-
natant was further centrifuged at 4°C and 10,000g for 10 min, 
followed by three washes with water to obtain the TABM. Last, the 
TABM was redispersed in water, and the protein concentration was 
determined using the BCA method. The TABM was stored at 4°C 
for subsequent experiments.

Preparation of HNPs/siRNA
The LNPs, consisting of DOP-DEDA, DPPC, and cholesterol in a 
ratio of 45:10:45 (w/w/w), were prepared as previously reported (9). 
Initially, the lipids were dissolved in chloroform to achieve a final 
lipid concentration of 10 mM. Separately, siRNA was dissolved in 
1 mM sodium citrate (pH 4.0) at a concentration of 285.7 nM. The 
lipid and siRNA solutions were then heated to 40°C and mixed in a 
1:5 (v/v) ratio. After vortexing for 30 s, dialysis was used, resulting in 
the formation of siRNA-loaded LNPs.

Hybrid LNPs loaded with siRNA (HNPs/siRNA) were construct-
ed by mixing equal volumes of LNP/siRNA and TABM vesicles at a 
1:1 weight ratio (52). The mixture was then sequentially extruded 
through polycarbonate membranes with pore sizes of 400 and 200 nm, 
respectively. To optimize the hybrid ratio of lipids and TABMs in 
HNPs, the lipids and TABMs were individually labeled with DiI and 
DiO. The resulting dual fluorescence-labeled HNPs were detected 
using a microplate reader (excitation at 440 nm, emission from 470 
to 650 nm; Perkin-Elmer, USA). Subsequently, the HNPs were 
applied to a slide for colocalization analysis using a confocal micro-
scope (CLSM; Leica SP8, Germany). Furthermore, a gel retardation 
assay was performed to evaluate the siRNA-loading capacity.

Nebulization of HNPs/siRNA
The aerosol inhalation device was self-designed and consisted of an 
oxyhydrogen supply system (AMS-H-03; Shanghai Asclepius Med-
itec Co. Ltd. China), a mesh nebulizer (Yuyue Investment Co. Ltd. 
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China), and an inhalation chamber equipped with six mouse-
holding chambers. During delivery, the siRNA-loaded NPs were 
transformed into aerosol droplets by a vibrating mesh nebulizer. 
These droplets could then be inhaled by the mice confined within 
the mouse-holding chambers, aided by the flow of oxy-hydrogen gas 
at a rate of 0.5 liter/min (hydrogen-to-oxygen volume ratio of 2:1). 
In this setup, the cotton within the chamber was presoaked, and a 
hole was drilled on the opposite side of the chamber to connect with 
the atmosphere. With the oxyhydrogen supply system providing a 
2:1 hydrogen-to-oxygen volume ratio, the molar concentration of 
hydrogen in our system, maintained at 1 atmosphere pressure, was 
66.7%, while oxygen was at 33.3%. The nebulization time and output 
efficiency were calculated according to the following equation

In addition, the uniformity of NP distribution within the nebuli-
zation device was assessed. To achieve this, filter papers were tightly 
secured to the mouse-holding chambers, and NPs encapsulating 
Cy5.5 siRNA were introduced into the nebulizer. Subsequently, fluo-
rescent images of each filter paper were captured using an IVIS sys-
tem (PerkinElmer, USA).

Characterization of HNPs/siRNA before and 
after nebulization
The diameters and zeta potentials of LNPs and HNPs/siRNA before 
and after nebulization were measured using a Zetasizer Nano ZS 
(Malvern, UK). TEM (JEM-2100F, Tokyo, Japan) and SEM (S-4700, 
Hitachi, Japan) were used to observe the morphology of the NPs 
and microsized vesicles, including TABs and TABMs, respectively. 
Western blotting analysis and Coomassie blue staining were con-
ducted to identify the protein profiles of TABs, TABMs, and HNPs/
siRNA. The EE of siRNA was determined using a Quant-iT Ribo-
Green RNA Kit (Thermo Fisher Scientific) according to the instruc-
tions. A gel retardation assay was also used to investigate siRNA EE 
and the protective effect of siRNA-loaded NPs. In brief, free siRNA, 
LNPs/siRNA, HNPs/siRNA were mixed with RNase (10 μg/ml) or 
1% Triton X-100 at 37°C for 15 min. The resulting samples were 
subjected to electrophoresis on GelRed-infused 3% agarose gels and 
photographed under ultraviolet illumination. To assess the stability 
of siRNA-loaded NPs, freshly prepared NPs were stored in PBS con-
taining 10% FBS (pH 7.4 or 6.8) (26) at 37°C for 24, 48, or 72 hours, 
respectively. Changes in particle size were measured using DLS 
(Malvern, UK).

The release profile of siRNA from NP formulations was evaluat-
ed in simulated physical (pH 7.4 PBS) and endosomal (pH 5.0 PBS) 
environments at 37°C (28). NPs encapsulating Cy5.5 siRNA were 
placed inside dialysis bags with a molecular weight cutoff of 100 kDa 
(Millipore, Germany) for release. At predetermined time intervals, 
samples were collected, and fresh buffer solution was replenished. 
The released siRNA was quantified using a microplate reader (exci-
tation at 683 nm, emission at 703 nm; Perkin-Elmer, USA).

Cellular uptake study
To evaluate the selective targeting effect of HNPs, RAW 264.7, THP-1, 
A549, and HFL-1 cells were seeded in six-well plates at a density of 
2 × 105 cells per well, respectively. Subsequently, the cells were treated 
with LNPs or HNPs loaded with Cy5.5-siRNA at a final concentration 
of 100 nM in a serum-free medium. After a 2-hour incubation, the 

cells were washed with cold PBS, collected, and analyzed using a flow 
cytometer (BD Biosciences, USA). In addition, the cells were seed in 
confocal dishes (2 × 105 cells per well) and treated as described above. 
Following a 2-hour incubation with NPs loaded with Cy5.5-siRNA, the 
cells were fixed, stained with 4′,6-diamidino-2-phenylindole (DAPI), 
and imaged using a confocal microscope (CLSM; Leica SP8, Germany).

To explore the nebulization process on NP uptake behavior, 
HNPs were nebulized onto the seeded cells using a small nebulizer 
unit, while being exposed to a hydrogen flow. This was followed by a 
2-hour incubation period. Another procedure, including the inves-
tigation of cellular uptake mechanisms, intracellular distribution, 
and in vitro silencing efficiency, was conducted following the afore-
mentioned method.

Cellular uptake mechanism and intracellular distribution
Initially, RAW 264.7 cells were seeded in a 96-well plate (1 ×  104 
cells per well) and incubated overnight, then treated with LNPs or 
HNPs loaded with siRNA. After a 24-hour incubation, a CCK8 as-
say was performed to assess cell viability. In addition, RAW 264.7 
cells were plated in six-well plates (2 × 105 cells per well) and treated 
with various inhibitors including amiloride (2.5 mM), CPZ (30 μM) 
and filipin (5 μg/ml). Following a 1-hour incubation, the yielded 
Cy5.5-loaded NPs were exposed to the cells for an additional 
2 hours. The cells were then washed three times with cold PBS solu-
tion and collected for flow cytometry (BD Biosciences, USA).

Confocal microscopy (CLSM; Leica SP8, Germany) was used to 
explore the intracellular distribution of the NPs. RAW 264.7 cells 
were seed in confocal dishes (2 × 105 cells per well) and incubated 
with NPs loaded with Cy5.5-siRNA for 1, 2, and 6 hours, respec-
tively. Subsequently, the cells were washed three times with cold 
PBS, stained with LysoTracker (Beyotime, China) for 30 min, and 
then fixed with 4% paraformaldehyde for 15 min. Before fluores-
cence imaging, the nucleus was stained with DAPI. Pearson’s coef-
ficient was determined using ImageJ software.

Silencing efficiency of TGFβ-siRNA
Murine BMDMs were seeded into 6-well tissue culture plates 
(2 × 105 cells per well) and treated with IL-4 (20 ng/ml) for 24 hours 
to induce differentiation into M2 macrophages (19). Next, the NPs 
loaded with siRNA at a final concentration of 100 nM were exposed 
to the cells for an additional 6 hours. Total RNA was extracted from 
cell lysates, and quantitative reverse transcriptase PCR (RT-PCR) 
was performed to measure the TGFβ mRNA level. Moreover, the 
culture medium was collected to assess TGFβ1 protein expression in 
the M2 macrophages using ELISA kits from BioLegend, US.

In vitro transport behavior through native Muc–based 
cross-linked hydrogel
An in vitro mucus model was established using native Muc–based 
cross-linked hydrogels (9). To mimic the chemical environment of 
native mucus, a PVA hydrogel containing 5 wt % Muc (Muc/PVA) 
was synthesized using freezing-thawing method (30, 53). In brief, a 
10 wt % Muc dispersion was prepared in ultrapure water by mag-
netic stirring for 2 hours at room temperature. In addition, a 20 wt % 
PVA solution was prepared by adding PVA to water and stirring 
constantly at 80°C for 12 hours. To prepare the Muc/PVA hydrogels, 
the 20 wt % PVA solution was combined with the Muc dispersion 
in a 1:1 weight ratio and stirred for an additional 4 hours. Subse-
quently, 1 ml of the mixture was dispensed into the wells of 24-well plates, 

The output efficiency (%) =
Mass of NP actually nebulized

Mass of NP before nebulization
(1)
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covered with a glass plate, and subjected to freezing at −20°C for 
18 hours followed by thawing at room temperature (25°C) for 6 hours 
in three successive cycles. A gravimetric swelling test was conducted 
on Muc/PVA hydrogels to assess their water content. The hydrogels 
were immersed in water and allowed to reach equilibrium swelling 
at 37°C for 24 hours. Subsequently, excess water was removed, and 
their wet weight (Ms) was noted. After overnight freeze-drying, 
their weight (Md) was recorded, and the equilibrium mass-swelling 
ratio (QM) was calculated as the ratio of the mass of the swollen hy-
drogel to the dry samples. To visualize the porous structure of the 
Muc hydrogels, freeze-dried samples were sectioned with a razor 
blade, placed on double-sided carbon tape, and observed using SEM 
(S-4700, Hitachi, Japan).

For particle penetration studies in vitro, 300 μl of LNPs or HNPs 
loaded with Cy5.5 siRNA were introduced into the Muc/PVA hy-
drogels. After a 2-hour incubation, the supernatant above the hy-
drogel was carefully removed, and the hydrogel surface was washed 
to ensure complete retrieval of particles that did not penetrate the 
hydrogel. The Cy5.5 fluorescence in the water aliquots was mea-
sured using a microplate reader (Perkin-Elmer, USA) with excita-
tion at 683 nm and emission at 703 nm. The permeated NPs through 
artificial mucus were calculated based on the difference between the 
initial amount of Cy5.5-loaded NPs and the amount detected in the 
supernatant. Particle-free hydrogels exposed to the water column 
were used as controls and processed following the same protocol. To 
investigate the impact of hydrogen supplementation on NP interac-
tion with the mucus barrier, HNPs were nebulized onto the Muc/
PVA hydrogel using a nebulizer unit, while being exposed to a hy-
drogen flow. This was followed by a 2-hour incubation period. For 
comparison, the permeation of aerosolized HNPs through the mu-
cus was further investigated under compressed air flow (AP-100; 
Yuyanbio, China) instead of hydrogen.

Isothermal titration calorimeter characterization
The interaction between Muc and NPs was analyzed using a Micro-
Cal PEAQ-ITC instrument (Malvern Panalytical, USA). The experi-
mental procedure involved injecting 50 μl of artificial mucus solution 
(0.004 mM) into 300 μl of NP solution over a series of injections 
(31). The interval between injections was 200 s and stirring at 500 rpm 
was maintained to ensure proper mixing after each injection. The 
temperature was set at 25°C for the experiment. All the data ob-
tained from the ITC analysis were processed using the NanoAnalyze 
Data Analysis software, with the first injection being disregarded 
for analysis.

Artificial CF mucus was prepared using a previously reported 
method (9). In brief, 25 μl of sterile egg yolk emulsion, 25 mg of Muc 
(type II, from porcine stomach), 20 mg of DNA, 30 μl of aqueous 
DTPA (1 mg/ml), 25 mg NaCl, and 11 mg KCl were added to 5 ml of 
water, and the dispersion was stirred until achieving a homogenous 
mixture. To evaluate the impact of hydrogen supplementation on 
the interaction between NPs and mucus, a rubber hose linked to an 
oxyhydrogen supply system (AMS-H-03; Shanghai Asclepius Med-
itec Co. Ltd. China) was inserted into the CF suspension (purging 
time 10 min) with gentle vortexing before the titration experiment. 
The pressure was maintained at 1 atmosphere pressure, and after the 
10-min purging period, the natural gas in the CF suspension was 
replaced with electrolysis oxyhydrogen gas. For comparison, the 
mucus solution underwent treatment with compressed air, provided 
by the AP-100 Rodent Anesthesia Machine (Yuyanbio, China), for 

the same purging duration. The flow rates of oxy-hydrogen gas and 
compressed air were both set at 0.5 liter/min.

Mouse models of PF
Male C57BL/6 mice, 6 to 8 weeks old (Faculty of Health Sciences, 
University of Macau) were used in all experiments. All experiments 
were performed under approved by The Animal Ethics Committee 
of University of Macau (ethical request no. UMARE-010-2021). A 
mouse model of PF was established by administering a single intra-
tracheal installation of bleomycin sulfate (1.5 U/kg) to the mice (11). 
The in vivo study was conducted with two objectives: first, to con-
firm the fate of inhaled nano-formulations in vivo, and second, to 
assess their therapeutic effect. To evaluate the in vivo fate of inhaled 
nano-formulations, NPs loaded with Cy5.5 siRNA were prepared as 
described previously. To investigate the therapeutic effect on PF, 
mice were subjected to treatment every 3 days, starting from day 9 
to day 18 after the bleomycin insult. The treatments composed of 
PBS, LNPs/siRNA, HNPs/siRNA, hydro HNPs, and air HNPs. To 
further investigate the effect of formulations on reversing PF, mice 
were subjected to treatment every 3 days, starting from day 15 to 
day 18 after the bleomycin insult. The treatments composed of PBS, 
hydro HNPs, and air HNPs. A siRNA dose of 0.5 mg/kg was admin-
istered in all treatments. To assess the efficacy of our custom-
designed aerosol inhalation device in enhancing the deposition 
efficiency of nebulized siRNA-loaded NPs in the lungs, 600 μl of 
HNPs was added to the nebulizer unit. The nebulizer unit was con-
nected to the inhalation chamber equipped with six mouse-holding 
chambers and exposed to a flow of oxy-hydrogen gas at 0.5 liter/min 
(hydrogen-to-oxygen volume ratio of 2:1).

In vivo transmucosal penetration assay
The mice induced with bleomycin were euthanized at 0.5 hours after 
inhaling Cy5.5-labeled NPs, and tracheal tissues and bronchoalveo-
lar lavage (BAL) samples were collected, respectively. Following col-
lection, the BAL samples underwent centrifugation at 1500 rpm for 
5 min to separate the cells and supernatants. To evaluate the nebuli-
zation efficiency of NPs, the fluorescence of the labeled NPs in the 
supernatant was quantified using a microplate reader (excitation at 
683 nm, emission at 703 nm; Perkin-Elmer, USA). The nebulization 
efficiency was then calculated by determining the difference between 
the fluorescence of the HNPs added to the nebulizer and the fluores-
cence detected in the supernatant. To perform MPT in mucus, the 
tracheas of mice were longitudinally cut and placed flat on a micro-
scope coverslip to expose the mucosal surfaces (33). NP trajectories 
were recorded for a duration of 20 s at a frame rate of 15 frames per 
second using a fluorescence confocal microscope (Nikon A1MP+, 
Japan) equipped with a Photometrics Evolve EMCCD 512 camera 
and ImageJ/MTrack2 software. The ensemble-averaged MSD values 
of individual particles at a timescale of 1 s were then determined us-
ing a previously developed formula (54). Furthermore, to determine 
the distribution of NPs in the large airways, the tracheal tissues were 
fixed in 4% paraformaldehyde and then frozen and sliced for fluores-
cent staining with cell nucleus (DAPI). The stained slices were ob-
served using a fluorescent microscope (DMi8; Leica, Germany).

Biodistribution study
The mice induced with bleomycin were euthanized at 2 or 72 hours 
postadministration to examine the distribution of inhaled Cy5.5-
labeled NPs and NP retention, respectively. For biodistribution 
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analysis, frozen lung slices were subjected to immunofluorescent 
staining using antibodies against F4/80 or prosurfactant protein 
C. Subsequently, the slices were stained with Alexa Fluor 488–
conjugated anti-rabbit antibody and a nuclear stain (DAPI), re-
spectively. The fluorescent microscope (DMi8; Leica, Germany) was 
employed to observe the localization of NPs within the lungs. To 
further validate the distribution of NPs among different cell sub-
types, the lungs were perfused with cold PBS and processed into 
single-cell suspensions for flow cytometry analysis (BD Biosciences, 
USA). To assess lung retention, fluorescence images of lung tissues 
were captured using an IVIS system (PerkinElmer, USA).

Flow cytometry analysis
At 21 days postbleomycin induction, lung tissues from groups treat-
ed with saline, bleomycin + PBS, and various therapeutic regimens 
were harvested. Subsequently, the collected lung tissues were enzy-
matically digested (50) by incubating them with 2 ml of RPMI me-
dium containing collagenase D (0.625 mg/ml), collagenase I (1.5 mg/
ml), and deoxyribonuclease (30 U/ml) for 45 min at 37°C in a shaking 
incubator. The digested suspension was then filtered through a 
70-μm cell strainer, treated with red blood lysis buffer, and washed 
with fluorescence-activated cell sorting buffer containing PBS with 
2% bovine serum albumin (BSA). Subsequently, the samples were 
filtered through a 40-μm strainer, counted, and stained with anti-
bodies for flow cytometry (BD Biosciences, USA). All data were 
analyzed using FlowJo version 10 software.

Cytokine assay
At 21 days postbleomycin induction, BAL samples were collected 
from each experimental group by washing the lungs three times 
with 0.8 ml of cold PBS. The total protein content, TGFβ1, IL-1β, 
and HGF in the recovered fluids were measured using ELISA kits 
(BioLegend, US) following the manufacturer’s instructions.

Hydroxyproline assay
At 21 days postbleomycin induction, lung tissues were harvested 
from each experimental group. Lung tissue samples weighing be-
tween 30 and 100 mg were precisely weighed and hydrolyzed for the 
determination of hydroxyproline content using an alkaline hydroly-
sis kit (Nanjing Jiancheng Bioengineering Institute, China), follow-
ing the manufacturer’s instructions.

Histological and immunohistochemical analysis
The body weight of mice was measured individually every 2 days, 
and the survival curve was recorded throughout the experimental 
period. For histological analysis of lungs from naive, fibrotic, and 
treated mice, half of the lungs were dehydrated, embedded in paraf-
fin, and then sectioned. Subsequently, these sections were stained 
with H&E and Masson’s trichrome, respectively. Two researchers 
independently assessed interstitial fibrosis severity in each field us-
ing the Ashcroft scoring system (55) in a blinded approach. Lung 
fibrosis scores ranging from 0 to 8 were defined as follows: 0 (nor-
mal), 1 (minimal fibrous thickening of alveolar or bronchiolar 
walls), 2-3 (moderate thickening without apparent lung architec-
tural damage), 4-5 (increased fibrosis with evident structural harm 
and fibrous bands/small masses), 6-7 (severe structural distortion 
and extensive fibrous areas), and 8 (complete fibrous obliteration of 
the field). Each lung section was individually scored from 0 to 8, and 
these scores were summed to derive the total disease score.

For immunofluorescence staining, the remaining lungs were de-
hydrated using a sucrose gradient sedimentation method, embedded 
in OCT compound, and cryosectioned. The frozen lung slices were 
incubated with antibodies against F4/80, TGFβ1, or COL1A1, and 
then stained with Alexa Fluor 488–conjugated anti-rabbit antibody 
or Alexa Fluor 594–conjugated anti-mouse antibody, respectively. 
The cell nucleus was stained with DAPI. Last, the stained slices were 
captured using a fluorescence microscope (DMi8; Leica, Germany), 
and the quantification was performed using ImageJ software.

Quantitative RT-PCR analysis
Total RNA extraction was performed by homogenizing snap-frozen 
lung tissues or cultured cells in ice-cold TRIzol reagent. Quantita-
tive RT-PCR was performed using the SYBR Premix Ex Taq Kit 
(TaKaRa, Japan), and the relative expression of the target mRNA was 
normalized to GAPDH. Fold changes of target mRNAs were calcu-
lated using the Ct method (2−ΔΔCt). The quantitative PCR primers 
of each target gene were as follows: HGF (5′-GTCCTGAAGGCTC- 
AGACTTGGT-3′ and 5′-CCAGCCGTAAATACTGCAAGTGG-3′), 
TGFβ1 (5′-CTGCTGACCCCCACTGATAC-3′ and 5′-GGGGCTG- 
ATCCCGTTGATT-3′), CD206 (5′-TCTTTGCCTTTCCCAGTCT- 
CC-3′ and 5′-TGACACCCAGCGGAATT-TC-3′), IL-1β (5′-TGGA- 
CCTTCCAGGATGAGGACA-3′ and 5′-GTTCATCTCGGAGCCT- 
GTAGTG-3′), and Arg1 (5′-GAACACGGCAGTGGCTTTAAC-3′ 
and 5′-TGCTTAGCTCTGTCTGCTTTGC-3′).

Western blotting analysis
Snap-frozen lung tissues or harvested TABs were homogenized in 
RIPA lysis buffer (Beyotime, China) supplemented with 1× protease 
inhibitor cocktail. Total protein concentrations were determined us-
ing the BCA protein assay protocol (Beyotime, China). The equal 
volumes of the lysates were loaded onto SDS–polyacrylamide gel 
electrophoresis for separation and subsequently transferred onto a 
polyvinylidene difluoride membrane. Following blocking with 5% 
BSA, the membranes were incubated with specific antibodies against 
cleaved Caspase-3, CD3, CD44, fibronectin, α-SMA, or COL1A1, 
and then subjected to antibody staining. Last, the target bands were 
visualized using a ChemiDoc imaging system (Bio-Rad, USA).

Micro-CT imaging
Each mouse was positioned in a prone position under anesthesia 
and subjected to scanning using Sedecal SuperArgus Micro-CT 
equipment. The micro-CT had a field of view measuring 24 mm by 
24 mm, and the following parameters were used: 90 kV, 160 μA, and 
a spatial resolution of 0.11 mm. The acquired images were recon-
structed and evaluated using a constant window width/window 
level of 5000/2000. Random selection of lung lobes was performed 
for each mouse.

Statistics
Statistical tests were performed using Prism 9.0.2 software (Graph-
Pad Software). The results were displayed as means ± SD. Statistical 
analysis was performed as indicated in figure legends, and survival 
analysis was performed using the log-rank test. Differences detec-
tion index between the treated groups and control groups were de-
termined via one-way analysis of variance (ANOVA). If a significant 
effect was determined by ANOVA, a Tukey post hoc test for indi-
vidual group comparisons was performed. Significance was defined 
as a P < 0.05.
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