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Structure-guided design of nucleosome-inspired
nanoparticles for overcoming pulmonary barriers in

fibrotic lung gene therapy

Nan Kong't, Dinghao Chen't, Bihan Wu'?, Juan Liang'?, Ziao Zhou'"?, Huanfen Lu'?,
Yaoting Li", Peng Zhang"?, Huayang Liu"?, Huaimin Wang'-**

Treating pulmonary fibrosis (PF), a progressive and fatal lung disease, remains a great challenge. Here, we report
a nucleosome-inspired peptide MNM designed to overcome mucus and cellular barriers, which achieved pulmo-
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nary siTGF-B1 delivery efficiently for PF therapy. By mimicking histone-mediated DNA packaging, we engineered
MNM with three functional modules: a histone-mimetic small interfering RNA (siRNA) binder, a membrane-
penetrating domain, and a hydrophilic mucus-diffusing sequence. MNM integrates mucus penetration, cellular
uptake, and endosomal escape into one platform, achieving highly efficient pulmonary siRNA delivery. MNM-
siTGF-B1 nanoparticles suppressed profibrotic gene expression and inflammation, which notably improved sur-
vival and reduced collagen deposition in aggressive PF models. This work establishes a biomimetic strategy to
overcome complex biological barriers, advancing siRNA therapy for PF. Beyond siTGF-$1 delivery for PF therapy,
MNM'’s modular design is adaptable to messenger RNA, circular RNA, and other nucleic acids, offering a transfor-
mative platform for precision nanomedicine in pulmonary and systemic diseases.

INTRODUCTION

Pulmonary fibrosis (PF) is a chronic and progressive lung disease
characterized by inflammatory disorders, excessive extracellular
matrix deposition, and scar formation in the lung section, which
impair gas exchange, leading to breathlessness and reduced quality
of life (1-3). It affects approximately 5 million people worldwide,
with PF having a median survival of only 3 to 5 years (4). Moreover,
emerging evidence suggests that COVID-19 infections might exac-
erbate the risks of PE, further underscoring the urgent need for more
effective and targeted therapies (5, 6). The pathological progression
of PF is driven by complex cross-talk between various cell types (7).
Lung injury and repair are central to this intercellular communica-
tion of transforming growth factor-p1 (TGF-f1), secreted by acti-
vated epithelial cells and polarized macrophages, to lastly promote
fibroblast and myofibroblast activation, migration, and proliferation
(8). Currently, PF has few treatments in the clinic, including immuno-
modulation like glucocorticoids and antifibrotic drugs pirfenidone
and nintedanib, which provide limited efficacy and are associated
with marked side effects (9, 10).

Gene therapy, including mRNA, CRISPR-Cas-based gene edit-
ing, and RNA interference (RNAI), holds substantial potential for the
treatment of PF (11-14). RNAi-based therapies, particularly those
based on small interfering RNAs (siRNAs), offer a potent strategy to
target disease-driving genes at the molecular level. However, deliver-
ing siRNA to the lungs remains a formidable challenge due to extra-
cellular and intracellular barriers (15, 16). The airway mucus layer
constitutes the initial barrier for inhaled gene cargo, characterized by
its sticky network with a thickness ranging from 10 to 30 pm (17).
This mucus layer comprises various components, including mucins,
antimicrobial molecules, cellular debris, and protective factors (18).
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The O-glycosylated domains and glycans in mucin proteins confer
strong negative charges and hydrophobic properties (19). Moreover,
the mucus layer exhibits size exclusion effect to restrict the diffusion
of large nanostructures due to its ~200 nm average pore size (20).
Therefore, to minimize the interaction with mucus while enhancing
overall penetration, gene cargo shall have (i) a neutrally to positively
charged surface with a hydrophilic surface and (ii) a diameter smaller
than the cutoff size of the mucin network (21-23). Beyond the mu-
cus barrier, the negatively charged cell membrane barrier and lyso-
some trapping pose additional challenges for gene therapy. Therefore,
effective delivery systems must also facilitate endosomal escape to
release siRNA into the cytoplasm and achieve therapeutic effects
(24). Furthermore, the powerful shear forces of nebulization pose
another great challenge for inhaled gene delivery vesicles (25).
Some advances have been made in pulmonary gene delivery
platforms, including lipid nanoparticles (LNPs), polymers, extracel-
lular vesicles (EVs), and peptide-based cargos (26-30). However,
recent clinical trials for PF gene therapy did not demonstrate a no-
table therapeutic effect, highlighting an urgent need to develop ef-
fective inhalable gene delivery systems (31, 32). Polymer-based
systems, such as polyethyleneimine (PEI), offer high transfection
efficiency but are associated with cytotoxicity, which limits their ap-
plicability in pulmonary disease therapy (33). In addition, effective
LNP pulmonary delivery often requires extensive optimization of
lipid composition, and current formulations lack structural adapt-
ability and cell-type specificity (25, 34). Although EV's have emerged
as promising candidates for pulmonary gene delivery, challenges
remain in terms of scalable production and standardized quality
control (27). Most existing systems are designed with single function-
ality, lacking biomimetic architectures that can dynamically respond
to the complex pulmonary microenvironment. Notably, peptide-
based gene delivery holds the potential to condense nucleic acid while
resolving an aforementioned barrier, thus receive increasing attention
in delivery vehicle development (35-38). Inspired by the natural self-
assembly of peptides and proteins, researchers have designed a
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variety of biomimetic materials with tailored physicochemical and
biological properties (39-42). In particular, peptide or protein-
based bio-mimic gene delivery systems have garnered increasing at-
tention due to their modular design and capacity for targeted delivery
(43-47). However, many current peptide-based delivery systems are
derived from cell-penetrating peptides, such as TAT and R8, which,
although effective in vitro, often exhibit limited performance in vivo.
Their highly positive charge makes them prone to being trapped by
the mucus barrier, resulting in rapid entrapment and clearance, there-
by hindering efficient pulmonary delivery (48).

Here, we report a structure-guided design of nucleosome-inspired
peptide NPs for pulmonary siRNA delivery. Inspired by the natural
architecture of nucleosomes, we developed peptide sequences that
efficiently package and protect siRNA (49, 50). To overcome cellular
barriers, we incorporated a membrane-penetrating module at the N
terminus. In addition, the introduction of a hydrophilic mucus-
penetrating sequence (MPS) at the C terminus facilitated diffusion
through the airway mucus layer and controlled the self-assembly of
peptide-siRNA NPs (Fig. 1A) (51, 52). Through systematic optimi-
zation, we obtained a robust delivery platform that overcomes both
pulmonary and cellular barriers, enabling efficient siRNA delivery
to lung tissues. We demonstrate the therapeutic potential of this
platform by delivering siTGF-BI for treating PF, achieving substan-
tial antifibrotic effects in preclinical models (Fig. 1B). By combining
structure-guided design with modular peptide engineering, this work
not only advances the field of pulmonary gene delivery but also pro-
vides a promising therapeutic strategy for treating PE.

RESULTS

Design and optimization of peptide carriers for pulmonary
siRNA delivery

To address the challenges of siRNA delivery to lung tissues, we de-
signed peptide carriers inspired by the structure of nucleosomes,
which efficiently package nucleic acids (49). We developed nucleic
acid-binding units (RFH or KFH) based on key amino acids (R, H,
and K) involved in histone-DNA interactions, with phenylalanine (F)
serving as an assembly unit. Furthermore, to overcome cellular barri-
ers, we modified various membrane-penetrating sequences at the N
terminus of RNA-binding sequences, incorporating different hydro-
philic properties. We synthesized a combinatorial library of peptides,
designated P1 to P24 (figs. S1 and S2 and table S1). Initial screening
using electrophoretic gel assay revealed the RNA binding ability of
peptides containing three repeated RFH units, which exhibited supe-
rior siRNA packaging efficiency compared to KFH-containing vari-
ants (fig. S3), likely due to the stronger electrostatic interactions and
structural stability provided by RFH. Subsequently, flow cytometry
screening revealed that the siRNA transfection rates for P9, P10, and
P14 exceeded 90% (figs. S4 to S7). Representative microscopy images
further demonstrated the high siRNA delivery efficiency of these
peptides, with strong cytoplasmic siRNA-Cy5 signal observed in cells
transfected with P9, P10, and P14 (figs. S8 to S10). These results sug-
gest that the hydrophobic membrane-penetrating peptide sequences
facilitate the overcoming of cellular barriers (Fig. 1C). However, at
this concentration, P9 and P10 exhibited cytotoxicity to HBE135-
E6E7 cells, showing about 80% cell viability at 16 pM. Therefore, in
the first stage, we identified P14 (designated as MN, PEVYLIRFHREF-
HRH) as the most efficient and least toxic siRNA delivery cargo in vi-
tro, achieving a 98% siRNA delivery efficiency in A549 cells.
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To further enhance mucus penetration, we modified the MN
with hydrophilic MPSs (53, 54), synthesizing peptides P25 to P30
(figs. S11 and S12 and table S2). First, we conducted an electropho-
retic gel assay, which demonstrated that peptides P25 to P30 were
capable of encapsulating siRNA at N/P ratios ranging from 4 to 20
(fig. S13). In addition, flow cytometry screening in A549 cells dem-
onstrated that P26, P27, and P29 achieved approximately 90 to 100%
siRNA delivery efficiency (Fig. 1D and fig. S14). However, P26 and
P27 exhibited high cytotoxicity in HBE (Fig. 1E). P29, designated as
MNM, demonstrated high delivery efficiency with good biocompat-
ibility. To further evaluate the mucus-penetrating capabilities of the
optimized peptides P25 TO P30, we tested their performance using
an in vitro artificial mucus model. The results demonstrated that
MNM exhibited the highest mucus penetration efficiency among
all tested variants (fig. S15). These findings enabled us to establish
key design principles for effective siRNA delivery to the lungs: N-
terminal domains require moderate hydrophobicity to enable mem-
brane penetration, central regions should include RNA-binding
motifs such as His-rich sequences for effective siRNA compaction,
and C termini must maintain a balanced hydrophilic sequence for
mucus penetration.

To evaluate the cellular delivery efficiency of MN and MNM, we
measured the fluorescence intensity of A549 cells following transfec-
tion with siRNA-Cy5. Both MN and MNM formulations resulted in
approximately twofold higher fluorescence intensity compared to the
Lipofectamine 2000 (Lipo2000) group (Fig. 1, F and G). In addition,
we also performed a Western blotting experiment (fig. S16) to confirm
the gene silencing efficacy of different cargos, showing that MNM-
siTGF-P1 NPs achieved significantly higher gene silencing efficiency
than Lipo2000, which is consistent with their enhanced cellular up-
take. Furthermore, neither MN-siRNA complexes nor MNM-siRNA
NPs showed obvious cytotoxicity in HBE cells (fig. S17). On the basis
of these results, we next explored the transfection rate toward various
types of lung-resident cells. The delivery efficiency on bone marrow-
derived macrophages (BMDMs) (Fig. 1H and fig. S18), bone marrow-
derived dendritic cells (BMDCs) (fig. S19), and epithelial cells (Fig. 11
and fig. S20) was 92, 62, and 85%, respectively, indicating the high ef-
ficacy and versatility of MNM in cellular delivery.

To further validate the delivery system’s functional efficacy, we
evaluated gene knockdown efficiency in U20S-RFP cells using three
human-derived RFP-targeting siRNAs (table S8). hsiRFP-1 showed
the highest silencing efficiency and was selected for subsequent
screening (fig. S21). In the first-stage screening, several peptides dem-
onstrated moderate gene silencing effects, whereas the MN showed
the most efficient RFP knockdown (figs. S22 and S23). On the basis of
this result, MN was selected as the lead carrier for further structural
optimization. In the second-stage screening, the CLSM of U20S-RFP
cells and the mean fluorescence quantification showed that MNM ex-
hibited the highest gene silencing efficiency among all tested peptides
(figs. S24 and S25).

Characterization of peptide-siRNA NPs

Transmission electron microscopy (TEM) and dynamic light scattering
(DLS) revealed that MN self-assembled into NPs with an average size
of approximately 100 nm (fig. S26, A and B). Upon coassembly with
siRNA, MN formed larger aggregates in a concentration-dependent
manner, with increasing N/P ratios leading to greater particle size ex-
pansion (fig. S26C). Notably, at N/P = 20, the assemblies reached
micrometer-scale dimensions, suggesting extensive aggregation under
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Sequence design and multistage optimization
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Fig. 1. Overview of the design and screening of peptide sequences for pulmonary siRNA delivery. (A) The design strategy and multistage screening of peptide se-
quences for pulmonary siRNA delivery. (B) The schematic illustration of barriers for pulmonary fibrosis gene therapy. (C) The siRNA delivery efficiency of peptides at vari-
ous N/P ratios after treatment for 6 hours (n = 3). The color gradient reflects differences in peptide hydrophobicity. (D) The heatmap of siRNA delivery efficiency on A549
cells after treatment with peptide-siRNA NPs for 6 hours (n = 3). (E) The cytotoxicity of peptides on HBE cells after treatment for 24 hours (n = 3). (F) Representative CLSM
images of A549 cells after transfection of siRNA-Cy5 using Lipo2000, MN (N/P = 12), and MNM (N/P = 12). Scale bars, 100 pm. (G) Quantification of fluorescence intensity
of siRNA-Cy5 (n = 3). (Hand I) The siRNA delivery efficiency in (H) BMDMs and (1) epithelial cells after treatment with MNM-siRNA NPs for 6 hours. siRNA is labeled with Cy5.
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highly cationic conditions (fig. S26D). Such aggregation is likely driven
by the strong electrostatic interactions between the positively charged
C-terminal region of MN and the negatively charged siRNA, leading to
interparticle cross-linking.

To prevent aggregation and enhance mucus penetration, we engi-
neered MNM, a modified variant capable of forming stable NPs with
an average size of approximately 80 nm upon assembly with siRNA,
without detectable aggregations (Fig. 2, A and B). In addition, MNM
also forms NPs with an average diameter of 80 nm (fig. S27). Fur-
thermore, zeta potential measurements showed a gradual increase in
surface charge with increasing N/P ratios for MN-siRNA complexes,
reaching approximately +20 mV at N/P =20 (fig. S26E), which is not
conducive to mucus penetration, as particles with moderate positive
or neutral charge show better mobility in mucus compared to highly
charged particles (17). In comparison, the surface charge of MNM-
siRNA NPs was approximately +10 mV at an N/P ratio of 20, sug-
gesting that MPS modification effectively shields the cationic NP
surface (Fig. 2C). This reduction in surface charge is beneficial for
mucus penetration, as highly cationic particles are shown to exhibit
poor mucus permeation due to strong electrostatic interactions with
negatively charged mucin glycoproteins. In contrast, NPs with neu-
tral or mildly cationic surfaces typically exhibit enhanced mobility
through the mucus layer, making them more efficient for pulmonary
delivery (55). Circular dichroism (CD) spectroscopy confirmed that
the random coil structure of peptide MN and MNM remained un-
changed after siRNA binding, suggesting that the peptide’s second-
ary structure is not disrupted during complexation (Fig. 2D and
fig. S26F). Multi-SIM microscopy confirmed efficient siRNA packag-
ing and colocalization within the NPs (Fig. 2E), demonstrating the
robustness of the MNM design (56).

Pulmonary siRNA delivery efficiency in vivo
To investigate the siRNA delivery efficiency of the peptide-based
system in vivo, we performed fluorescence imaging of mice follow-
ing intratracheal administration with peptide-siRNA assemblies
(fig. S28). The siRNA-Cy5 in the MNM group was predominantly
retained in the lung, with minimal distribution to other organs. In
contrast, the fluorescence signal in the lung of Lipo2000 and MN
groups was significantly lower, indicating reduced lung retention.
Notably, naked siRNA is metabolized rapidly by the kidney and liver.
Quantification of fluorescence intensity in major organs showed that
MNM siRNA-Cy5 presented 2.07- and 1.93-fold higher mean fluo-
rescence intensity than the Lipo2000 and MN group, respectively
(Fig. 2, F and G). We further characterized the pulmonary reten-
tion kinetics of MNM-siRNA following intratracheal administra-
tion (Fig. 2H). MNM-siRNA demonstrated significantly prolonged
lung residence (ty = 5.79 hours) compared to PEI-siRNA (ty =
2.01 hours), indicating the superior mucus-penetrating and lung-
retention capabilities of the MNM NPs (Fig. 21 and fig. S29). Subse-
quently, we investigated the tissue distribution of MNM-siRNA NPs
over time following intratracheal injection (Fig. 2]). The results dem-
onstrated that MNM-siRNA NPs were primarily retained in the lung
for up to 4 hours and were gradually degraded and cleared by the
kidney (Fig. 2K). This time-dependent distribution profile highlights
the prolonged lung retention and controlled clearance of MNM-
siRNA NPs, suggesting that MNM-siRNA NPs require a lower dos-
age while also presenting a reduced risk of side effects.

To further evaluate the pulmonary siRNA delivery efficiency, we
performed immunofluorescence staining on lung sections 6 hours

Kong et al., Sci. Adv. 11, eady0952 (2025) 12 November 2025

postintratracheal administration (Fig. 2L). Compared to naked
siRNA, Lip0o2000, and MN-siRNA complexes, which showed lim-
ited and sporadic siRNA delivery distribution in airway, the MNM
group exhibited a widespread and intense fluorescence signal across
both large and small airway epithelial cells, together with the distri-
bution on alveoli surface. Such enhanced delivery to airway and the
alveoli region demonstrated the superior coverage of our delivery
system, underscoring the target effects to various diseased cells. This
robust delivery efficiency of MNM-siRNA NPs was further quanti-
fied, revealing a significant improvement over Lipo2000 and MN
carriers (Fig. 2M).

Mechanism of MNM-siRNA NPs overcoming the

cellular barriers

A major challenge for intracellular gene delivery is achieving endo-
somal escape to release therapeutic cargo into the cytosol. To inves-
tigate how MNM-siRNA NPs overcome the cellular barrier, we used
confocal laser scanning microscopy (CLSM) to track the endocyto-
sis process. After incubating A549 cells with MNM-FITC (fluores-
cein isothiocyanate)/siRNA NPs for 0.5 hours, the cell membrane
was stained with Deep Red plasma membrane dye. Images revealed
distinct colocalization between the NPs and the cell membrane
(fig. S30), indicating early-stage interactions of NPs with the cell
membrane. To further investigate the cellular uptake dynamics,
real-time internalization of MNM/siRNA-Cy5 NPs was monitored,
and cells were stained with Lysotracker (Green). Confocal imaging
revealed that the MNM-siRNA NPs exhibited minimal colocaliza-
tion with lysosomes throughout the internalization process (fig. S31
and movies S1 to S3). By 2 hours, the NPs had entered the cells but
showed no colocalization with lysosomes, indicating that MNM/
siRNA-Cy5 NPs avoided lysosomal degradation (Fig. 3A). Similarly,
MNM-FITC did not colocalize with lysosomes, further confirming
the ability of MNM to evade lysosomal entrapment (fig. S32).

To reveal the internalization mechanism of MNM-siRNA NPs,
we treated A549 with MNM-siRNA NPs in the presence of various
endocytosis inhibitors and then quantified the siRNA delivery effi-
ciency with flow cytometry (Fig. 3, B and C). The endocytosis in-
hibitor chlorpromazine (a clathrin-mediated endocytosis inhibitor)
did not influence the endocytosis of MNM-siRNA NPs. Meanwhile,
the siRNA delivery effect decreased from 90 to 45% in the presence
of M-BCD, indicating that the internalization of MNM-siRNA NPs
depended on the fluidity of the membrane. In addition, siRNA-Cy5
signals were observed in the cell cytoplasm at 4°C (Fig. 3D), indicat-
ing that some MNM-siRNA NPs penetrated the cell membrane di-
rectly without requiring active endocytic processes, while the cell
membrane remained intact after this penetration (fig. $33). To further
explore the involvement of energy-dependent uptake mechanisms,
cells were treated with amiloride (a macropinocytosis inhibitor) and
NaNj (an energy-dependent pathways inhibitor). Both treatments
significantly reduced the uptake of MNM-siRNA NPs, indicating that
macropinocytosis is the major endocytosis pathway of MNM-siRNA
NPs (Fig. 3D and fig. S34). Furthermore, we investigated the endo-
cytic mechanisms of MNM/siRNA NPs in MLE-12 cells (figs. S35 and
S$36) and primary epithelial cells isolated from fibrotic mouse lungs
(figs. S37 and S38). The results indicated that macropinocytosis is the
primary internalization route of MNM-siRNA NPs in pulmonary epi-
thelial cells.

To further confirm macropinocytosis as the primary uptake path-
way, we incubated cells with MNM-siRNA NPs and FITC-dextran, a
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Fig. 2. Characterization of MNM-siRNA NPs and pulmonary delivery efficiency. (A) TEM image of MNM-siRNA NPs (N/P = 20). Scale bar, 200 nm. (B) DLS analysis of
MNM-siRNA NPs at various N/P ratios. (C) Zeta potential of MNM-siRNA NPs at various N/P ratios. (D) CD spectra of MNM and MNM-siRNA NPs at various N/P ratios. (E) Multi-
SIM microscopy images showing the colocalization of siRNA-Cy5 and MNM-FITC. Scale bar, 200 nm. (F) Quantitative analysis of fluorescence signals of mouse major organs.
(G) Representative IVIS images of mouse major organs after intratracheal delivery of siRNA with Lipo2000, MN, and MNM. (H) Representative fluorescence images of mice
lung after intratracheal administration of MNM/siRNA-Cy5 NPs (N/P = 20) at various time points. (I) Pulmonary retention kinetics of MNM-siRNA NPs following intratracheal
administration. (J) Representative fluorescence images of major organs of mice after intratracheal administration of MNM-siRNA NPs (N/P = 20) at various time points. siRNA
is labeled with Cy5. (K) Quantification of fluorescence signals in the lung and kidney at various time periods. (L) Representative immunofluorescence images of lung section
after intratracheal delivery of siRNA-Cy5 with Lipo2000, MN, and MNM for 6 hours. The siRNA was labeled with Cy5 and nucleus were stained with DAPI. Scale bars, 50 pm
(top) and 20 pm (bottom). (M) Quantification of fluorescence intensity in lung sections after delivery of siRNA-Cy5 with Lipo2000, MN, and MNM. (n = 3).

Kong et al., Sci. Adv. 11, eady0952 (2025) 12 November 2025 50f16

9202 ‘70 Asenuer uo Al!SJaA!Un eSS B Bio'sous ICEN\MM//ZSCIHU wioJj papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A B C - *kkk
100+ ns
- NC R
C ~ a
3 MNM & 807 o
: 5
[2] —
3 ¥ . CPZ g
3 a Filipin 11 2
N o
= /‘\A,M-ﬁco 2
€ i 2
5 ; /‘\mllonde 1)
Z g
2 < : : NaNs ‘i_'
1 2 3 4 5 6
10 10 10 10 10 10
N @e®§$0 &\ %Ooee%
siRNA-Cy5 ?50

Amiloride NaNs

D NC MNM CPZ Fin 11} MlCD

E
Control MNM-siRNA NPs 2h MNM-siRNA NPs 4h
Macropinocytosis
® @ :
LY MNM-siRNA NPs
L)
;«/ pH-mediated
& disassembly
Pdg
L) @®
Macropinosome
.
Disrupted
g 300+ macropinosomes
@
E siRNArelease
£ 200
: (
S Lysosome
2 100 RISC U N
S Silence gene
w o
0 2 3 4 5
i >
H Distance (um) ‘z; 5x10° *kk Control
;g 4 %106 +BafA1
100 pH=5 ° -BafA1
pH=6 23x1084
=80 —=—pH =74 8
IS
o 60 g 2x108-
5 ]
é “ £ 1x 105
c
20 3 |
s 0O—F—T 71—
0 > N A
NIRASEAS
1 10 100 & & s

Diameter (nm)

Fig. 3. Endocytosis mechanism of MNM-siRNA NPs. (A) CLSM images of A549 cells after treatment with MNM-siRNA NPs (N/P = 20) for 2 hours. The siRNA was labeled
with Cy5, the cell nucleus was stained with Hoechst 33342, and lysosomes were stained with Lysotracker (green). Scale bar, 5 pm. (B) Endocytosis pathway analysis by flow
cytometry. (C) Quantification of siRNA delivery efficiency in the presence of endocytosis inhibitors. (D) Representative CLSM images of A549 cells treated with various
endocytosis inhibitors. Scale bars, 5 pm. (E) Colocalization of MNM/siRNA-Cy5 NPs with FITC-70 kDa dextran (macropinocytosis marker). Scale bar, 10 pm. (F) TEM images
showing the endocytosis and release process of MNM-siRNA NPs. (G) Schematic illustration of macropinocytosis and endosome escape process of MNM-siRNA NPs.
(H) The DLS characterizations of MNM-siRNA NPs at pH = 7.4, 6, and 5. (1) TEM images of MNM-siRNA NPs at pH = 7.4, 6, and 5. Scale bars, 100 nm. (J) RFP silencing effi-
ciency by MNM-siRFP NPs in U20S-RFP. U20S-RFP cells were pretreated with or without 50 nM BafA1 for 1 hour to inhibit endosomal acidification before transfection.
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well-established marker of macropinocytosis (53). CLSM images
showed strong colocalization between MNM-siRNA NPs and FITC-
dextran, providing additional evidence for macropinocytosis-mediated
uptake (Fig. 3E). Furthermore, we used TEM to visualize the cellu-
lar uptake process of MNM-siRNA NPs. Clathrin-coated vesicles,
which are typically ~100 nm in size, were not observed. Instead,
MNM-siRNA NPs (~80 nm) were observed within larger vesicles
(200 nm to 5 pm), consistent with macropinosomes (Fig. 3F) (54).
MNM-siRNA NPs are internalized via the macropinocytosis path-
way; after which the peptides appear to escape from macropinosomes
before their fusion with lysosomes, enabling cytosolic delivery of
siRNA (Fig. 3G). To investigate the mechanism of macropinosome
escape, we examined the structural behavior of MNM-siRNA NPs
under varying pH conditions. The TEM and DLS results revealed
that MNM-siRNA NPs undergo pH-responsive disassembly in acid-
ic environments (Fig. 3, H and I). This disassembly is triggered by
protonation under acidic conditions, leading to the exposure of a
hydrophobic, membrane-penetrating peptide segment that medi-
ates membrane disruption (57). Furthermore, treatment of U20S-
REP cells with bafilomycin A1 (BafA1), an inhibitor of the vacuolar-type
H*-ATPase proton pump, significantly reduces the gene silencing
efficiency of MNM-siRNA NPs (Fig. 3] and fig. S39). Moreover,
CLSM revealed that MNM-siRNA remained colocalized with FITC-
dextran-labeled macropinosomes in BafA1-treated cells (fig. S40).
Collectively, these data support the conclusion that macropino-
somes’ escape of MNM-siRNA NPs is dependent on macropino-
somes’ acidification and pH-responsive structural changes, which
enable both NP disassembly and membrane disruption, thereby fa-
cilitating efficient siRNA delivery (58).

Penetration of pulmonary barrier and stability of
MNM-siRNA NPs

To evaluate the importance of the MPS in overcoming the pulmo-
nary mucus barrier, we first established an artificial mucus model
(Fig. 4A). Naked siRNA was completely trapped in the mucus layer
and failed to penetrate, while Lipo2000-siRNA NPs and MN-siRNA
complexes showed limited penetration. In contrast, MNM-siRNA
NPs exhibited significantly higher fluorescence intensity in the mu-
cus layer at 0.5 hours, which further increased by 2 hours but stabi-
lized thereafter (Fig. 4B). Furthermore, the DLS results showed that
MNM-siRNA NPs at an N/P ratio of 20 maintained a stable size of
70 to 80 nm in healthy bronchoalveolar lavage fluid (BALF) for up
to 4 hours (Fig. 4C). Subsequently, we cultured Calu-3 cells using
transwell for 4 weeks to establish an air-interfaced culture (AIC)
model (Fig. 4D), which mimics the airway epithelial barrier with
secreted mucus layers (59). Comparative analysis revealed that
MNM-siRNA NPs, modified with hydrophilic peptides, exhibited
substantially enhanced mucus penetration versus unmodified MN-
siRNA controls. This model confirmed that MNM-siRNA NPs could
efficiently penetrate the mucus layer and reach the underlying epi-
thelial cells (Fig. 4E).

To assess the stability of MNM-siRNA NPs in the lung microen-
vironment, we incubated the NPs in BALF from PF mice. In BALF
from fibrotic lungs, the size of MNM-siRNA NPs increased from
100 to 200 nm, but no significant aggregation occurred, indicating
their stability even in the harsh conditions of fibrotic lungs (fig. S41).
Furthermore, we investigated the stability of MNM-siRNA NPs us-
ing TEM and DLS after 15 min of nebulization (fig. $42, A to C). The
results indicated that the self-assembled MNM-siRNA NPs could
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overcome the strong shear forces of nebulization, remaining stable
without disruption or aggregation. The morphology of MNM-siRNA
NPs postlyophilization and redissolution was an average size of ap-
proximately 100 nm, indicating that the MNM-siRNA NPs can be
stored and transported in the dry powder form (fig. S42, D and E).
In addition, the MNM-siRNA NPs still showed high delivery effi-
ciency after lyophilization and redissolution (fig. $43)

Subcellular distribution of peptide-siRNA NPs in normal and
fibrotic lungs of mice

We investigated the subcellular distribution of MNM-siRNA NPs in
lung tissues using flow cytometry (Fig. 4F and fig. S44). In healthy
mice, the siRNA delivery efficiency of MN-siRNA complexes and
MNM-siRNA NPs was 7.37 and 18.32%, respectively, regarding total
lung cells (Fig. 4G). Notably, MNM-siRNA NPs showed preferential
targeting of lung epithelial cells, with 35.96% of Ep-CAM™ epithelial
cells, 16.88% of CD45" immune cells, and 9.80% of CD31"endothelial
cells exhibiting siRNA uptake (Fig. 4G). In contrast, MN-siRNA
complexes primarily transfected endothelial cells (4.59% efficiency),
with lower efficiency in epithelial (24.12%) and immune cells (7.71%).
In addition, we performed immunofluorescence staining on lung
sections. Epithelial cells were stained with Ep-CAM, and siRNA was
labeled with Cy5. The immunofluorescence results demonstrated that
siRNA-Cy5 was successfully delivered to airway epithelial cells in
lung tissue (Fig. 4H).

Compared to healthy lungs, the pulmonary barrier in PF lungs is
substantially harsher due to increased mucus viscoelasticity and
thickening of the mucus layer (fig. S45A) (60). Histological analysis
using hematoxylin and eosin (H&E) staining confirmed this differ-
ence, with normal lung tissue showing a thin, uniform mucus layer
(fig. S45B), while PF lung tissue exhibited a thickened and irregular
epithelial hyperplasia (fig. S45C). Immunofluorescence staining of
fibrotic lung sections further confirmed that MNM-siRNA NPs ef-
fectively overcame the pulmonary barrier and localized predomi-
nantly in airway epithelial cells (fig. S45D). In fibrotic lungs, the
delivery efficiency of MN-siRNA complexes and MNM-siRNA NPs
decreased to 5.2% and 14.37%, respectively, reflecting the increased
difficulty of penetrating the fibrotic mucus barrier (fig. S45E). How-
ever, MNM-siRNA NPs maintained their ability to target epithelial
cells, with 26.79% of epithelial cells, 18.55% of immune cells, and
6.35% of endothelial cells showing siRNA uptake. (fig. S45F). In
contrast, MN-siRNA complexes primarily transfected endothelial
cells (3.74% efficiency), with lower efliciency in epithelial (13.97%)
and immune cells (5.11%). These results highlight the superior tar-
geting ability of MNM-siRNA NPs in both healthy and fibrotic lungs.
This targeted delivery is critical for maximizing therapeutic efficacy
while minimizing off-target effects, thereby enhancing the precision
and safety of the intervention

Biocompatibility of peptide-siRNA NPs

To assess the biocompatibility of peptide-siRNA assemblies, we per-
formed H&E staining on lung sections and major organs 24 hours
after intratracheal administration (200 pg/kg). Histopathological
analysis of major organs, including the heart, liver, and spleen, re-
vealed no obvious toxicity. However, MN-siRNA complexes caused
mild kidney injury, as evidenced by H&E staining (fig. S46). Fur-
thermore, no signs of acute pulmonary inflammation or injury were
observed in the lungs of mice treated with MNM-siRNA NPs
(fig. S47A). We also evaluated systemic toxicity and inflammatory
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Fig. 4. Mucus penetration ability and biodistribution of peptide-siRNA assemblies. (A) Schematic illustration of the penetration of NPs in an artificial mucus model. (B) Quan-
titative analysis of fluorescence intensity of sSiRNA-Cy5 in the gelation layer. (C) Stability of MNM-siRNA NPs in BALF of healthy mice. (D) Scheme illustration of the air-interfaced
culture (AIC) Calu-3 cell monolayer model construction. (E) Penetration of MNM-siRNA NPs into the AIC Calu-3 cell monolayers model and incubated for 6 hours. Scale bar, 20 pm.
(F) Flow cytometry analysis of subcellular distribution of peptide-siRNA assemblies in the healthy lungs. (G) Quantification analysis of subcellular distribution of peptide-siRNA
assemblies; siRNA was labeled with Cy5 (n = 3). (H) Immunofluorescence staining of normal lung section after delivery of siRNA with MNM for 6 hours. Scale bars, 20 pm.

responses by analyzing blood parameters after intratracheal adminis-
tration of phosphate-buffered saline (PBS), naked siRNA, Lip0o2000-
siRNA NPs, MN-siRNA complexes, and MNM-siRNA NPs (200 pg/
kg) for 24 hours. There was no significant abnormality in blood pa-
rameters, including red blood cell (RBC), hemoglobin (HGB), mean
corpuscular volume (MCV), and mean corpuscular hemoglobin
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(MCH), indicating that MNM-siRNA NPs did not induce hemolysis
(fig. S47, B to E).

To comprehensively assess the long-term safety profile of MNM-
siRNA NPs, we performed a 28-day repeated-dose toxicity study fol-
lowing respiratory tract exposure (fig. S48A). Hematological analysis
demonstrated no clinically significant alterations in RBC count, HGB
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concentration, MCV, and MCH between MNM-siRNA-treated mice
and healthy controls (fig. S48, B to E), indicating the absence of hema-
topoietic toxicity following prolonged pulmonary administration.

Furthermore, we assessed lung function in mice treated with PBS,
naked siRNA, Lipo2000-siRNA, or MNM-siRNA NPs, respectively.
Pulmonary function assessment revealed comparable levels of inspi-
ratory capacity (IC), forced expiratory volume in 0.2 s (FEV0.2), resis-
tance of the respiratory system (Rrs), static compliance (Cst), forced
vital capacity (FVC), and elastance (Ers) in the MNM-siRNA group
and the healthy control group (fig. $48, F to K). Further histological
examination of major organs—including the lungs, liver, spleen, kid-
ney, and heart—at 4 weeks post-local administration of MNM-siRNA
NPs revealed no signs of acute tissue injury (fig. S49). These findings
suggest that MNM-siRNA administration shows excellent biocom-
patibility post-long-term treatment.

Therapeutic efficacy of MNM-siTGF-f7 NPs in PF mice

To establish a model of PF, we administered bleomycin intratracheally
to C57BL/6] mice at doses of 1.5 U/kg. Quantitative polymerase chain
reaction (QPCR) data further showed a significant up-regulation of
TGF-BI expression in comparison to healthy lungs, along with in-
creased expression of other PF-related genes, including COLIA-1,
FN-1, and TN-C (fig. S50). Subsequently, the histological analysis of
lung sections confirmed the up-regulation of TGF-B1 in fibrotic lungs
of PF mice (fig. S51). TGF-BI is a profibrotic cytokine that plays a
central role in epithelial-mesenchymal transition, fibroblast migra-
tion, and proliferation, thereby driving key pathological processes in
PF (61). During the progression of PE, injured epithelial cells release
increased levels of TGF-P1, which promotes collagen secretion, ECM
accumulation, mediated through the canonical Smad signaling path-
way (62). Therefore, targeting TGF-B1 signaling represents a promis-
ing therapeutic strategy for fibrotic lung diseases (63, 64).

Before in vivo studies, we first screened mouse-specific siRNA se-
quences targeting TGF-B1 in primary epithelial cells isolated from
fibrotic mouse lungs. Both qPCR and Western blotting analyses iden-
tified that msiTGF-B1-2 exhibited the highest silencing efficiency
(fig. S52, A and B). Subsequently, Western blotting analysis confirmed
that MNM-siTGF-BI NPs induced significantly higher TGF-1 si-
lencing efficiency compared to Lipo2000 (fig. S52C).

Mice were treated with peptide-siTGF-1 NPs every 2 days fol-
lowing the establishment of the PF mice model (Fig. 5A). MNM-
siTGF-P1 NPs significantly improved survival rates compared to
untreated controls (Fig. 5B). On day 21, histopathological analysis
revealed that MNM-siTGF-B1 NPs markedly attenuated the progres-
sion of fibrosis, evidenced by H&E staining showing reduced alveolar
wall thickening (Fig. 5C). Masson’s trichrome staining confirmed de-
creased collagen deposition in interstitial regions (Fig. 5, C and D),
consistent with the H&E results (15).

High-resolution computed tomography (CT) imaging further
validated these findings. 2D-CT scan demonstrated that MNM-
siRNA NPs prevented the progression of PF, and three-dimensional
(3D)-reconstructed images showed a significant decrease in fibrotic
lesion volume (Fig. 5E). Periodic acid-Schiff (PAS) staining revealed
fewer carbohydrate-rich structures (e.g., glycoproteins) in the MNM
group, indicating reduced mucus hypersecretion compared to PBS
and MN-siTGF-B1 treated groups (Fig. 5F). qPCR analysis demon-
strated that MNM-siTGF-p1 NPs down-regulated TGF-B1 expres-
sion in fibrotic lungs by 9.7-fold compared with the naked group.
Fibrosis-related genes in the MNM group, including COLIA-1 and
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FN-1, were reduced by 1.5- and 7.1-fold, respectively, compared to
the MN group (Fig. 5G). In addition, Western blotting analysis
demonstrated that MNM-siTGF-f1 significantly reduced TGF-p1
expression and decreased Smad2/3 phosphorylation (pSmad2/3),
suggesting effective inhibition of the TGF-1/Smad signaling path-
way (fig. S53).

Encouragingly, MNM-siTGF-p1 NPs restored normal respiratory
function, as manifested by further pulmonary function tests (PFTs).
MNM-siTGF-B1 NPs mitigated the decline in IC, Cst, and respiratory
system compliance (Crs) (Fig. 5, H to J). In addition, they reduced
Rrs and Ers (Fig. 5, K and L) while improving FVC, a key clinical
marker of fibrosis severity (Fig. 5M). Cytokine analysis in BALF
showed reduced levels of proinflammatory cytokine interleukin-6
(IL-6) in the MNM group, further confirming therapeutic efficacy
(Fig. 5N).

Fast processive PF therapy

PF is an irreversible and progressive disease, with increasing risks of
severe complications and mortality as the pathology advances. The
progression of PF is difficult to predict, as it depends on underlying
factors and other risks (65). To evaluate the therapeutic potential of
MNM-siTGF-P1 NPs in halting aggressive disease progression, we
established a fast-progressive PF model by intratracheal administra-
tion of bleomycin (3 U/kg) to C57BL/6] mice, then mice were treated
with peptide-siTGF-P1 assemblies every 2 days for 2 weeks (Fig. 6A).
The micro-CT monitoring of lung fibrosis progression revealed that
the 3-U/kg dose induced more severe fibrotic lesion volume (fig. S54).
In this aggressive model, mice treated with naked siRNA experienced
respiratory failure and died within 8 days. In contrast, treatment with
MN-siTGF-B1 complexes improved survival rates to 30%, while
MNM-siTGF-p1 NPs further increased survival to 50% (Fig. 6B).

Further histological analysis revealed that MNM-siTGF-BI NPs
substantially reduced airway thickness and alveolar fusion (Fig. 6C
and fig. $55). In addition, inflammatory cell infiltration was markedly
decreased in the MNM group, indicating reduced disease severity.
Masson’s trichrome staining further confirmed that fibrotic deposi-
tion and collagen accumulation in both airway and alveolar regions
reduced after treatment with MNM-siTGF-p1 NPs (Fig. 6D). Quan-
titatively, MNM-siTGF-p1 NPs reduced collagen deposition by 21.4%
in airway sections and 23.4% in alveolar sections compared to the MN
group (Fig. 6, E and F).

qPCR analysis demonstrated that MNM-siTGF-B1 NPs signifi-
cantly down-regulated the expression of fibrosis-related genes, in-
cluding COLIA-1, FN, TN-C, and a-SMA by 7.64-, 3.65-, 4.32-, and
5.03-fold reductions, respectively, compared to the naked group
(Fig. 6G). To investigate the impact on the profibrotic immune mi-
croenvironment, we analyzed cytokines in BALE. Overexpression of
IL-13 and MCP-1 (CCL2) in PF drives M2 macrophage polarization
via the MCP-1/CCR?2 axis, promoting type 2 immune responses and
fibrosis progression. Treatment with MNM-siTGF-f1 NPs signifi-
cantly reduced the levels of IL-13 (Fig. 6H) and MCP-1 (Fig. 6I)
compared to the bleomycin control group. In addition, the proin-
flammatory cytokine IL-6 was down-regulated in the MNM group
by 3.92-fold (Fig. 6]).

Immunofluorescence assays further validated these findings; the
numbers of CD68*CD163" profibrotic M2 macrophages were signifi-
cantly up-regulated in fibrotic lungs compared to healthy controls.
However, treatment with MNM-siTGF-f1 NPs markedly reduced M2
macrophage infiltration (fig. S56). Furthermore, immunofluorescence
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Fig. 5. Therapeutic effects of peptide-siTGF-f 1 assemblies. (A) Schedule for bleomycin-induced PF model building and treatment with peptide-siTGF-p1 assemblies.
Ten-week-old C57BL/6J mice were induced with bleomycin (1.5 U/kg) for 1 week to establish the pulmonary fibrosis model. The mice were treated with peptide-siTGF-p1
assemblies for 2 weeks (n = 10). (B) Survival assessment of PF mice after treatment with peptide-siTGF-$1 assemblies (n = 10). (C) H&E and Masson staining of mouse lung
sections after treatment with peptide-siTGF-p1 assemblies for 2 weeks. Scale bars, 200 pm. (D) Quantification of Masson staining of lung sections. (E) Representative
micro-CT images of lungs after treatment with peptide-siRNA assemblies for 2 weeks. (F) PAS staining of the lung section after treatment with peptide-siTGF-f1 assem-
blies. Scale bar, 300 pm. (G) gPCR analysis of expression of PF related gene in PF lungs (n = 3). (H to M) The pulmonary function tests (PFTs) of PF mice after treatment with
peptide-siTGF-B1 assemblies (n = 10). (N) Heatmap of inflammation cytokine levels in BALF.
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staining suggested that MNM-siTGF-B1 NPs down-regulated the ex-
pression of key profibrotic mediators, including TGF-p1, pSmad2/3,
Collagen 1, and Collagen 3 (Fig. 6K). Quantification of immunofluo-
rescence results revealed that MNM-siTGF-p1 NPs achieved a signifi-
cant reduction in these markers compared to the naked siRNA group,
highlighting their potent antifibrotic effects (Fig. 6, L to O).

DISCUSSION

PF presents formidable challenges for gene therapy due to the com-
plex and harsh pulmonary barriers, including the mucus layer, cel-
lular membranes, and lysosomal degradation (24, 55). In this work,
we established a modular peptide platform for pulmonary siRNA
delivery, addressing critical barriers in PF therapy with several key
properties: (i) high-efficiency nucleic acid packaging, (ii) cellular
membrane penetration and endosome escape, (iii) mucus layer pen-
etration, (iv) stability postnebulization, and (v) excellent biocompat-
ibility (25, 26). During the construction of optimal delivery vehicle
MNM, the precise design of a nucleic acid-binding peptide sequence
(RFHRFHRFH) secures the stable packaging of siRNA. The further
incorporation of a hydrophobic membrane-penetrating peptide
facilitates cellular uptake and endosomal escape, while a mucus-
penetrating peptide overcomes the dense mucus barrier (52). By
combining these three functional modules, we engineered a highly
efficient pulmonary siRNA delivery platform, termed MNM.

In summary, MNM-siRNA NPs demonstrate superior mucus-
penetrating capabilities and show promising efficacy in siRNA delivery
and the treatment of PE Their resistance to shear stress during nebuli-
zation and excellent biocompatibility further highlight their great po-
tential for clinical application. Furthermore, MNM-siRNA NPs retain
full biological activity after freeze-drying and reconstitution, enabling
long-term storage and transport in powder form. As a peptide-based
carrier, MNM can be efficiently synthesized via solid-phase peptide
synthesis, offering advantages in scalability, reproducibility, and quality
control over complex systems such as exosomes or polymers. While
the current formulation is simple and reproducible, further optimiza-
tion and rigorous quality control need further investigation.

In addition, we also explored the delivery efficiency of our system
MNM for long nucleic acid sequences including mRNA, plasmid, and
circular RNA (circRNA). MNM achieved a delivery efficiency of ap-
proximately 60, 90, and 95% for plasmid-RFP, mRNA-mCherry, and
circRNA mCherry in human embryonic kidney 293T cells, respec-
tively (figs. S57 to S59). However, the mRNA delivery efficiency of
MNM was around 40% in hard-to-transfect BMDCs (figs. S60 and
S61). These findings also underscore the therapeutic potential of the
MNM gene delivery system as a versatile platform for the delivery of
diverse types of nucleic acids, opening new avenues of peptide-based
gene delivery systems. However, certain limitations of the current for-
mulation must be acknowledged. The current formulation lacks cell-
specific targeting, which restricts its ability to selectively deliver nucleic
acids to specific cell types. Future studies will focus on functional mod-
ifications of the MNM platform to enhance cell-specific delivery.

MATERIALS AND METHODS

Study design

The objective of this study was to develop an inhalable peptide-based
gene delivery system for PF therapy, designed to overcome pulmo-
nary barriers and achieve highly efficient delivery to pulmonary
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epithelial cells. To develop the MNM pulmonary siRNA delivery sys-
tem, we conducted multistage screening and optimization of peptide
sequences by evaluating siRNA delivery to A549 cells using flow cy-
tometry. In vitro experiments were conducted with three or more rep-
licates, including MNM system characterization, siRNA transfection
efficiency quantification, and other assessments. Pulmonary siRNA
delivery efficiency in vivo was evaluated using IVIS and IF staining.
The sample size for in vivo experiments was determined based on pre-
vious related studies. Outlier evaluation was not conducted, and no
data were excluded from the analysis. We established a PF mouse
model using bleomycin to assess the treatment efficacy of MNM-
siTGF-B1 NPs. Mice were randomly assigned to different treatment
groups, with a maximum of 10 animals per group according to the
license protocol. During the therapy process, we stopped data collec-
tion and euthanized the mice when the mice became moribund and
the body weight loss was greater than 15%.

Statistical analysis

Analysis of all data was conducted using Student’s ¢ test or analysis of
variance (ANOVA) with Tukey’s post hoc test, followed by multiple
comparisons using GraphPad Prism software (version 9.5, GraphPad
Software). The statistical significance of differences in survival analy-
sis was evaluated using the log-rank (Mantel-Cox) test. Significant
differences are indicated as follows: ns (not significant), P > 0.05,
*P < 0.05, ##P < 0.01, ***P < 0.001, and ****P < 0.0001.

Animals

C57BL/6] mice (male, 6 to 10 weeks old) were purchased from Vital
River Laboratory Animal Technology Co., Ltd. (Shanghai, China) and
housed under specific pathogen-free conditions: environment tem-
perature, 24 + 2°C; air humidity, 40 to 70%; and 12-hour dark/
12-hour light cycle. All animal studies were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Westlake Uni-
versity (IACUC protocol no. 21-046-WHM and no. 25-029-WHM).

Formulation of peptide-siRNA NPs

Peptide-siRNA NPs were prepared through the self-assembly of pep-
tide and siRNA molecules. We diluted nucleic acids and peptides to
the final concentrations at different N/P ratios (the ratio between ni-
trogen residues in peptide and nucleic acid phosphate groups) (4, 8,
12, 16, 20) with RNase-free water. The diluted peptides were then
dropped into the siRNA solution at a 1:1 volume ratio, and the mix-
ture was incubated for 45 min to allow for self-assembly into NPs.

TEM measurements

The morphologies of peptide self-assemblies and peptide-siRNA
nanocomplexes were characterized with a 120-kV transmission elec-
tron microscope (Thermo Fisher Scientific, USA). First, a 5-pl sam-
ple was loaded on the carbon-coated grid, and the extra solution was
removed with a piece of filter paper. The sample was stained with 2%
uranyl acetate for 1 min. After removing the extra uranyl acetate and
drying in vacuum, we used TEM to observe the sample directly.

DLS measurements

The zeta potential and hydrodynamic size of peptide-siRNA nano-
complexes in H,O (pH 7.4) were measured by DLS (BI-200SM
NanoBrook ZetaPALS) at 25°C. The peptide-siRNA nanocomplexes
were prepared at N/P ratios of 4, 8, 12,16, and 20, using a constant
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1 pg of siRNA for particle preparation. Each sample was analyzed for
90 s and repeated three times.

CD spectrum

We measured the CD spectrum of peptide and peptide-siRNA
nanocomplexes with the Chirascan V100 Circular Dichroism Spec-
trometer. The peptides were diluted with ddH,O and incubated for
45 min. Equi volume aqueous solutions of peptide and scrambled
siRNA (100 pl each) were mixed at N/P ratios of 4, 8, 12, 16, and 20.

Analyzing siRNA transfection efficiency by flow cytometry
To screen the peptide delivery carriers and analyze their transfec-
tion efficiency, A549 cells were seeded in 24-well plates at a density
of 1 x 10° cells per well and incubated overnight. The FAM-labeled
Lipo-siRNA or peptide-siRNA complexes were added at various
N/P ratios (N/P = 4, 8, 12, 16, and 20) and incubated for 6 hours.
Subsequently, we collected the cells and washed them three times
with PBS. Dead cells were stained with LIVE/DEAD Fixable Blue
Dead Cell Stain Kit (Thermo Fisher Scientific). The transfection ef-
ficiency was then assessed using flow cytometry.

Analyzing siRNA transfection by CLSM

A549 cells were seeded in 24-well plates at a density of 1 X 10° cells
per well and incubated overnight. The FAM-labeled Lipo-siRNA or
peptide-siRNA complexes were added at various N/P ratios (N/P =
4, 8, 12, 16, and 20) and incubated for 6 hours. Subsequently, we
analyzed the cells using CLSM.

Cell viability assay

We test the cytotoxicity of peptide with MTT assay. Briefly, 2 x 10*
HBE cells per well were seeded in 96-well plates and cultured for
12 hours. The peptides at different concentrations were added into
the culture medium and incubated for 24 hours. Ten microliters of
MTT (5 mg/ml) was added into each well and incubated for 4 hours.
Then, 100 pl of sodium dodecylsulfate-HCI solution was added to
each well and incubated overnight. Last, the absorbance was mea-
sured at 490 nm using the Microplate Reader (Varioskan Lux, Ther-
mo Fisher Scientific, USA).

siRNA delivery efficiency in vivo

The mice were intratracheally administrated naked siRNA, Lipo2000-
siRNA, MN-siRNA complexes, and MNM-siRNA NPs (n = 3). Mice
were euthanized at 6 hours posttreatment, and lungs were collected. The
lungs were fixed in 4% paraformaldehyde and embedded in optimal
cutting temperature compound. Lungs were sectioned at 10-pm inter-
vals on a Cryostat (Thermo Fisher Scientific, USA) and stained with
4',6-diamidino-2-phenylindole (DAPI). The samples were observed
with CLSM, and fluorescence images of the pulmonary section were ac-
quired. For each mouse, three different fields of the sections from the
same position of the lungs were imaged and analyzed. Image]J software
was used to quantify the percentage of area with a positive fluorescence
signal from peptide/siRNA-Cy5 NPs in lung tissue sections.

Biodistribution of peptide-siRNA NPs

The mice were intratracheally administrated Cy5-labled naked siRNA,
Lip02000-siRNA, MN-siRNA complexes, and MNM-siRNA NPs
(N/P = 20) at a dose of 200 pg/kg. The biodistribution was monitored
using a PE Spectrum small animal imaging system. Subsequently, the
mice were euthanized, and organs were harvested and imaged.
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Distribution of NPs in the PF lungs analyzed by

flow cytometry

Ten-week-old C57BL/6] mice (n = 3) were intratracheally adminis-
tered MNM-siRNA NPs at a dose of 200 pg/kg. Mice were euthanized
6 hours posttreatment, and lungs were collected. The lungs were
minced and digested in PBS containing collagenase I, 0.92 M Hepes,
and DNase I at 37°C for 1 hour. The samples were subsequently in-
cubated with antibodies to identify epithelial cells (EpCAM™), im-
mune cells (CD45%), and endothelial cells (CD31%). Then, the samples
were analyzed with flow cytometry to determine the distribution of
the NPs among these cell types.

Cellular uptake of MNM-siRNA NPs

To investigate the intracellular distribution of MNM-siRNA NPs,
A549 cells were seeded in a confocal dish at a density of 1 x 10° cells/
ml and incubated overnight. The MNM-siRNA NPs were added and
incubated for 2 hours. Subsequently, cells were stained with Hoechst
(Blue) and Lyso-Tracker (Red). The cells were then observed under
a 63x oil objective on a Leica confocal microscope.

Endocytosis mechanism of peptide MNM-siRNA NPs

To investigate the endocytosis mechanism of MNM/siRNA-Cy5
NPs in A549 cells, we used major endocytosis inhibitors to coincu-
bate with the cells and assessed cellular uptake using flow cytometry
and CLSM. We preincubated the cells with the inhibitors for 30 min,
followed by the addition of the MNM-siRNA NPs and a subsequent
coincubation period of 2 hours. The concentrations of the inhibitors
were 5 mM for M-BCD, 1 mM for amiloride, 40 pM for chlorprom-
azine, 100 mM for sodium azide (NaN3), and 1.5 pM for filipin III.
At the designated time points, we collected the cells, centrifuged
them, and resuspended the pellets. Cellular uptake was then deter-
mined using flow cytometry and CLSM.

Primary epithelial cells isolated from fibrotic mouse lungs
Eight-week-old C57BL/6] mice were intratracheally instilled with
bleomycin sulfate at a dose of 3 U/kg to induce PF. One week post-
bleomycin induction, lungs were harvested and perfused via the
right ventricle with PBS to remove residual blood. The lung tissues
were then minced into small fragments and digested in PBS supple-
mented with collagenase I (1 mg/ml), Hepes (0.92 M), and DNase I
(10 pg/ml) for 1 hour at 37°C with gentle agitation. Following diges-
tion, the tissue suspension was sequentially filtered through a 70-pm
cell strainer to obtain a single-cell suspension. RBCs were lysed using
lysis buffer, and the remaining cells were washed and resuspended
in PBS containing 2% fetal bovine serum. For epithelial cell isolation,
cells were incubated with fluorescently labeled antibodies against
EpCAM (Alexa Fluor 647, a marker for epithelial cells) and subse-
quently sorted by fluorescence-activated cell sorting.

Western blotting analysis of siTGF-$1 silencing efficiency in
A549 cells

Three siRNA sequences were designed for targeting human-derived
TGF-BI mRNA, synthesized by Sangon Biotech. The sequences of
hsiTGF-pI are summarized in table S4. A549 cells were seeded in
12-well plates at a density of 2 x 10° cells per well and incubated for
12 hours. The cells were transfected hsiTGF-B1-1/2/3 (1 pg per well)
with Lipo2000 for 24 hours. Western blotting (WB) was used to
analyze TGF-P1 silencing efficiency. Subsequently, cells were treated
with naked hsiTGF-pI, Lipo2000-hsiTGF-f1, MN-hsiTGF-B1, and
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MNM-hsiTGF-B1 for 48 hours (0.5 pg per well). The cells were lysed
by radioimmunoprecipitation assay (RIPA) lysis buffer (catalog no.
P0013B, Beyotime) and then centrifuged (12,000 rpm, 10 min) to col-
lect the supernatant. The concentration of protein solution was detected
using a bicinchoninic acid (BCA) protein assay kit (catalog no. P0012S,
Beyotime). The sample were separated on 12% SDS—polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride (PVDF)
membrane. Subsequently, the membranes were blocked with 5% milk
and then incubated overnight at 4°C with primary antibodies: p-tubulin
Rabbit mAb (A12289, 1:1000 dilution) and TGF-p1 Rabbit mAb
(ab215715, 1:5000 dilution). Following this, the PVDF membranes
were incubated with their corresponding secondary horseradish per-
oxidase (HRP)-conjugated antibodies (1:3000 dilution).

Building of artificial mucus model

Briefly, artificial mucus was prepared by adding 50 mg of DNA, 25 mg
of mucin, 25 mg of sterile egg yolk emulsion, 29.5 pg of diethylene-
triamine pentaacetic acid, 25 mg of NaCl, 11 mg of KCl, and 0.1 ml
of RPMI 1640 to 5 ml of water. The mixture was stirred overnight to
obtain a homogeneous dispersion. A 10% (w/v) gelatin solution
(1 ml) was added to a 24-well plate and hardened at room tempera-
ture. Subsequently, the surface of the gelatin layer was covered with
the artificial mucus, followed by the addition of siRNA delivery car-
gos. The samples were incubated for designated periods of time.
Last, the artificial mucus was removed, and the fluorescence inten-
sity of the gelatin was measured to determine whether the siRNA-
Cy5 delivery cargos had penetrated the mucus layer.

In vitro penetration assay using AIC of the Calu-3 cell model
The AIC of the Calu-3 cell model could secrete mucus layers, serv-
ing as a well-established in vitro model to assess the penetration
ability of NPs. Calu-3 cells were seeded into the apical chamber of
the Transwell inserts at a density of 2 x 10° cells per well with 150 pl
of culture medium. Medium (800 pl) was added to the basal cham-
ber. The plate was placed in a humidified 37°C/5% CO, incubator
overnight. To form the air-liquid interface, the culture medium in
the apical chamber was removed after seeding for 4 days. The cells
were subsequently cultured with 500 pl of culture medium in the
basal chamber for 28 days, with the medium being changed every
2 days. Peptide/siRNA-Cy5 assemblies (N/P = 20, 1 pg of siRNA-Cy5)
were then added to the apical side in 200 pl. After incubation at 37°C
for 6 hours, the cell monolayers were washed three times with PBS.
Mucin was stained with FITC-conjugated wheat germ agglutinin
(5 pg/ml) for 15 min, followed by two PBS washes. Nuclei were then
stained with Hoechst (Blue), and a 3D analysis of Z-stack images
was conducted from the apical to basal side of the monolayer
using CLSM.

The stability of MNM-siRNA NPs

To evaluate the stability of MNM-siRNA NPs in BALE, we incubated
MNM-siRNA NPs with BALF from both healthy mice and mice
with PF for 0.5, 1, 2, and 4 hours. Subsequently, DLS was used to test
the size changes. Furthermore, we evaluated the stability of MNM-
siRNA NPs after nebulization for 15 min with TEM and DLS.

PF mice model and its therapy with

peptide-siTGF-$1 assemblies

Wild-type C57BL/6] mice (male, 10 to 12 weeks) received a single
intratracheal instillation of bleomycin sulfate (MeilunBio, MA0186)
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at doses of 1.5 and 3 U/kg, dissolved in 50 pl of sterile saline. The mice
in the control group received an equal volume of PBS via intratra-
cheal injection. Subsequently, the PF mice were intratracheally ad-
ministrated with naked siRNA, MN-siTGF-f1, and MNM-siTGF-p1
NPs every 2 days. Body weight was recorded daily, and micro-CT and
PFTs were performed after 2 weeks of therapy.

WB and qPCR analyzing down-regulation of TGF-p1 in vitro
and in vivo

To knock down TGF-f1 in PF mice, a series of siRNA sequences tar-
geting murine TGF-B1 mRNA were synthesized by Sangon Biotech,
as listed in table S5. The msiTGF-B1I sequences were transfected into
mouse primary epithelial cells using Lipofectamine 2000 for 24 hours.
Total RNA was extracted using TRIzol, and TGF-B1 mRNA expres-
sion levels were quantified by qRT-PCR. The silencing efficiency of
TGF-P1 in mouse primary epithelial cells was further evaluated by
Western blotting analysis, as previously described.

After bleomycin (1.5 U/kg)-induced PF mice were treated with
peptide-siTGF-P1 NPs for 2 weeks, lung tissues were collected and
homogenized in RIPA lysis buffer. The homogenates were centrifuged
at 12,000 rpm for 10 min to obtain protein extracts. Protein concen-
trations were determined using a BCA protein assay kit (catalog no.
P0012S, Beyotime). The protein samples were separated by 12% SDS-
polyacrylamide gel electrophoresis and transferred onto PVDF mem-
branes. Membranes were then blocked with 5% nonfat milk and
incubated overnight at 4°C with the following primary antibodies: p-
tubulin Rabbit mAb (A12289, 1:1000 dilution), TGF-p1 Rabbit mAb
(ab215715, 1:5000 dilution), and pSmad2/3 mAb (1:1000 dilution).
Subsequently, the membranes were incubated with the corresponding
HRP-conjugated secondary antibodies at a 1:3000 dilution.

qPCR analysis of PF-related gene after therapy with
peptide-siTGF-p 1 assemblies

The expression levels of fibrosis-related genes in lung tissue after
therapy with peptide-siTGF-pI assemblies for 2 weeks were as-
sessed. The total RNA was extracted from snap-frozen lung tissue
with TRIzol (no. 15596018, Thermo Fisher Scientific) and quanti-
fied using NanoDrop (Thermo Fisher Scientific). mRNA was puri-
fied and cDNA was prepared using one NovoScript 1st Strand cDNA
Synthesis SuperMix (gDNA Purge) Kit (E047-01B, Novoprotein).
Real-time PCR was performed in triplicate using the NovoStart
SYBR qPCR SuperMix Plus Kit (E096-01B, Novoprotein) and a Bio-
Rad CFX96 real-time PCR system. The relative expression of mRNA
was normalized to the expression level of GAPDH. The primers of
detected genes were listed in table S6.

Histology analysis and immunofluorescence staining

At the end of the treatment with peptide-siTGF-BI assemblies, the
mice were euthanized, and lung tissue was collected and fixed with
4% paraformaldehyde. After dehydration, the lung tissue was embed-
ded in paraffin and sectioned for H&E, Masson’s trichrome, and PAS
staining. For immunofluorescence staining, the lung tissue slides were
incubated with sodium citrate antigen retrieval solution (no. C1032,
Solarbio) and hydrogen peroxide. After permeabilization and block-
age, the lung tissue sections were treated with appropriate primary
antibodies. The secondary antibody was applied using Goat Anti-
Rabbit IgG H&L (HRP) at 1:1000. Nuclei were stained with DAPI.
Immunofluorescence images were captured using a confocal micro-
scope (Leica Stellaris 5) and analyzed by Image] software.
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Long-term safety evaluation of the consecutive
administrations of MNM-siRNA NPs

Eight-week-old C57BL/6] mice received consecutive intratracheal
administrations of PBS, naked siRNA, Lipo2000-siRNA, and MNM-
siRNA NPs (siRNA 200 pg/kg, 50 pl, N/P = 20) for two consecutive
days over a 28-day period. Subsequently, blood samples were col-
lected and analyzed using a Hematology Analyzer to assess white
blood cell and RBC parameters. To evaluate lung function, the tra-
chea was exposed by blunt dissection, and an 18G needle was intu-
bated into the trachea and secured with suture. The trachea was then
connected to a ventilator, and lung function tests were conducted on
day 28 using an invasive, computer-controlled piston ventilator
(FlexiVent; SCIREQ Inc.). Furthermore, the major organs were har-
vested for H&E staining on day 28.
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