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Pro-Peptide-Reinforced, Mucus-Penetrating Pulmonary 
siRNA Delivery Mitigates Cytokine Storm in Pneumonia
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Pulmonary delivery of anti-inflammatory siRNA holds great potential 
in mitigating the cytokine storm during severe pneumonia. However, 
commonly utilized polycationic siRNA delivery vehicles can hardly penetrate 
the mucus barrier, thus greatly hurdling their therapeutic efficacy. Herein, 
TNF-α siRNA (siTNF-α) delivery nanocomplexes (NCs) are engineered with 
mucus/cytomembrane dual-penetration capabilities, realized via surface-
coating of NCs with RC, an inflammation-sheddable, charge-reversal 
pro-peptide of RAGE-binding peptide (RBP). RC-coated dendritic poly-L-
lysine/siTNF-α (DsT) NCs possess negative surface charges, and can thus 
efficiently penetrate the mucus layer after intratracheal administration. In 
the inflamed alveolar space with mild acidity, RC recovers to the cationic 
RBP and shed off, re-exposing the DsT NCs that efficiently transfect the 
alveolar macrophages and provokes TNF-α silencing. Thus, siTNF-α and 
RBP cooperatively alleviate the uncontrolled inflammation during acute lung 
injury. This study renders a unique approach for mediating trans-mucus 
nucleic acid delivery, and will find promising utilities for the treatment of 
severe pneumonia.
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Severe pneumonia can cause acute lung 
injury (ALI)/acute respiratory distress 
syndrome (ARDS), which is associated 
with high morbidity and mortality.[1] 
ALI/ARDS stems from an aggressive 
pro-inflammatory response and insuf-
ficient anti-inflammatory response, thus 
leading to the uncontrolled inflammatory 
process, known as the fulminant cytokine 
storm.[2] The severe inflammation leads 
to serious pathological complications, 
such as diffuse alveolar damage, progres-
sive collagen deposition, fibrin exudates, 
fibrotic healing, etc.[3] Moreover, the pul-
monary cytokine storm will spill over 
into the circulation, inducing systemic 
cytokine storm and ultimately leading to 
multi-organ dysfunction. During the ini-
tiation and cascade of cytokine storm, a 
spectrum of pro-inflammatory cytokines 
is over-produced, among which tumor 
necrosis factor-α (TNF-α) plays a promi-
nent role in the cytokine storm and is 

closely related to the escalation of inflammatory severity.[2,3] 
As such, down-regulation of pro-inflammatory cytokines, espe-
cially TNF-α, holds huge potentials for the anti-inflammation 
therapy against ALI/ARDS via inhibition of the cytokine storm.

Small interfering RNA (siRNA)-mediated gene silencing 
against pro-inflammatory cytokines provides a promising 
modality for anti-inflammatory treatment, benefiting from the 
sequence-specific mRNA degradation at high efficiency and 
specificity.[4–7] To realize the therapeutic performance of siRNA 
in vivo, a potent carrier administered via an appropriate route 
is highly demanded.[8–19] Polycations are an important category 
of siRNA delivery materials which can condense siRNA into 
positively charged nanocomplexes (NCs) to facilitate cellular 
internalization and transfection.[20–24] Local intratracheal 
delivery to the lung features distinct advantages for the treat-
ment of pulmonary diseases, such as immediate availability 
and minimal systemic side effect.[25–28] However, the perfor-
mance of intratracheally administered NCs is often greatly 
hurdled by the viscous mucus layer covering the airway.[29,30] 
Mucus is secreted by goblet epithelial cells and is composed 
of negatively charged mucin monomers that crosslink to form 
the mesh-like architecture through disulfide bonds.[31] The 
mucin glycoprotein imparts strong electrostatic interactions 
with the positively charged NCs, which thus traps the NCs 
in the mucus matrix followed by fast muco-ciliary clearance, 

1. Introduction

Pneumonia is one of the most common infectious diseases. 
It can be caused by various direct or indirect factors, such 
as the corona virus 2019 (COVID-19) that has infected over 
38 million people and killed more than 1 million so far. 
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ultimately preventing the NCs from reaching the underlying 
alveolar spaces.[32,33] The mucus secretion becomes even pro-
nounced in patients suffering from severe pulmonary inflam-
mation (such as critical patients of COVID-19), which dra-
matically compromises the therapeutic efficacy in the way of 
intratracheal administration and inhalation.[34] As such, siRNA 
delivery systems with potent mucus-penetrating capabilities 
are highly imperative toward the success of pulmonary gene 
silencing.

High-density PEGylation of polycations serves to effi-
ciently promote the mucus permeation, a pioneering strategy 
reported by Hanes and co-workers.[35,36] Commercialized 
polycations (PEI and dendrimer) modified with a high-den-
sity PEG layer displayed enhanced mucus permeation capa-
bilities, mainly due to the diminished electrostatic adhesive 
interaction with the mucus.[37] Nevertheless, the dense PEG 
layer may in the meantime compromise the cellular uptake 
and gene transfection efficiencies.[38] Surface-decoration 
of the NCs with negatively charged shell can also facilitate 
the diffusion across the mucus layer because the modified 
NCs enabled electrostatic repulsion toward the mucin gly-
coproteins. However, the efficiencies of internalization, as 
well as endolysosomal escape in target cells, still remain 
doubtful, unless an efficient shell-shedding mechanism is 
adopted.[39–42] To the best of our knowledge, siRNA delivery 
systems that can harmonize the processes of mucus transport 
and cellular/endolysosomal membrane penetration are still 
highly lacking.

To address the dearth of techniques for pulmonary siRNA 
delivery, we herein report the design of mucus and cell 
membrane dual-penetrating NCs that are capable of inflam-
mation-instructed charge reversal from negative to posi-
tive as assisted by an acid-sheddable pro-peptide. Dendritic 
poly-L-lysine (DPLL) was first developed to condense TNF-α 
siRNA (siTNF-α) and form the positively charged DPLL/
siTNF-α (DsT) NCs. RAGE-binding peptide (RBP), a cationic 
antagonist to the receptor for advanced glycation end products 
(RAGE) that can block the interaction between RAGE and 
its ligands and down-regulate pro-inflammatory factors,[43–45] 
was reversibly modified with cis-aconitic anhydride (CA) to 
afford the negatively charged pro-peptide, RBP-cis-aconitic 
amide (RC), which was utilized to coat the DsT NCs. The 
obtained RC/DPLL/siTNF-α (RCDsT) NCs possessed nega-
tive surface charges, thereby allowing efficient mucus pen-
etration upon intratracheal administration. Upon reaching 
the inflamed alveolar spaces with mildly acidic environment 
(pH ≈6.8), RC transformed back to the positively charged 
RBP, which shed off as a result of electrostatic repulsion.[39,46] 
The exposed DsT NCs with positive surface charges could 
then efficiently transfect the alveolar macrophages to mediate 
TNF-α silencing.[47,48] In the meantime, the reactivated RBP 
bound to RAGE on inflamed macrophage membranes and 
thereafter down-regulated the various pro-inflammatory 
cytokines such as TNF-α, interleukin-1β (IL-1β), interleukin-6 
(IL-6), etc.[43–45] Such an inflammation-sheddable pro-peptide 
not only provides an effective approach to solve the dilemma 
between mucus penetration and cellular uptake but also coop-
erates with siTNF-α to alleviate the cytokine storm toward ALI 
treatment (Figure 1).

2. Results and Discussion

2.1. Preparation, Characterization, and Acid-responsiveness 
of RCDsT NCs

Firstly, DPLL was synthesized via ring-opening polymerization 
(ROP) of N(ε)-benzyloxycarbonyl-L-lysine-N-carboxyanhydride 
(zLL-NCA) as initiated by third-generation PAMAM 
(G3-PAMAM) followed by removal of the Boc protection groups 
(Figure S1A, Supporting Information). The chemical struc-
tures of the zLL-NCA monomer, dendritic poly-zLL (DPzLL), 
and DPLL were characterized by 1H NMR (Figure S1B–D, 
Supporting Information). Gel permeation chromatography 
analysis revealed that the number-average molecular weight 
(Mn) of DPzLL was 480.0  kDa, with the polydispersity index 
of 1.07. The pH-sensitive RC was synthesized via ring-opening 
reaction of CA with RBP at pH 8.5. The non-responsive RBP-
glutaric amide (RG) was similarly synthesized from RBP and 
glutaric anhydride (GA, Figure S2, Supporting Information). 
MALDI-TOF analysis revealed that the grafting ratio of CA in 
RC was ≈60%, while that of GA in RG was around ≈80%. The 
pH-responsive RC but not the non-responsive RG could recover 
to the original relative molecular mass (Mr) after incubation at 
pH 6.8 for 30 min (Figure 2A and Figure S3, Supporting Infor-
mation). In consistence, the zeta potential of RC but not RG 
recovered from negative to positive after incubation at pH 6.8 
for 30  min (Figure  2A), and RC but not RG revealed similar 
anti-inflammatory effect to the native RBP in inhibiting lipopol-
ysaccharide (LPS)-induced TNF-α secretion in RAW 264.7 cells 
at pH 6.8 (Figure S4, Supporting Information). It thus demon-
strated the charge reversal and re-activation of RC in response 
to mild acidity.

Then, DPLL was allowed to form the binary DsT NCs with 
siTNF-α, followed by surface coating with RC via electrostatic 
interaction to obtain the ternary RCDsT NCs. The siTNF-α 
condensation ability of DPLL was assessed by the gel retar-
dation assay. DPLL was able to condense siTNF-α at the 
DPLL/siTNF-α weight ratio ≥2, as indicated by the retarda-
tion of siTNF-α in the loading well (Figure S5A, Supporting 
Information). Particle size of the binary DsT NCs gradually 
decreased while zeta potential gradually increased when the 
DPLL/siTNF-α weight ratio increased. At the weight ratio of  
5, binary NCs with diameter of ≈150 nm and positive zeta poten-
tial of ≈7  mV were obtained (Figure  2C,D, and Figure S6A,  
Supporting Information). When the DsT NCs (DPLL/
siTNF-α  = 5, w/w) were coated with RC at incremental RC/
siTNF-α weight ratios from 1 to 40, particle size of the RCDsT 
ternary NCs maintained smaller than 200  nm while the  
zeta potential continuously decreased to −12  mV at the 
RC/siTNF-α weight ratio of 40 (Figure 2E,F, and Figure S6B, 
Supporting Information). Gel retardation assay revealed lack 
of siTNF-α migration after agarose gel electrophoresis at all 
tested RC/siTNF-α weight ratios (Figure S5B, Supporting 
Information), indicating that siTNF-α was not repelled out 
of the NCs after surface coating with RC. Also, after the 
RCDsT NCs (w/w/w = 40/5/1) were incubated with puru-
lent sputum obtained from cystic fibrosis (CF) patients for 
up to 4 h, no siRNA migration was observed after agarose 
gel electrophoresis (Figure S7, Supporting Information), 
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indicating encapsulation of the siRNA inside the NCs. Such 
property would allow the NCs to maintain integrity after 
crossing the mucus barrier. NCs comprised of the negative 

control siRNA (siNC) or the non-responsive RG were simi-
larly prepared, and the abbreviations for all tested NCs were 
listed in Table S1, Supporting Information.

Figure 1. Schematic illustration of the acid-sensitive, charge-reversible RCDsT NCs capable of potent mucus and macrophage membrane penetration. 
siTNF-α is condensed by DPLL to form the binary DsT NCs which are further coated with RC, the acid-responsive pro-peptide of RBP, to form the 
ternary RCDsT NCs. After intratracheal administration, RCDsT NCs with negative surface charges efficiently penetrated the mucus layer due to their 
electrostatic repulsion with mucin glycoproteins. When they reached the inflamed alveolar spaces with mild acidity, RC transformed back to the posi-
tively charged RBP, which detached from the NCs and re-exposed the positively charged DsT NCs. The reactivated RBP bound to RAGE on inflamed 
macrophage membrane to inhibit pro-inflammatory factors while the DsT NCs mediated effective TNF-α silencing, thus contributing to the cooperative 
anti-inflammatory effect against the cytokine storm during LPS-challenged ALI.
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The charge reversal ability of RCDsT NCs under the mildly 
acidic condition of the inflammatory site was then explored. 
The negative zeta potentials of RCDsT NCs maintained almost 
constant within 1 h at pH 7.4, while it obviously increased and 
reversed to positive within 20 min at pH 6.8, demonstrating the 
charge reversal of the RC outer layer and exposure of the posi-
tively charged, inner DsT NCs (Figure 2G,H). As a non-respon-
sive control, RGDsT NCs maintained similar and negative zeta 
potentials at both pH 7.4 and 6.8 (Figure S8, Supporting Infor-
mation). The fluorescence resonance energy transfer (FRET) 
assay was further adopted to detect the acid-triggered dissocia-
tion of RCDsT NCs comprised of Cy3-siRNA and Cy5-labeled 
RC. The fluorescence intensity of Cy5 at pH 7.4 was notably 
higher than that at pH 6.8, and there was an obvious Cy3 flu-
orescence recovery at pH 6.8 (Figure  2I). This phenomenon 
revealed that these two dyes in RCDsT NCs, Cy3, and Cy5, were 
in sufficient proximity to induce FRET at pH 7.4, while they were 

separated over distance at pH 6.8 such that the FRET effect was 
alleviated. In comparison, the fluorescence spectrum of RGDsT 
NCs comprised of Cy3-siRNA and Cy5-labeled RG maintained 
similar at both pH 7.4 and 6.8 (Figure S9, Supporting Informa-
tion). Such discrepancy further substantiated the removal of the 
RC outer layer from RCDsT NCs at pH 6.8, as a consequence of 
the mild acidity-triggered charge reversal of RC.

2.2. Cellular Uptake and Intracellular Kinetics of NCs  
in Macrophages In Vitro

The gene silencing efficiency of siRNA was closely associated 
with the cellular internalization level and intracellular kinetics 
of the NCs. Thus, the uptake level of the pH-responsive RCDsT 
NCs and the non-responsive RGDsT NCs containing FAM-
siRNA were first evaluated in RAW 264.7 cells at pH 6.8 or 7.4 by  

Figure 2. pH-responsive transformation of RC and RCDsT NCs. A) MALDI-TOF analysis of RBP, RC at pH 7.4, and RC at pH 6.8. B) Zeta potential 
of RBP, pH-responsive RC, and non-responsive RG at pH 7.4 and 6.8. C) Size and zeta potential of the DsT NCs at different DPLL/siTNF-α weight 
ratios (n = 3). D) TEM image of DsT NCs (DPLL/siTNF-α = 5/1, w/w). E) Size and zeta potential of the RCDsT NCs at different RC/siTNF-α weight 
ratios (DPLL/siTNF-α = 5/1, w/w, n = 3). F) TEM image of RCDsT NCs (RC/DPLL/siTNF-α = 40/5/1, w/w/w). G) Mechanistic illustration showing the 
detachment of RC from the RCDsT NCs surface and re-exposure of the positively charged DsT NCs as a consequence of acid-induced transformation 
of the negatively charged RC back to the positively charged RBP. H) Zeta potential of the RCDsT NCs after incubation at pH 7.4 or 6.8 for different 
time (n = 3). I) FRET analysis of the RCDsT NCs at pH 7.4 or 6.8. RC is doped with Cy5 and siRNA is labeled with Cy3. The fluorescence recovery of 
the donor (Cy3, λex = 550 nm) is used to monitor the detachment of RC from the RCDsT NCs.
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spectrofluorimetry. The uptake level of RCDsT NCs at pH 6.8 was  
5-fold higher than that at pH 7.4, while RGDsT NCs showed 
similar uptake levels at pH 7.4 and 6.8 (Figure 3A). Such a pH-
dependent internalization performance of RCDsT NCs could be 
attributed to the acid-triggered charge reversal and shedding of 
the RC outer layer, which exposed the positively charged binary 
DsT NCs to facilitate trans-membrane delivery. Consistent 
results were obtained from flow cytometric analysis (Figure 3B 
and Figure S10, Supporting Information). MH-S, a mouse alve-
olar macrophage cell line, was further used to evaluate the pH-
dependent uptake level of NCs, and similar results were noted to 
those for RAW 264.7 cells (Figure S11, Supporting Information).

Then, the de-shielding of the RC outer layer in the extracel-
lular compartment and the intracellular delivery of the binary 
DsT NCs were further confirmed by confocal laser scanning 
microscopy (CLSM) observation. When RAW 264.7 cells were 

incubated with RCDsT NCs comprised of FAM-siRNA and 
Cy5-RC at pH 6.8, only the green fluorescence of FAM-siRNA 
was spread into the cytoplasm while the red fluorescence of 
Cy5-RC was still situated on the cell membrane. For the non-
responsive RGDsT NCs, the green fluorescence of FAM-siRNA 
and red fluorescence of Cy5-RG overlapped and was localized 
on cell membranes (Figure 3C,D). Such disparity thus demon-
strated removal of the RC outer layer from RCDsT NCs under 
mildly acidic condition in the extracellular compartment, which 
subsequently allowed effective internalization of the DsT NCs. 
It was further noted that the internalized siRNA cargo was also 
able to escape from endolysosomal entrapment, as evidenced 
by the obvious separation of green fluorescence (FAM-siRNA) 
from red fluorescence (Lysotracker Red-stained endolysosomes) 
after 4-h incubation (Figure  3E). Such endolysosomal escape 
potency would potentially benefit efficient gene transfection.

Figure 3. Intracellular kinetics and anti-inflammatory efficacy mediated by various NCs in RAW 264.7 cells in vitro. A) Uptake levels of RGDsT NCs or 
RCDsT NCs in RAW 264.7 cells at 2 µg FAM-siRNA/mL at pH 7.4 and 6.8 (n = 3). B) Flow cytometric analysis of RAW 264.7 cells after 4-h incubation 
with RGDsT NCs or RCDsT NCs at 2 µg FAM-siRNA/mL at pH 7.4 and 6.8 (n = 3). CLSM images of RAW 264.7 cells treated with RGDsT NCs (C) or 
RCDsT NCs (D) at pH 7.4 and 6.8 (bright field). FAM-siRNA and Cy5-RC (or Cy5-RG) are used to construct the NCs (scale bar = 5 µm). E) CLSM images 
of RAW 264.7 cells treated with RCDsT NCs containing FAM-siRNA at pH 6.8 for 2 and 4 h. Cell nuclei are stained with Hoechst 33 258, and endolys-
osomes are stained with Lysotracker Red (scale bar = 5 µm). Relative TNF-α mRNA levels (F) and TNF-α protein levels (G) in RAW 264.7 cells after 
incubation with different NCs (RGDsC, RCDsC, DsT, and RCDsT) at pH 6.8 as determined by real-time PCR and ELISA, respectively (n = 3). H) TNF-α 
protein levels in RAW 264.7 cells after treatment with different NCs (RGDsC, RCDsC, PCDsT, RGDsT, and RCDsT) at pH 7.4 and 6.8 as determined by 
ELISA (n = 3). Cells are incubated with NCs at 1 µg siRNA/mL for 4 h, further cultured in fresh medium for 20 h, challenged with LPS (7.5 ng mL−1) for 
5 h, and then subjected to real-time PCR or ELISA measurements in (F–H).
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2.3. Gene Silencing Efficiency of NCs in Macrophages In Vitro

In order to demonstrate the siTNF-α-mediated gene silencing 
efficiency and its combinational anti-inflammatory effect with 
RBP, the TNF-α mRNA and protein levels in LPS-challenged 
RAW 264.7 cells were first evaluated by real-time PCR and 
ELISA, respectively. The TNF-α mRNA level was inhibited by 
≈20% or ≈50% after treatment with RCDsC NCs (RBP effect 
only) or DsT NCs (siTNF-α effect only), respectively, at pH 
6.8. Comparatively, RCDsT NCs provoked significantly higher 
TNF-α mRNA silencing level by ≈75%, which indicated that 
RBP and siTNF-α had a cooperative anti-inflammatory effect 
(Figure 3F). In consistence, RCDsT NCs efficiently suppressed 
the TNF-α secretion level by ≈80%, outperforming RCDsC NCs 
(≈30%) and DsT NCs (≈50%) (Figure 3G). Similar results were 
observed in MH-S cells in terms of the TNF-α mRNA down-
regulation efficiencies (Figure S12, Supporting Information). 
The pH-dependent anti-inflammatory efficiencies of NCs were 
further probed at pH 6.8 and 7.4. In order to elucidate the con-
tribution of charge reversal in potentiating RNAi, poly-L-lysine 
conjugated with CA (PLL-CA, PC) was synthesized as an analog 
of RC yet deprived of the pharmacological activity of the pep-
tide (Figure S13, Supporting Information). Similar to RCDsT 
NCs, the obtained PCDsT NCs also possessed negative surface 
charges and allowed acid (pH 6.8)-triggered charge reversal. 
The TNF-α level was inhibited by ≈20% after treatment with 
RCDsC NCs at pH 6.8, while the RCDsC NCs at pH 7.4 showed 
negligible TNF-α knockdown efficiency, indicating the acid-
induced re-activation of RBP. In support of such observation, 
RGDsC NCs that were non-responsive to acid failed to down-
regulate TNF-α at either pH 7.4 or 6.8. PCDsT NCs exhibited 
significantly higher TNF-α silencing level at pH 6.8 (≈55%) 
than at pH 7.4 (≈35%), which demonstrated the contribution 
of acid-induced charge reversal in potentiating the intracellular 
siTNF-α delivery efficiency and TNF-α silencing efficiency. 
Moreover, RCDsT NCs showed comparable TNF-α down-
regulation level to PCDsT NCs at pH 7.4 while significantly 
higher TNF-α down-regulation level than PCDsT NCs at pH 6.8 
(Figure  3H). Such discrepancy further demonstrated the mild 
acidity-promoted gene silencing and re-activation of RBP, which 
cooperated to enable TNF-α down-regulation in LPS-challenged 
macrophages. Furthermore, DsT NCs and RCDsT NCs showed 
negligible cytotoxicity at increased DPLL concentrations up to 
40  µg mL−1, indicating their desired cytocompatibility in both 
RAW 264.7 and MH-S cells (Figures S14 and S15, Supporting 
Information).

2.4. Mucus Penetration of NCs In Vitro and In Vivo

To enable anti-inflammation performance in lung tissues upon 
intratracheal administration, NCs should be able to penetrate 
the mucus layer with high efficiency to reach the underlying 
epithelia and macrophages. Herein, multiple particle tracking 
(MPT) assay was first adopted to determine the translational 
motion of DsT NCs or RCDsT NCs containing Cy3-siRNA 
in purulent sputum obtained from CF patients.[29,35] The 
Brownian movement of the positively charged DsT NCs was 
greatly hindered in CF sputum while that of the negatively 

charged RCDsT NCs was more drastic (Figure  4A). Consist-
ently, the mean square displacement (〈MSD〉) value of RCDsT 
NCs was about 1000-fold higher than that of DsT NCs at 10 s 
(Figure 4B), and majority of RCDsT NCs possessed uniformly 
higher effective diffusivities (Deff) than DsT NCs (Figure 4C).

The translational motion of NCs in purulent sputum was 
further evaluated using the photobleaching assay.[49] The extent 
of the fluorescence intensity decreased in the yellow circle 
during photobleaching negatively correlates to the efficiency of 
the diffusive spreading of the Cy3-siRNA-containing NCs. The 
fluorescence decrease percentage of DsT NCs (≈54%) was about 
3-fold higher than that of RCDsT NCs (≈19%) at 90 s, indicating 
the remarkably stronger diffusive capability of RCDsT NCs, 
which could be ascribed to their negatively charged surfaces 
that prevented adsorption of negatively charged mucin glyco-
proteins (Figure 4D). In support of such hypothesis, the inter-
actions between NCs and mucin glycoproteins were explored 
using the mucin aggregation assay.[29] About 70–95% of mucin 
glycoproteins aggregated with DsT NCs at all tested mucin con-
centrations, while in comparison, a dramatically lower amount 
of mucin glycoproteins (30–45%) aggregated with RCDsT NCs 
(Figure  4E). These results thus collectively substantiated that 
the RC coating on the binary DsT NCs reduced the adsorption 
of mucin glycoproteins by transforming the surface charge 
of NCs from positive to negative, which thus facilitated the 
diffusion of RCDsT NCs in the mucus layer.

The trans-mucus delivery efficiency of NCs was then evalu-
ated in vitro in the air-interfaced culture (AIC) of Calu-3 cells, a 
well-established model of bronchial epithelia that forms dense 
cell monolayer framework with sufficient secreted mucus.[50] 
Cy3-siRNA was used to form DsT NCs and RCDsT NCs, and 
their transport levels across cell monolayers were represented 
by the apparent permeability coefficient (Papp) of Cy3-siRNA. 
The Papp of Cy3-siRNA in RCDsT NCs was almost seven-
fold higher than that of Cy3-siRNA in DsT NCs, indicating 
stronger trans-mucus and trans-epithelial delivery efficiency 
of the RCDsT NCs (Figure 4F). The TEER values of Calu-3 cell 
monolayers before addition of DsT NCs and RCDsT NCs were 
738.0 ± 25.9 and 780.3 ± 24.7 Ω·cm2 (n = 3), respectively, and 
they showed no significant change after the 4-h transport study 
(750 ± 17.8 and 784.2 ± 35.0 Ω·cm2, n =3). Such a result indi-
cated that the monolayers remained intact after exposure to 
NCs. Moreover, RCDsT NCs that had been transported across 
the Calu-3 cell monolayers were collected and used to transfect 
MH-S cells. As shown in Figure S16, Supporting Information, 
there was no significant difference between freshly prepared 
NCs and the transported NCs, indicating that the transported 
NCs could still maintain their transfection capability. Further-
more, CLSM was utilized to observe the mucus penetration 
behavior of NCs in vivo after intratracheal administration. The 
red fluorescence of Cy3-siRNA in DsT NCs was mainly distrib-
uted over the side of goblet cells, indicating entrapment of the 
positively charged DsT NCs in the mucus layer lining above the 
epithelia. In obvious contrast, majority of the RCDsT NCs were 
distributed into deeper regions of lung tissues (Figure  4G). 
It thus demonstrated that the RCDsT NCs afforded potent 
trans-mucus delivery properties, mainly benefiting from their 
negatively charged surfaces. In consistence with such finding, 
ex vivo imaging of major organs further revealed that the 
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biodistribution levels of Cy5-siRNA-containing RCDsT NCs 
in lung tissues were notably higher than those of Cy5-siRNA-
containing DsT NCs at 4 h post intratracheal administration 
(Figure S17, Supporting Information). It again indicated that 
the negatively charged RCDsT NCs could effectively penetrate 
the mucus layer and distribute into lung tissues, while the posi-
tively charged DsT NCs could be trapped by the mucus layer 
and get eliminated along with the fast mucus turn-over. At 24 h 
post-administration, distribution of NCs in the liver and kidney 
was noted, which may be related to their elimination from the 
body via biliary and/or urinary excretion.

2.5. Gene Silencing Efficiency and Anti-inflammatory Efficacy 
of NCs Against Cytokine Storm In Vivo

The gene knockdown efficiency and anti-inflammatory effi-
cacy of intratracheally administered NCs were evaluated in 
LPS-induced ALI mice. The TNF-α mRNA levels in lung tissues 
were first monitored (Figure 5A). PCDsT NCs significantly out-
performed DsT NCs in terms of the TNF-α silencing efficiency, 
demonstrating that the negatively charged NCs facilitated the 
mucus permeation to consequently potentiate the in vivo gene 
silencing in inflamed lung tissues. PCDsT NCs with the charge 

Figure 4. RCDsT NCs mediate potent mucus penetration in vitro and in vivo. A) Representative trajectories of Cy3-siRNA-containing DsT NCs and 
RCDsT NCs in the CF mucus during the 20-s movies. B) The mean square displacements (<MSD>) of individual NCs as a function of the time scale. 
C) Distribution of the logarithmic effective diffusivities (Log10 (Deff)) of individual NCs (n > 100 NCs per experiment). D) Representative images of Cy3-
siRNA-containing DsT NCs and RCDsT NCs in mucin solution (0.3%, w/v) upon photobleaching for different time (scale bar = 40 µm). The intensity 
mean values represent the fluorescence intensity in the irradiated region (within yellow circle). E) The percentage of Cy3-siRNA-containing DsT NCs 
or RCDsT NCs that formed aggregates with mucin glycoproteins at different mucin concentrations (n = 3). The total amount of Cy3-siRNA served as 
100%. F) Papp of Cy3-siRNA across the AIC model after incubation with Cy3-siRNA-containing DsT NCs or RCDsT NCs for 6 h (n = 3). G) Distribution 
of Cy3-siRNA-containing DsT NCs and RCDsT NCs in lung epithelial tissues following intratracheal administration. Cell nuclei are stained with DAPI 
(scale bar = 25 µm).
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reversal capability also provoked higher silencing efficiency 
(≈60%) than RGDsT NCs (≈45%) that lacked the reversal capa-
bility, which further proved that the surface charge reversal of 
NCs in response to the mild acidity in the inflamed lung tis-
sues could essentially potentiate TNF-α silencing by promoting 
cellular internalization. Moreover, RCDsT NCs achieved the 
highest TNF-α mRNA knockdown level (≈80%), significantly 
outperforming the RCDsC NCs (≈22%, with acid-activated 
RBP) and PCDsT NCs (≈59%, with siTNF-α), demonstrating 
the cooperative anti-inflammatory effect of the acid-activated 
RBP and intracellularly delivered siTNF-α. Similar trend 
was also noted at the TNF-α protein level in the lung tissues 
(Figure 5B,C) as well as in bronchoalveolar lavage fluid (BALF, 
Figure 5D) as determined by ELISA and Western blot analyses. 
Moreover, the myeloperoxidase (MPO) level in lung tissues 
was notably decreased following intratracheal administration 
of NCs, wherein the RCDsT NCs provoked the highest inhibi-
tion rate of ≈70% among all tested NCs (Figure 5E). MPO as an 
inflammation-related enzyme is abundant in neutrophils and 
macrophages, and MPO inhibition correlates to the ameliora-
tion of the inflammatory cascade.[51,52] These results collectively 
demonstrated that RCDsT NCs were able to realize potent and 
cooperative anti-inflammatory outcomes following intratra-
cheal administration, as a consequence of their capabilities to 
efficiently penetrate the mucus layer, undergo charge reversal, 
and RBP re-activation in the mildly acidic environment of 
inflamed lung tissues, and finally provoke TNF-α silencing.

During the cytokine storm, pro-inflammatory cytokines 
such as TNF-α, IL-1β, IL-6, and interleukin-8 (IL-8) serve to 
activate neutrophils and lymphocytes, increase the perme-
ability of vascular endothelial cells, regulate the metabolic 
activity of other tissues, and promote the synthesis and release 
of other cytokines.[2,3] Chemokines, such as chemokine (CC 
motif ) ligand 5 (CCL5) and monocyte chemotactic protein 1 
(MCP-1), display specific chemotactic activities that allow 
monocytes and macrophages to migrate from blood ves-
sels into the inflamed lesion.[53,54] Interferons, including 
interferon-γ (IFN-γ) and interferon-β (IFN-β), also play essen-
tial roles as biological response modifiers during uncontrolled 
inflammation.[2] The pro-inflammatory cytokine/chemokine-
related feed-forward inflammatory circuit would result in 
the escalation of cytokine storm.[2,3] Herein, in accordance 
with the down-regulation of TNF-α, a spectrum of these pro-
inflammatory cytokines/chemokines, including IL-1β, IL-6, 
IL-8, IFN-γ, IFN-β, CCL5, MCP-1, as well as macrophage 
inflammatory protein 1 (MIP-1), and IFN-γ-induced protein 
10 (IP-10), was notably down-regulated following intratracheal 
administration of NCs, not only in lung but also in liver and 
kidney. Consistently, RCDsT NCs provoked the highest inhi-
bition rate among all tested NCs (Figure  5F). Such findings, 
therefore, demonstrated that the RCDsT NCs could efficiently 
mitigate the pulmonary and systemic cytokine storm during 
ALI via the cooperative anti-inflammatory effect between 
siTNF-α and RBP.

Figure 5. RCDsT NCs mediate potent gene knockdown efficacy against ALI to relieve fulminant cytokine storm. Relative TNF-α mRNA levels (A) and 
TNF-α protein levels in lung tissues (B) as determined by real-time PCR and ELISA, respectively (n = 6). C) Western blot analysis of TNF-α levels in lung 
tissues. D) TNF-α protein levels in BALF (n = 6). E) MPO level in lung tissues (n = 6). F) Heatmap of the inflammatory cytokine/chemokine (TNF-α, 
IL-6, IL-8, IL-1β, IFN-γ, IFN-β, CCL5, MCP-1, MIP-1, and IP-10) levels in lung, liver, and kidney. LPS (1 mg mL−1, 50 µL) is intratracheally injected into 
mice to induce ALI. 2 h later, PBS or various NCs are intratracheally administered at 150 µg siRNA/kg and 6 mg RC (or RG)/kg. Normal mice without 
LPS challenge or NCs treatment served as the control. All the above assessments are performed after another 22 h.
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2.6. Recovery of Pulmonary Functions

The capabilities of NCs to attenuate pulmonary pathology and 
recover ventilation functions were finally evaluated. Increased 
permeability of the alveolar-capillary barrier is an indicator of 
ALI, leading to elevated total cell count and protein concentra-
tion in the BALF.[26] Pulmonary edema is another important 
feature of ALI, which could be represented by the enhanced 
wet/dry weight ratio.[55] Impaired ventilation is the fatal out-
come of ALI, as exemplified by the decreased oxygen pres-
sure (PaO2), increased carbon dioxide pressure (PaCO2), and 
acidification in the arterial blood.[1] These pathological symp-
toms were clearly noted in LPS-challenged mice (Figure 6A–F), 
indicating inflammation-induced loss of pulmonary functions 
and impairment of arterial oxygenation. However, after intratra-
cheal administration of RCDsT NCs, the total cell count and 
protein level in the BALF, the wet/dry weight ratio of lung tis-
sues, and pH, PaO2, and PaCO2 in the arterial blood almost 
completely recovered to the normal levels of mice without 
LPS challenge, substantiating the potency of RCDsT NCs in 
restoring pulmonary functions. These findings were further 
supported by the histological analysis of lung tissues using 
hematoxylin/eosin (HE) staining, wherein the LPS-induced 
interstitial edema, destruction of alveolar structure, and thick-
ening of the alveolar wall showed remarkable remission after 
intratracheal administration of RCDsT NCs (Figure 6G). More-
over, when normal mice were intratracheally injected with 

RCDsT NCs, no histological abnormality was noted in HE-
stained major organ sections (Figure S18, Supporting Informa-
tion), indicating unappreciable systemic toxicity of the NCs.

3. Conclusion

In conclusion, we herein presented the first example of 
trans-mucus siRNA delivery system based on inflammation-
instructed charge reversal and surface shedding. RC, an ani-
onic and acid-sheddable pro-peptide of RBP, was designed to 
coat the DsT NCs and neutralize the positive surface charges, 
therefore allowing the NCs to efficiently penetrate the mucus 
layer upon intratracheal administration. In the alveolar spaces 
with mild acidity, RC transformed back to the native RBP and 
then shed off to re-expose the positively charged DsT NCs, 
thereby enabling efficient TNF-α silencing in inflamed lung 
tissues. As such, siTNF-α and RBP cooperated to alleviate the 
cytokine storm during ALI. This study, therefore, provides an 
effective approach for pulmonary siRNA delivery by harmo-
nizing the mucus and cell membrane barriers that used to 
pose conflicting requirements for materials design. With the 
potent anti-inflammatory efficacy demonstrated herein, the cur-
rent study also affords a new tool in the fight against uncon-
trolled inflammation during severe pneumonia. Considering 
that various functional PAMAM-based gene delivery systems 
have been developed to reinforce the transfection efficiencies 

Figure 6. RCDsT NCs mediate potent anti-inflammatory efficacy against ALI to recover ventilation functions. Total protein level (A) and total cell count 
(B) in BALF (n = 6). C) The lung wet/dry weight ratios (n = 6). pH (D), PaO2 (E), and PaCO2 (F) in the arterial blood (n = 6). G) HE-stained lung sec-
tions (scale bar = 200 µm). LPS (1 mg mL−1, 50 µL) is intratracheally injected into mice to induce ALI. 2 h later, PBS or various NCs (PCDsT, RCDsC, 
and RCDsT, w/w/w = 40/5/1) are intratracheally administered at 150 µg siRNA/kg and 6 mg RC/kg. Normal mice without LPS challenge or NCs treat-
ment served as the control. All the above assessments are performed after another 22 h.
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in mammalian cells,[56–58] future studies on the structural opti-
mization of DPLL are highly desired to strengthen the gene 
silencing efficiency of the RCDsT NCs.

4. Experiment Section
Materials, Cells, and Animals: All chemicals were purchased from 

Aladdin (Shanghai, China) or Energy Chemical (Shanghai, China) 
unless otherwise specified. RBP was synthesized by Top-Peptide 
Biotechnology (Nanjing, China), and its amino acid sequence 
was KLKEKYEKDIAAYRAKGKPDAAKKGVVKAEKSKKKKEC. The 
G3-PAMAM with 32 terminal primary amines was purchased from 
Chenyuan Molecular New Material Co. LTD (Weihai, China). zLL-NCA 
was synthesized according to reported procedures.[47] siTNF-α, 
siNC with scrambled sequence, and primers were purchased from 
GenePharma (Shanghai, China), and their sequences were shown in 
Tables S2 and S3, Supporting Information. LPS (from Escherichia coli 
0111:B4) was purchased from Sigma-Aldrich (St. Louis, MO, US). DAPI 
and Hoechst 33 258 were purchased from Beyotime (Shanghai, China). 
Lysotracker Red was purchased from Invitrogen (Shanghai, China).  
Porcine mucin was purchased from Meilun Biotech (Dalian, 
China). Primary antibodies were purchased from Abcam (Shanghai, 
China), and secondary antibodies were purchased from Beyotime 
(Shanghai, China). ELISA kits (TNF-α, IL-6, IL-8, IL-1β, IFN-γ, IFN-β, 
CCL5, MCP-1, MIP-1, and IP-10) were purchased from Enzyme-linked 
Biotechnology Co., Ltd. (Shanghai, China). MPO detection kit was 
purchased from eBioscience (San Diego, CA, USA). RAW 264.7 (mouse 
monocyte macrophage), MH-S (mouse alveolar macrophages), and 
Calu-3 (human lung adenocarcinoma) cells were purchased from the 
American Type Culture Collection and cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS). Male Balb/c mice (6–8 weeks) 
were obtained from Shanghai Slaccas Experimental Animal Co., Ltd. 
and were housed in a clean room, six to a cage. Animal experiments 
were conducted following protocols approved by Soochow University 
Laboratory Animal Center, China. The approval number for the laboratory 
is SYXK(Su)2017-0043.

Synthesis of DPLL: In the glovebox, zLL-NCA (720  mg, 2.37  mmol) 
was dissolved in N,N-dimethylformamide (DMF, 5 mL), and a solution 
of G3-PAMAM in DMF (20 mg mL−1, 250 µL, 0.024 mmol) was added. 
The mixture was stirred at room temperature for 3 d. The solution was 
precipitated from diethyl ether (60 mL), and the white solid was collected 
by centrifugation and dried under vacuum. The white powder (600 mg) 
was dissolved in a mixture of trifluoroacetic acid (TFA, 200  mL) and 
hydrobromic acid/acetic acid (v/v = 2/1, 4  mL). The reaction mixture 
was stirred at room temperature for 4 h, followed by precipitation using 
diethyl ether (60 mL). The product was dialyzed against distilled water 
(MWCO = 1000 Da) for 3 d and lyophilized to obtain DPLL as white solid 
(565 mg, yield 78%).

Synthesis and Characterization of RG and RC: RBP solution (10 mg mL−1, 
2  mL, 7.5  µmol lysine residue) was adjusted to pH 8.5 using NaOH 
solution (1 M). The solution of CA (23.4 mg mL−1 in water, pH 8.5, 1 mL, 
2 equiv. of lysine residues in RBP) was slowly added, and the pH was 
maintained at 8.5. The mixture was stirred at room temperature for 12 h. 
The resulting mixture was dialyzed (MWCO = 1000 Da) against NaOH 
solution (pH 8–9) for 12 h and then lyophilized to obtain RC as yellow 
powder. RG was prepared using the same procedure as RC, where the 
CA solution was replaced by the glutaric anhydride solution.

The molecular weights (MWs) of RC and RG were determined by 
MALDI-TOF, and their zeta potentials at pH 7.4 or 6.8 were monitored by 
Zetasizer Nano ZS90 (Malvern, UK). The graft ratio (%) of CA (or GA) 
was calculated from the Nave/Ntot, where Nave is the average number of 
CA (or GA) conjugated onto RBP and Ntot is the total number of lysine 
residues in RBP. The bioactivity of RC and RG was determined as follows. 
RAW 264.7 cells were seeded on 96-well plates (1 × 104 cells per well) and 
incubated for 24 h before cell confluence reached ≈70%. Cells were then 
incubated with RC, RG, or RBP at different final concentrations (50, 100, 

200, 300, and 400  ng µL−1) in opti-MEM (pH 6.8) in the presence of 
LPS (0.75 ng µL−1, 1 µL) for 24 h. The TNF-α level in the medium was 
determined by ELISA, and results were denoted as the percentage TNF-α 
level of control cells that did not receive peptide treatment.

Synthesis and Characterization of poly-L-Lysine (PLL) and PLL-cis-
Aconitic Amide (PC): PLL was synthesized using the same procedure 
as DPLL, wherein the G3-PAMAM solution in DMF was replaced by a 
solution of hexamethyldisilazane in DMF. Aqueous solution of PLL 
(10 mg mL−1, 2 mL, 0.14 mmol) was adjusted to pH 8.5 using the NaOH 
solution (1 M). cis-Aconitic anhydride (22 mg/mL in water, pH 8.5, 2 mL, 
0.28 mmol) was slowly added, and the pH was maintained at 8.5. The 
mixture was stirred at room temperature for 12 h. The resulting mixture 
was dialyzed (MWCO = 1000  Da) against NaOH aqueous solution  
(pH 8–9) for 12 h and then lyophilized to obtain PC as yellow powder. Its 
zeta potentials at pH 7.4 or 6.8 were determined by Zetasizer Nano ZS90.

Preparation and Characterization of DsT NCs and RCDsT NCs: For 
the preparation of binary NCs, DPLL and siTNF-α were separately 
dissolved in DEPC water (pH 7.4) at 0.5 and 0.1  mg mL−1. DPLL 
solution was then added to siTNF-α solution at different weight ratios 
(DPLL/siTNF-α = 0.5/1, 1/1, 2/1, 5/1, 10/1, 15/1, and 20/1). The mixtures 
were vortexed for 5 s and incubated at 37 °C for 30  min to allow NCs 
formation. For the preparation of ternary NCs, RC was dissolved in DEPC 
water (pH 7.4) at 10 mg mL−1 and added to freshly prepared DsT NCs 
(DPLL/siTNF-α = 5/1, w/w) at different weight ratios (RC/siTNF-α = 1/1, 
2/1, 5/1, 10/1, 20/1, 30/1, and 40/1). The mixtures were vortexed for 5 s 
and incubated at 37 °C for 30  min. To evaluate siTNF-α condensation 
in NCs, freshly prepared NCs were subjected to electrophoresis on 2% 
agarose gel at 90  V for 20  min. The diameters and zeta potentials of 
NCs were detected by Zetasizer Nano ZS90. The morphology of DsT 
NCs (w/w = 5/1) and RCDsT NCs (w/w/w = 40/5/1) were observed by 
transmission electron microscopy (TEM, TECNAI G2, FEI, US). NCs 
comprised of the negative control siNC or the non-responsive RG were 
similarly prepared, and the abbreviations for all tested NCs were listed in 
Table S1, Supporting Information.

Evaluation of the Stability of RCDsT NCs in CF Sputum: CF sputum 
was obtained from CF patients of the Second Affiliated Hospital of 
Soochow University, and was diluted with PBS for 20 folds before use. 
RCDsT NCs (w/w/w = 40/5/1) were prepared as described above. NCs 
(10 µL) were mixed with CF sputum (10 µL) and incubated at 37 °C for 
different time before being subjected to electrophoresis in 2% agarose 
gel at 90 V for 20 min.

Evaluation of the pH-Sensitivity of RCDsT NCs: RCDsT NCs 
(w/w/w = 40/5/1) were prepared as described above. Zeta potentials of 
NCs were determined at different time points following incubation at pH 
6.8 or 7.4. The non-responsive RGDsT NCs were used as the control. The 
FRET assay was also employed to detect the formation and acid-induced 
dissociation of RCDsT NCs comprised of Cy3-siRNA and Cy5-RC. The 
freshly prepared RCDsT NCs (w/w/w = 40/5/1) were incubated at pH 6.8 
or 7.4 for 30  min, and then the fluorescence spectrum was recorded 
between 550 and 750  nm with an excitation wavelength at 543  nm. 
The fluorescence recovery of the donor (Cy3) was used to monitor the 
dissociation of NCs. The non-responsive RGDsT NCs were used as the 
control.

Cell Uptake: RAW 264.7 cells were seeded on 96-well plates (1 × 104 
cells per well) and incubated for 24 h before cell confluence reached 
≈70%. Cells were then incubated with RGDsT NCs or RCDsT NCs 
(w/w/w = 40/5/1) containing FAM-siRNA at 2  µg FAM-siRNA/mL in 
opti-MEM (pH 6.8 or 7.4) for 4 h. Cells were then washed with cold PBS 
containing heparin (20 U mL−1) three times and lysed with the RIPA lysis 
buffer (100 µL well−1). FAM-siRNA content in the lysate was monitored 
by spectrofluorimetry (λex/λem  = 492/518  nm) and protein level was 
quantified using the BCA kit. Uptake level was expressed as µg FAM-
siRNA associated with 1 mg of cellular protein. The cell uptake of NCs 
was also evaluated by flow cytometric analysis using similar method.

Intracellular Kinetics: RAW 264.7 cells were seeded on 24-well plates  
(3 × 104 cells per well) and incubated for 24 h before cell confluence 
reached ≈50%. Cells were then incubated with RGDsT NCs or RCDsT 
NCs (w/w/w = 40/5/1) comprised of FAM-siRNA and Cy5-RC (or Cy5-RG) 
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at 5 µg FAM-siRNA/mL in opti-MEM (pH 6.8 or 7.4) for 4 h. Cells were 
then washed with cold PBS containing heparin (20 U mL−1) three times 
and observed by CLSM. In another study, RAW 264.7 cells on 24-well 
plates were incubated with RCDsT NCs (w/w/w = 40/5/1) containing 
FAM-siRNA at 5 µg FAM-siRNA/mL in opti-MEM (pH 6.8) for 2 and 4 h.  
Cells were then washed with cold PBS containing heparin (20 U mL−1) 
three times, stained with Hoechst 33  258 (5  µg mL−1) for 30  min and 
Lysotracker Red (200 nM) for 1 h, and observed by CLSM.

In Vitro TNF-α Knockdown Efficiency in Macrophages: RAW 264.7 cells 
were seeded on 96-well plates (1 × 104 cells per well) and incubated 
for 24 h before cell confluence reached ≈70%. Cells were then treated 
with different NCs, including RGDsC, RCDsC, DsT, or RCDsT 
(w/w = 5/1 for binary NCs and w/w/w = 40/5/1 for ternary NCs), in opti-MEM  
(pH 6.8) for 4 h at 1 µg siRNA/mL. The medium was then replaced by 
fresh medium containing 10% FBS, and cells were further cultured for 
another 20 h before challenge with LPS (7.5 ng mL−1) for 5 h. The TNF-α  
level in the medium was determined by ELISA, and the knockdown 
efficiency was denoted as the percentage TNF-α level of control cells 
that did not receive NCs treatment. To further explore the pH-dependent 
gene silencing efficiency, RAW 264.7 cells on 96-well plates were treated 
with various NCs (RGDsC, RCDsC, PCDsT, RGDsT, and RCDsT) at 1 µg 
siRNA/mL in opti-MEM (pH 6.8 or 7.4) for 4 h. The medium was then 
replaced by fresh medium containing 10% FBS, and cells were further 
cultured for another 20 h before challenge with LPS (7.5  ng mL−1) for 
5 h. The TNF-α level was determined by ELISA as described above. In 
addition, the TNF-α mRNA levels in RAW 264.7 or MH-S cells following 
NCs treatment as described above were determined by real-time PCR at 
5 h post LPS challenge.

Cytotoxicity: RAW 264.7 cells were seeded on 96-well plates  
(1 × 104 cells per well) and incubated for 24 h before cell confluence 
reached ≈70%. Cells were then treated with DsT NCs and RCDsT NCs 
(RC/siTNF-α  = 40/1, w/w) with various DPLL concentrations at 1  µg 
siTNF-α/mL in opti-MEM for 4 h. The medium was replaced by DMEM 
containing 10% FBS, and cells were further incubated for 20 h before 
assessment of cell viability by the MTT assay. Results were presented as 
percentage viability of control cells that did not receive treatment with 
NCs. The cytotoxicities of DsT NCs and RCDsT NCs in MH-S cells were 
determined by the MTT assay using the same method.

MPT in CF Mucus: [35]CF sputum from patients was diluted with PBS 
for 20 folds. Cy3-siRNA-containing DsT NCs (w/w = 5/1) and RCDsT 
NCs (w/w/w = 40/5/1) with 2 µg Cy3-siRNA were prepared as described 
above. NCs (20 µL) were mixed with CF sputum (300 µL) and transferred 
to custom-made microwells (400 µL) after 30-min equilibrium at 37 °C. 
20-s movies at 66.7 ms temporal resolution were acquired by an Evolve 
512 EMCCD camera (Photometrics, Tucson, AZ) equipped on an inverted 
epifluorescence microscope (Observer Z1, Zeiss; Thornwood, NY) with 
a 100 × 1.4 NA objective. Imaris software was used for the analysis of 
Brownian movement, and the track of individual NCs was expressed in 
the form of mean square displacements <MSD> as a function of time 
scale (τ). Moreover, the distributions of effective diffusivities (Deff) were 
also counted.

Photobleaching Study: [49]Cy3-siRNA-containing DsT NCs (w/w = 5/1) 
and RCDsT NCs (w/w/w = 40/5/1) with 2  µg Cy3-siRNA were mixed 
with mucin solution (0.3% in saline, w/v, 2  mL) as described above. 
The mixtures were transferred to custom-made microwells (400  µL) 
after 30-min equilibrium at 37 °C, and observed by an Evolve 512 
EMCCD camera (Photometrics, Tucson, AZ) equipped on an inverted 
epifluorescence microscope (Observer Z1, Zeiss; Thornwood, NY) with 
a 100 × 1.4 NA objective. Photobleaching was performed in a circular 
region using the laser beam at 100% laser power and the intensity in the 
circular region was detected at different time points.

Mucin Aggregation Study: [59]For the measurement of NCs-mucin 
interaction, Cy3-siRNA-containing DsT NCs (w/w = 5/1) and RCDsT 
NCs (w/w/w = 40/5/1) with 2 µg Cy3-siRNA were prepared as described 
above. NCs (20  µL) were mixed with mucin solution (0.1%, 0.3%, or 
0.5% in saline, w/v, 2 mL), vortexed, and incubated at 37 °C for 30 min 
in a shaker. The mixture was centrifuged at 1500 rpm for 2 min and the 
precipitates were washed twice with PBS. Then, the precipitates were 

treated with NaOH (5 M, 200  µL) for 10  min, and the fluorescence 
intensity was measured (λex/λem = 550/565 nm).

In Vitro Permeation Across Calu-3 Cell Monolayers: AIC of Calu-3 cells, 
a well-established in vitro model of bronchial epithelia with secreted 
mucus layer,[49] was adopted to evaluate the trans-mucus/trans-epithelia 
penetration of NCs. Briefly, Calu-3 cells were seeded on Transwells 
(0.33 cm2, pore size of 3.0  µm, Corning, NY) at 5 × 105 cell cm−2 and 
cultured for 14 d. The TEER value was daily measured during days 7 to 
14. The medium in the apical compartment was removed on day 4 while 
the medium in the basolateral side was refreshed every day. When the 
TEER value reached 700 Ω·cm2 (usually within 14 d), the cell monolayers 
were used for the permeation studies. Hank’s balanced salt solution 
(HBSS, 500  µL) containing 1% BSA was added to the basolateral 
side, and Cy3-siRNA-containing DsT NCs (w/w = 5/1) and RCDsT 
NCs (w/w/w = 40/5/1) with 6  µg Cy3-siRNA were added to the apical 
side in HBSS (200  µL) containing 1% BSA. After incubation at 37 °C  
for 6 h, the medium in the basolateral side was harvested, and 
the amount of Cy3-siRNA was determined by spectrofluorimetry 
(λex/λem  = 550/565  nm). The penetrating capabilities of the NCs were 
represented by the Papp using the equation of Papp = Q/Act, where Q is 
the amount of permeated Cy3-siRNA (ng), A is the diffusion area of the 
cell monolayers (cm2), c is the initial concentration of Cy3-siRNA at the 
apical side (ng cm−3), and t is the transport time (s).

To determine the transfection capabilities of RCDsT NCs following 
transport across Calu-3 cell monolayers, RCDsT NCs were incubated 
with cell monolayers for 4 h as described above. The medium in the 
basolateral side was harvested and was used to treat RAW 264.7 cells 
as described above at pH 6.8 and 1  µg siRNA/mL followed by LPS 
challenge. The TNF-α mRNA levels in RAW 264.7 cells were determined 
by real-time PCR, and freshly prepared RCDsT NCs before the transport 
study were used as the control.

In Vivo Mucus Penetration and Pulmonary Distribution: Male Balb/c mice 
were intratracheally injected with LPS solution (1 mg/mL in saline, 50 µL) 
to induce ALI. At 2 h post LPS challenge, DsT NCs (w/w = 5/1, 20 µL)  
and RCDsT NCs (w/w/w = 40/5/1, 20  µL) containing Cy3-siRNA were 
intratracheally injected at 150 µg Cy3-siRNA/kg. 1 h later, animals were 
sacrificed and lung tissues were collected, washed with PBS, embedded 
in OCT, cryo-sectioned at 10-µm thickness, stained with DAPI for 10 min, 
and observed by CLSM.

Biodistribution Analysis: Male Balb/c mice were randomly divided into 
three groups (six mice per group), and were intratracheally injected with 
LPS solution (1  mg mL−1 in saline, 50  µL) to induce ALI. At 2 h post 
LPS challenge, DsT NCs (w/w = 5/1, 20 µL) and RCDsT NCs (w/w/w = 
40/5/1, 20 µL) containing Cy5-siRNA were intratracheally administered at 
150 µg siRNA/kg and 6 mg RC (or RG)/kg. Mice were euthanized and the 
major organs (liver, spleen, lung, heart, kidney) were harvested at 4 and 
24 h post intratracheal administration. Isolated tissues were subjected to 
ex vivo fluorescence imaging using the Maestro in vivo optical imaging 
system (Cambridge Research and Instrumentation, Inc.).

In Vivo Gene Knockdown Efficiency: Male Balb/c mice were randomly 
divided into seven groups (six mice per group). LPS was intratracheally 
injected to induce ALI. At 2 h post LPS challenge, PBS or various 
NCs (DsT, PCDsT, RCDsC, RCDsT, and RGDsT, w/w = 5/1 for binary 
NCs and w/w/w = 40/5/1 for ternary NCs, 20  µL) were intratracheally 
administered at 150  µg siRNA/kg and 6  mg RC (or RG)/kg. Normal 
mice without LPS challenge and NCs treatment served as the control. 
Animals were sacrificed at 22 h post-administration of NCs, and lung 
tissues were harvested and washed with PBS. The obtained lung tissues 
were homogenized using the Trizol reagent to collect total RNA, and 
the TNF-α mRNA level was determined by real-time PCR. The lung 
tissues were also homogenized using the passive lysis buffer containing 
protease inhibitor. The homogenate was centrifuged at 15 000 rpm and 
4 °C for 10 min, and the supernatant was subjected to the determination 
of TNF-α level using ELISA kits. The TNF-α level in lung tissues was 
also monitored by Western blot analysis. In particular, the collected lung 
tissues were homogenized in passive lysis buffer and centrifuged at 
15 000 rpm and 4 °C for 10 min. The Western blot assay was carried out 
by fractionating the supernatant on SDS-PAGE, blotting to nitrocellulose 
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membranes, blocking with 5% non-fat dry milk in 1 × TBS containing 1% 
Tween 20 for 1 h, incubating with primary antibodies overnight at 4 °C,  
incubating with secondary antibody, and analyzing by an enhanced 
chemiluminescence detection system. The concentrations of each 
antibody used were 1:1000 (anti-TNF-α), 1:1000 (anti-GAPDH), and 1:500 
(secondary antibody).

Anti-Inflammatory Efficacy against Cytokine Storm In Vivo: Male 
Balb/c mice were randomly divided into five groups (six mice per 
group). LPS was intratracheally injected to induce ALI. At 2 h post 
LPS challenge, PBS or various NCs (PCDsT, RCDsC, and RCDsT, 
w/w/w = 40/5/1, 20  µL) were intratracheally administered at 150  µg 
siRNA/kg and 6  mg RC/kg. Normal mice without LPS challenge and 
NCs treatment served as the control. Animals were sacrificed at 22 h 
post-administration of NCs, and lung, liver, and kidney were harvested 
and washed with PBS. The tissues were homogenized using passive 
lysis buffer containing protease inhibitor. The homogenate was 
centrifuged at 15  000  rpm and 4 °C for 10  min, and the supernatant 
was subjected to quantification of inflammatory cytokine/chemokine 
levels using ELISA kits, including IL-8, IL-6, IL-1β, IFN-γ, IFN-β, CCL5, 
MCP-1, MIP-1, and IP-10.

BALF Collection and Analysis: [26]The BALF was collected at 22 h 
post-NCs administration, and it was centrifuged at 15  000  rpm and 
4 °C for 10  min. The supernatant was collected and subjected to the 
measurement of TNF-α level using the ELISA kit and total protein level 
using the BCA kit. The cell pellets were re-suspended in PBS to allow for 
total cell counting.

MPO Levels in Lung Tissues: [26]MPO level in the lung tissues was also 
measured to indicate neutrophil recruitment. Briefly, lung tissues were 
collected at 22 h post-NCs administration and homogenized with the 
passive lysis buffer. The homogenate was centrifuged at 15  000  rpm 
and 4 °C for 10  min before quantification of the MPO activity in the 
supernatant using the MPO mouse ELISA kit.

Measurement of Wet/Dry Weight Ratio of Lung Tissues: [55]The water 
content in the lung tissues was determined by calculating the wet/
dry weight ratio. The lung tissues were collected at 22 h post-NCs 
administration, washed with PBS, and weighed to obtain the “wet” 
weight. The lung tissues were then dried at 80 °C for 72 h to obtain the 
“dry” weight, and the wet/dry weight ratio was accordingly calculated.

Blood Gas Analysis: Blood samples were obtained from the arterial 
carotids at 22 h post-NCs administration, and were directly subjected 
to the measurement of PaO2, PaCO2, and pH by using the blood-gas 
analyzer (Radiometer, Shanghai, China).

Histological Assessment: The lung tissues were harvested at 22 h 
post intratracheal administration of NCs, fixed in 10% neutral buffered 
formalin, embedded in paraffin, sectioned at 8-µm thickness, and stained 
with HE before histological observation using optical microscopy.

Biocompatibility Assessment: RCDsT NCs (40/5/1, 20  µL) were 
intratracheally injected into normal male Balb/c mice at 150 µg siRNA/kg 
and 6 mg RC/kg. PBS was injected as the control. Mice were euthanized 
24 h later, and major organs including liver, spleen, kidney, lung, heart, 
and brain were harvested, fixed in 10% neutral buffered formalin, 
embedded in paraffin, sectioned at 8-µm thickness, and stained with HE 
before histological observation using optical microscopy.

Statistical Analysis: Data were expressed as mean ± standard deviation 
unless otherwise indicated. Statistical comparisons were made in the 
Prism software using a Student’s t-test (for two groups meeting the 
normal distribution criteria) or ANOVA with Tukey’s multiple comparison 
test (for groups across variables, with multiple comparisons between 
groups). For Student’s t-test, differences were assessed to be significant 
at *p  <  0.05 and very significant at **p  <  0.01 and ***p  <  0.001. For 
ANOVA test, differences were assessed to be significant at #p  <  0.05 
and very significant at ##p < 0.01.
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