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A B S T R A C T   

Inhaled nanoparticles (NPs) need to penetrate the bronchial mucosa to deliver drug payloads deeply in the lung 
for amplified local therapy. However, the bronchial mucociliary barrier eliminates NPs rapidly, which consid
erably limits their mucosal penetration. In this study, we find that surface ligand modification and stiffness 
adjustment of NPs contribute to the significantly enhanced bronchial mucosal absorption and pulmonary 
retention of inhaled drugs. We utilize neonatal Fc receptor ligand (FcBP) to modify the rationally designed low 
stiffness NPs (Soft-NP) and high stiffness NPs (Stiff-NP) to target bronchial mucosa. In an acute lung inflam
mation rat model, after intranasal administration with dexamethasone-loaded NPs, Stiff-NP endowed with FcBP 
displays superior therapeutic effects. The in vitro data demonstrate that the promotion effect of FcBP to bronchial 
mucosal absorption of Stiff-NP dominates over Soft-NP. This could be attributed to the higher affinity between 
ligand-receptor when incorporating FcBP on the Stiff-NP surface. Meanwhile, high stiffness modulates more actin 
filaments aggregation to mediate endocytosis, along with strengthened Ca2+ signal to enhance exocytosis. 
Conclusively, we highlight that FcBP-modified NPs with higher stiffness would be a potential pulmonary drug 
delivery system.   

1. Introduction 

Pulmonary drug delivery is a promising approach for the local 
treatment of lung diseases [1–3]. Unfortunately, drawbacks such as 
rapid clearance and short residence time of inhaled drugs severely 
restrict their efficient therapeutics [4]. The lung mainly consists of the 
trachea, bronchi, alveolar ducts, and alveolar sacs [5]. Prolonged lung 
retention of drugs requires deposition in the bronchial tree after inha
lation and penetrating the bronchial epithelium into deep lung tissue 
[6]. However, drugs are readily eliminated by the mucus and ciliated 
epithelial barriers upon reaching the bronchus [5,7]. Therefore, an ideal 
pulmonary drug delivery system requires to not only achieve bronchial 
deposition but also rapidly cross the bronchial mucosa. 

Nanocarriers have received mounting attention in pulmonary drug 
delivery, as they could improve drug stability and protect cargo from 
pH/enzyme damage on the mucosal surface [8–10]. Several studies 
indicated that the physicochemical properties of nanoparticles (NPs) 

would impact their pulmonary retention [11–13]. As reported, particle 
size is a vital factor in determining the pulmonary deposition site of 
inhaled NPs, and the size of NPs smaller than 200 nm are prone to de
posit in the bronchi [14–16]. Also, the ligand modification strategies 
have been reported to increase the pulmonary retention effect of NPs 
during recent years, which employed integrins, folate, transferrin, etc., 
as targeting ligand [17–19]. However, there are still some other issues 
that should be considered, for example, the effect of stiffness of NPs on 
the pulmonary drug delivery, the interaction between stiffness and 
ligand modification on the bronchial epithelium permeability and pul
monary retention. 

Herein, we fabricated low stiffness NPs (Soft-NP) and high stiffness 
NPs (Stiff-NP), respectively. Soft-NP and Stiff-NP with surface decorated 
with neonatal Fc receptor ligand (FcBP) to target bronchial mucosa were 
fabricated as Soft-NP-F and Stiff-NP-F. Then, the contributions of stiff
ness and ligand were investigated. The in vivo therapeutic evaluation on 
acute lung inflammation rat model showed that the anti-inflammatory 
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effect of intranasally administrated dexamethasone (Dex)-loaded NPs 
enhanced as the stiffness increased. FcBP modification strikingly pro
moted the bronchial mucosal absorption of NPs, and enabled superior 
transcytosis of Stiff-NP over Soft-NP. Further mechanism studies 
revealed that such improvements were related to actin filaments- 
mediated endocytosis and Ca2+ signals-conducted exocytosis. Taken 
together, this work advanced our understanding of the roles of stiffness 
and ligand modification on NPs in pulmonary drug delivery and pro
vided insight that FcBP-modified NPs with high stiffness would be a 
promising vehicle for delivering therapeutic agents into the lung. 

2. Results and discussion 

2.1. Higher stiffness and FcBP modification improves acute lung 
inflammation/injury therapy 

In this study, we developed lipid NPs with different stiffness by 
packaging poly (lactic-co-glycolic acid) (PLGA) NPs into the hollow lipid 
bilayers (Fig. 1A). Hollow liposomes were prepared by the film disper
sion method and referred to as Soft-NP. PLGA cores were fabricated 

using the self-emulsifying solvent evaporation method (Fig. S1). Then 
bare PLGA cores were encapsulated in liposomes to obtain Stiff-NP. The 
water layer of the lipid NPs decreased with the increased size of the 
PLGA cores (Fig. S2) thus leading to higher stiffness of NPs [20–22]. 
Besides, Soft-NP and Stiff-NP showed homogeneously spherical shapes 
(Fig. S3). 

The mechanical properties of NPs were validated using a quartz 
crystal microbalance (QCM). Changes in resonant frequency and depo
sition mass indicated the saturation of NPs over 1.5 h exposure 
(Fig. 1B–C, deep lines, and Fig. S4). The dissipation factor of Soft-NP 
(Fig. 1B, light lines) was higher than that of Stiff-NP (Fig. 1C, light 
lines), demonstrating the lower stiffness. Modeling of resonant fre
quency and dissipation factor data were used to determine the shear 
modulus of Soft-NP and Stiff-NP as 84.51 ± 5.83 KPa and 2020.47 ±
39.22 KPa, respectively (Fig. 1D), indicating variable stiffness of NPs as 
the amount of water layer changes. 

NPs were further modified with FcBP to target neonatal Fc receptor 
(FcRn) which was overexpressed in the bronchial epithelium [23,24]. 
The FcBP-modified Soft-NP and Stiff-NP were defined as Soft-NP-F and 
Stiff-NP-F, respectively. Soft-NP-F and Stiff-NP-F had similar FcBP 

Fig. 1. Fabrication and in vivo anti-inflammatory effects of nanoparticles (NPs). (A) Graphical representation of the NPs fabrication. The stiffness increased as less 
interfacial water exist. QCM analysis of Soft-NP (B) and Stiff-NP (C). The real-time monitoring for deposition of NPs to the sensor’s surface was detected by QCM. 
Dissipation factor (light lines) increased concurrently with the accumulation of NPs mass (deep lines) on QCM surfaces. (D) QCM modeling determined the shear 
modulus of NPs. ***p＜0.001. Mean ± SD, n = 3. (E) TNF-α in BALF were measured using ELISA. (F) The ROS levels in pulmonary tissues from rats with LPS-induced 
ALI and subjected to different treatments. (G) Quantitative analysis of neutrophils in pulmonary tissues of ALI rats. (H) Hematoxylin-eosin (H&E) stained patho
logical sections of lung tissues. Scale bar: 100 μm *p＜0.05, **p＜0.01, ***p＜0.001 versus model group; #p＜0.05, ##p＜0.01, ###p＜0.001 versus free Dex; $ p＜ 
0.05, $$ p＜0.01, $$$ p＜0.001 versus Soft-NP; &&& p＜0.001 versus normal; ! p＜0.05 versus Stiff-NP. Mean ± SD, n = 6. 
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modification rates (Table S1). FcBP-modified NPs also showed homo
geneously spherical shapes (Fig. S5). All FcBP-modified NPs (FcBP NP) 
and unmodified NPs (PEG NP) exhibited similar sizes of 100–150 nm 
with negative surface charges (Fig. S6). The colloidal stability results 
showed that all NPs remained stable in rat bronchoalveolar lavage fluid 
(BALF) for 12 h with negligible size variations (Fig. S7). 

To investigate the influence of stiffness and FcBP modification on the 
therapeutic efficacy of acute lung inflammation/injury (ALI), we intra
nasally dosed lipopolysaccharide (LPS)-challenged rats with free dexa
methasone (Dex) or Dex-loaded NPs. We prepared Dex-loaded NPs with 
similar diameters and drug loading (Table S2). The FcBP modification 
and Dex loading did not significantly influence Young’s modulus of NPs 
(Fig. S8). All Dex-loaded NPs showed relatively sustained drug release 
(Fig. S9). The anti-inflammatory study in vitro showed that Stiff-NP-F 
significantly reduced the pro-inflammatory cytokine TNF-α level 
(Fig. S10). In the present study, administration of LPS resulted in a 
significant increase in the lung wet/dry weight ratio (Fig. S11), TNF-α 
(Fig. 1E), reactive oxygen species (ROS) level (Fig. 1F), and neutrophils 
(Fig. 1G), indicating the successful establishment of LPS induced ALI 
model. In this study, free Dex failed to significantly reduce neutrophils, 
which was consistent with previous literature and could be attributed to 
the rapid mucociliary clearance/blood absorption of inhaled cortico
steroids, thereby resulting in poor lung pharmacokinetics and short 
action duration of Dex [25,26]. In contrast, treatment with Dex-loaded 

NPs significantly relived the pulmonary inflammation, and the 
anti-inflammatory effect was further enhanced as the NPs stiffness 
increased. Interestingly, FcBP modification significantly improved the 
therapy of both NPs, and the therapeutic outcome of Stiff-NP-F to treat 
ALI was better than Soft-NP-F. These phenomena were also demon
strated by the histological analysis of lung tissues (Fig. 1H). The lung 
injury score and infiltrating cell count significantly increased in the 
model group compared to normal rat (Table S3). All these pathologic 
perturbations were significantly alleviated in the Stiff-NP-F group. 

Lung vascular permeability is another pathological hallmark of ALI 
[27]. As shown in Fig. S12, the total cell counts and protein content in 
BALF of the model group significantly increased, indicating successful 
modeling. After treatment with Dex-loaded NPs, the total cell counts and 
protein content all decreased. In particular, protein content decreased to 
an approximate normal level after treatment with Stiff-NP-F. Evans blue 
was further used to assess vascular wall permeability as it can quanti
tatively bind to plasma albumin (Fig. S13A) [28–30]. As shown in 
Fig. S13B, among all the groups, the lungs of the model group showed 
the deepest and widest blue, which was significantly alleviated after 
Dex-loaded NPs treatment. Quantitative analysis of Evans blue extrav
asation in the lungs samples further confirmed the high lung vascular 
permeability of the model rat, and the Evans blue amount decreased in 
the Dex-loaded NPs groups as NPs became stiffer and modified with 
FcBP (Fig. S13C). Stiff-NP-F treatment resulted in the lowest Evans blue 

Fig. 2. The distribution and retention of NPs in the lungs. (A) Representative images of the in vivo distribution of coumarin 6 (C6)-labeled NPs (green) in the airways 
of rats. The cell nucleus was stained with DAPI (blue). Scale bars: 20 μm. (B) Rats lungs distribution of NPs (green) at 30 min after administration. The cell nucleus 
was stained with DAPI (blue). Scale bars: 50 μm. (C) Representative images for NPs exposed lungs over time. (D) Quantitative determination of NPs in the mice lungs. 
*p＜0.05, **p＜0.01 versus free DiR, #p＜0.05 versus Soft-NP. Data represent mean ± SD (n = 3). 

Y. Yu et al.                                                                                                                                                                                                                                       



Bioactive Materials 20 (2023) 539–547

542

leakage, demonstrating the outstanding protective effects of Dex-loaded 
NPs against high vascular permeability induced by LPS. 

Collectively, we prepared lipid NPs with different stiffness and our 
results revealed two important features of stiffness and ligand in NPs- 
mediated ALI therapy: (1) without FcBP modification, the anti- 
inflammatory effect of NPs enhanced as the stiffness increased; (2) 
upon FcBP modification, the therapeutic efficacy of both NPs signifi
cantly improved, but the performance of Stiff-NP-F was significantly 
superior over that of Soft-NP-F. 

2.2. Higher stiffness and FcBP modification enhances the lungs 
distribution and retention 

Then the biodistribution of NPs in the airways and lungs was 
investigated upon intranasal administration. As shown in Fig. 2A–B, 
strong fluorescence of Stiff-NP in both rats’ bronchus and lungs were 
observed, whereas such distribution of Soft-NP was limited. Semi- 

quantification of fluorescence further demonstrated that Stiff-NP had 
higher accumulation in bronchus and lungs than Soft-NP (Fig. S14). 
Surprisingly, FcBP modification significantly improved the distribution 
of both NPs, maybe because of the over-expression of FcRn in the air
ways and lungs (Fig. S15). Thus, Stiff-NP-F exhibited the highest dis
tribution in the bronchus and lungs among all NPs. In addition, higher 
fluorescence of C6-loaded Stiff-NP-F was observed in the rat inflamed 
lung, indicating enhanced lung accumulation (Fig. S16). Besides, Stiff- 
NP-F had higher endocytosis in neutrophils than other NPs. 

Next, the retention of NPs in the lungs was measured at pre
determined time points. The results of ex vivo imaging showed that the 
mice pulmonary accumulation of DiR-loaded NPs was higher than that 
of free DiR (Fig. 2C and Fig. S17). Consistent with confocal imaging 
results (Fig. 2B), Stiff-NP demonstrated significantly enhanced lung 
accumulation (p＜0.05) compared to Soft-NP at 6 h post-administration 
(Fig. 2D). Notably, FcBP modification improved the accumulation of 
both NPs in the lungs. Importantly, Stiff-NP-F had significantly higher 

Fig. 3. Sputum penetration and endocytosis of NPs. (A) Percent amount of C6-loaded fluorescent NPs permeated through human sputum in transwells. *p＜0.05, 
versus Soft-NP. Mean ± SD, n = 3. (B) Representative trajectories of NPs at a time scale of 1 s. (C) Distributions of the logarithms of diffusion coefficient (Deff) for NPs 
at a time of 1 s. (D) Ensemble-averaged geometric mean square displacement (MSD) in human sputum by nanoparticle tracking analysis (NTA). (E) The cellular 
uptake of NPs. **p＜0.01, ***p＜0.001. Mean ± SD, n = 3. (F) Concentration-dependent binding curves of NPs. (G) Half-maximal binding concentrations. **p＜0.01 
versus Soft-NP-F. Mean ± SD (n = 3). (H) Stimulation of uptake of soft NPs by LPA. *p＜0.05, ns p＞0.05 versus control. (I) Organization of actin filaments following 
the feeding of NPs, with or without the additional incubation with LPA. Arrow was the actin cup. Scale bar: 10 μm. 
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pulmonary accumulation than the other groups (p＜0.05) at 12 h post- 
administration, indicating its prolonged residence time. Overall, these 
results showed that FcBP-modified NPs with higher stiffness could 
enhance pulmonary accumulation by utilizing the advantageous com
bination of high stiffness and FcBP ligand: (1) higher stiff NPs were more 
prone to accumulate in the lung; (2) FcBP modification could facilitate a 
higher lung distribution of both NPs; (3) stiffness modulation and ligand 
modification jointly improved pulmonary accumulation and prolonged 
residence time. 

2.3. Stiffness modulation and FcBP modification profoundly affect the 
endocytosis process 

Following the lungs distribution, in-depth studies on the process of 
bronchial epithelial transporting were conducted. The mucus penetra
tion, the first step for bronchial epithelial absorption, was investigated. 
As shown in Fig. 3A, Soft-NP exhibited higher sputum penetration effi
ciency than Stiff-NP, and FcBP modification did not significantly change 
the penetration behavior of NPs, indicating that the stiffness would 
affect the mucus penetrating capacity of NPs in cystic fibrosis (CF) 
sputum. This could be further demonstrated by the results of particle 
trajectories (Fig. 3B), diffusion coefficient (Deff, Fig. 3C), and the median 
mean-squared displacement (MSD, Fig. 3D). 

We next investigated the endocytosis of NPs on human bronchial 
epithelial Calu-3 cells, which expressed FcRn (Fig. S18). As shown in 
Fig. 3E and Fig. S19, the endocytosis of Stiff-NP was significantly higher 
than Soft-NP; after FcBP modification, the endocytosis of Stiff-NP-F 
experienced a considerable enhancement, while that of Soft-NP-F 
increased slightly. These results raised a fundamental question: which 
step in NPs endocytosis was coordinated by stiffness and ligand. 

The endocytosis of NPs through epithelial cells initially starts with 
the binding of NPs to cell membranes via ligand-receptor recognition, 
followed by internalization [31]. Thus the cellular binding was inves
tigated by incubating Calu-3 cells with the FcBP decorated NPs at 4 ◦C. 
Fig. 3F–G showed that the Stiff-NP-F had higher binding avidity than 
Soft-NP-F. 

Then, the mechanism of the endocytic pathway was explored. As 
shown in Fig. S20, clathrin-mediated endocytosis inhibitor chlorprom
azine significantly reduced the cellular uptake of Soft-NP, Stiff-NP, and 
Soft-NP-F, but not Stiff-NP-F, indicating the endocytosis of Stiff-NP-F 
was barely mediated by clathrin [32]. Moreover, the addition of lova
statin and amiloride showed that the uptake of all the NPs was related to 
caveolae-mediated endocytosis and micropinocytosis [33–35]. 

The actin cytoskeleton has been demonstrated to involve in the FcRn- 
mediated internalization as well as the response of NPs in macrophages 
to mechanical properties of NPs [36]. Thus, lysophosphatidic acid 
(LPA), an activator of several signaling pathways, was adopted to 
stimulate the actin filaments [37]. As shown in Fig. 3H, LPA incubation 
greatly stimulated the internalization of Soft-NP-F. However, Stiff-NP-F 
and PEG NP treatment upon LPA stimulation showed no changes in 
endocytosis (Fig. 3H and Fig. S21A). Actin polymerization has been 
recognized as the main force for the cells to push the leading membrane 
edge and engulf NPs [38]. Initially, an actin cup that is comprised of a 
dense actin network forms beneath the NPs. As additional actin fila
ments remodeling occurs, the actin cup transforms into an actin ring 
around the NPs, resulting in the endocytosis of both membrane and NPs 
[39–41]. To further explore the mechanism of this phenomenon, 
rhodamine-phalloidin was used to stain the actin filaments. As shown in 
Fig. 3I and Figs. S21B–C, after incubation with Soft-NP-F, cells formed 
actin filaments but failed to exhibit an intact actin cup or ring. Notably, 
actin filaments became more concentrated with observable actin cups 
upon Stiff-NP-F treatment. Interestingly, the formation of an actin cup is 
a clear indicator of the initiation of endocytosis, which was observed in 
Soft-NP-F after stimulation with LPA. A possible explanation for this 
might be that the endocytosis of Stiff-NP-F was sufficient to stimulate the 
actin reorganization for better internalization, while Soft-NP-F was 

unable to activate enough actin filaments which were required for the 
FcRn-mediated uptake. 

Collectively, Stiff-NP-F was beneficial for FcRn-mediated endocy
tosis for the following reasons: (1) Stiff-NP-F was more conducive to the 
binding of NPs onto cell membranes; (2) Stiff-NP-F could stimulate the 
actin filaments reorganization for greater internalization of NPs. 

2.4. Stiffness and FcBP modification synergistically promote exocytosis 

The exocytosis of bronchial mucosal epithelial cells to deep lung 
tissue, which is a vital step for enhancing drugs’ pulmonary residence, 
was further studied. As shown in Fig. 4A, without FcBP modification, 
Stiff-NP exhibited higher exocytosis than their soft counterpart; after 
FcBP modification, the exocytosis of FcBP NP was significantly 
enhanced and Stiff-NP-F showed higher exocytosis than Soft-NP-F. 

In the secretion pathway of NPs, after being transported by the 
endoplasmic reticulum (ER) and Golgi complex, NPs get released to the 
extracellular matrix. The confocal laser scanning microscope (CLSM) 
images and the Pearson correlation coefficients (Rr) displayed that both 
the colocalization with ER and Golgi of PEG NP increased as their 
stiffness raised (Fig. 4B–C and Fig. S22). Similarly, the colocalization 
with ER-Golgi of the FcBP NP also enhanced with their stiffness 
improved. Besides, Stiff-NP-F was more prone to be transported in ER 
secretion pathway compared with Soft-NP-F. 

To understand the underlying mechanism, we further explored 
whether NPs stiffness has an effect on the intracellular calcium (Ca2+), 
as Ca2+ is reported to participate in FcRn-mediated phagocytosis and ER 
is one of the important calcium storages [42,43]. After incubating with 
NPs, Ca2+ signals elevated in the form of transient rises or spikes (Fig. 4D 
and Fig. S23). As the NPs stiffness increased, the number of Ca2+ signal 
spikes and the concentration of Ca2+ enhanced. Interestingly, a series of 
studies suggested that ER which is filled with intracellular Ca2+ tends to 
be recruited to early endosomes (EE) and fused with EE [44,45]. As 
shown in the CLSM images of the ER-EE fusion, higher colocalization of 
EE with ER was observed in Stiff-NP-F (Fig. 4E–F), which might be 
beneficial for NPs transporting to ER secretion pathway. 

Collectively, our results confirmed the enhanced exocytosis of Stiff- 
NP-F, which might be explained by the fact that Stiff-NP-F could stim
ulate strengthed Ca2+ signal and induce the fusion of endosomes and ER, 
thereby promoting the exocytosis of Stiff-NP-F. 

3. Conclusion 

In summary, we have systematically investigated the effects of 
stiffness and ligand modification of NPs as pulmonary drug delivery 
carriers. Our results revealed that FcBP-modified NPs with higher stiff
ness exhibited extended pulmonary retention as compared with their 
soft counterpart. Impressively, in an acute lung inflammation rat model, 
after intranasal administration with dexamethasone-loaded NPs, FcBP- 
modified NPs with higher stiffness displayed superior therapeutic effi
cacy. Mechanism investigation revealed that the FcBP ligand performed 
better on stiff NPs owing to two aspects. First, the FcBP ligand on stiff 
NPs was better presented and exerted higher binding affinity towards 
the targeted receptors than on soft NPs. Second, the stiffness of NPs 
could engage stronger actin filaments aggregation and Ca2+ signal to 
enhance FcRn-mediated endocytosis and exocytosis of bronchial 
epithelium, respectively. 

4. Materials and methods 

4.1. Fabrication and characterization of nanoparticles 

PLGA core was fabricated using the self-emulsifying solvent evapo
ration method [21]. To fabricate PLGA nanoparticles (NPs), we 
employed syringe pumps to introduce 1 mg PLGA acetonitrile solution 
(15 mg/mL) into 4 mL Pluronic F68 (F68) solution (0.25 mg/mL), 
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simultaneously drying the acetonitrile with an air pump. The PLGA 
cores were subsequently encapsulated into lipid NPs by an 
ultra-sonicator (Scientz-950E, Ningbo Scientz Biotechnology Co., Ltd, 
Ningbo, Zhejiang, China). Phospholipid, cholesterol, and DSPE-PEG2000 
or DSPE-PEG2000-FcBP were dissolved in 8 mL of chloroform according 
to the molar ratio of 40:8:1. Then chloroform was removed by a rotary 
evaporator (Shanghai Science and Education Equipment Co., Ltd, 
Shanghai, China) at 38 ◦C in a vacuum to form a thin film. Trace chlo
roform was cleared by vacuum drying overnight. The dry lipid film was 
then hydrated at 38 ◦C by adding 4 mL of distilled water or PLGA NPs 
solution to obtain crude lipid NPs suspensions. The crude lipid NPs so
lutions were finally conducted via an ultra-sonicator on an ice bath at 
120 W for 3 min (duration 5 s with 5 s interruption) to obtain the 
PLGA-lipid NPs. 

The NPs hydrodynamic diameters and zeta potential were studied 

with a Zetasizer NanoZS90 instrument (Malvern Instruments Ltd., UK). 
A transmission electron microscope (TEM, Tecnai G2 F20, FEI, USA) was 
used to examine the morphology of the PLGA-lipid NPs. 

4.2. Water content studies 

To characterize the presence of water inside the NPs, we used 
Rhodamine B (RhB) to label the water layer by applying 200 μM RhB 
solution (in distilled water or PLGA NPs solution) as the hydration so
lution. After fabrication, the free RhB were separated from NPs by a 
Sephadex G50 gel size-exclusion column, and the collected NPs were 
diluted to the same concentration. The fluorescence emission spectrum 
of the NPs was measured at the excitation wavelength of 510 nm by a 
microplate reader (SynergyH1, BioTek, Vermont, USA). 

Fig. 4. The intracellular trafficking and exocytosis of NPs. (A) Exocytosis of NPs. **p＜0.01, ***p＜0.001. Mean ± SD (n = 3). The CLSM images (B) and co- 
localization (C) of NPs with ER. Blue: nucleus; red: ER; green: NPs. Scale bar: 10 μm **p＜0.01, ***p＜0.001. Mean ± SD (n = 3). (D) Time course of the 
change in Ca2+ in Calu-3 cells during endocytosis of FcBP-modified NPs. (E) The CLSM images of early endosomes and ER. Red: early endosomes; blue: ER; green: 
NPs. Scale bar: 10 μm. (F) The colocalization of early endosomes and ER. *p＜0.05, ***p＜0.001, mean ± SD (n = 3). 
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4.3. Quartz crystal microbalance 

For quartz crystal microbalance (QCM) analysis, Au sensors (Biolin 
Scientific) were modified with amino as literature [46]. In brief, Au 
QCM sensors were treated in ultraviolet for 30 min and exposed to 1 mL 
dopamine hydrochloride (0.2 mg/mL) in Tris-based buffer (10 mM, pH 
= 8.5) at 20 ◦C for 45 min. Then the Au sensors were submerged in 
polyethyleneimine (PEI, 20 mg/mL) Tris-based buffer (10 mM, pH =
8.5) at 20 ◦C for 30 min. After that, the sensors were washed with 
distilled water three times, followed by drying with nitrogen. The 
QCM-D instrument (Q-Sense Analyzer, Biolin Scientific, Gothenburg, 
Sweden) was adopted for relative determination. After heating the 
sensors to 37 ◦C, baseline measurements were obtained for the dry 
sensors and the sensors under distilled water flowing at 20 μL/min. NPs 
solution (0.5 mg/mL) was introduced to the sensors after the acquisition 
of distilled water baseline and measurements of resonant frequency and 
dissipation factor were recorded over 1.5 h, followed by 0.5 h rinsing 
with water. Modeling of raw data to obtain deposited masses and shear 
modulus was completed with QTools (Biolin Scientific). 

4.4. Ex vivo stability of NPs in rats bronchoalveolar lavage fluid 

The ex vivo stability of NPs was determined according to the litera
ture method [25]. Rats bronchoalveolar lavage fluid (BALF) was 
collected by lavaging the rat lungs six times with 1 mL of PBS, and the 
gathered fluids were merged for each animal. Subsequently, BALF 
samples collected from three rats were pooled, cells were separated by 
centrifugation (5000 rpm, 10 min), then the supernatant was collected 
and syringe-filtered (0.2 μm). The protein content of the BALF super
natant was determined by the BCA Protein Assay Kit (Beyotime Institute 
of Biotechnology, Haimen, Jiangsu, China), and diluted to 0.6 mg/mL. 
The NPs were added to BALF (1:9, v/v) and incubated at room tem
perature. At the predetermined time, the sizes of NPs were measured. 

4.5. In vivo anti-inflammatory efficacy of dexamethasone-loaded NPs 

The acute lung inflammation/injury (ALI) rat model was established 
as reported [25]. Rats were challenged twice with lipopolysaccharide 
(LPS, 5 mg/kg) at 0 and 6 h by intranasal instillation. After 24 h, 
physiological saline, free dexamethasone (Dex), or Dex-loaded NPs were 
administered at a dose of 1 mg/kg (n = 6). After 48 h, animals were 
sacrificed, BALF and lungs were collected. After centrifugation at 5000 
rpm for 10 min, the BALF supernatant was collected for the 
enzyme-linked immunosorbent (ELISA) assay. Red blood cells in ho
mogenized lungs were lysed with ammonium-chloride-potassium (ACK) 
lysing buffer. Subsequently, cells were stained with V450-conjugated 
anti-rat CD11b and PE-conjugated anti-rat Ly-6G for neutrophil anal
ysis by flow cytometry. The level of reactive oxygen species (ROS) was 
assessed by commercial kits (Beyotime Biotech, Nantong, Jiangsu, 
China), and the lung histological sections were stained with 
hematoxylin-eosin staining (H&E). 

4.6. Pulmonary accumulation study 

4.6.1. Distribution of NPs in bronchi and lungs 
SD rats were anesthetized with 7% chloralhydrate, and 500 μL of C6- 

loaded NPs was administered via intranasal instillation. Rats were 
sacrificed after 30 min, and the lungs along with the bronchi were 
carefully resected, fixed with 4% paraformaldehyde, and dehydrated 
with 30% sucrose. The samples were washed thrice with PBS, added to a 
24-well plate filled with optimum cutting temperature (OCT) com
pound, and frozen in a − 40 ◦C refrigerator. The tissues were sectioned, 
stained with DAPI, and imaged on the confocal laser scanning micro
scope (CLSM, Zeiss LSM 800, Germany). 

4.6.2. Retention of NPs in the lungs 
Male ICR mice were anesthetized with 7% chloralhydrate, and 50 μL 

of DiR-loaded NPs was administered via intranasal instillation. Mice 
were sacrificed at the predetermined time via cervical dislocation. Their 
heart, liver, spleen, lung, and kidney were harvested and rinsed in PBS. 
Imaging was performed with in vivo imaging system (IVIS Lumina 3, 
PerkinElmer, Massachusetts, USA) and semi-quantitative analysis was 
performed. 

4.7. Mucus penetration ability study 

4.7.1. Collection of cystic fibrosis sputum 
Sputum samples spontaneously expectorated by cystic fibrosis (CF) 

patients were collected at the Clinical Laboratory of West China Hos
pital. Six samples were acquired, placed on ice, and pooled to minimize 
patient-to-patient variation. The procedures conformed to ethical stan
dards, and the sputum sample collection was performed under informed 
consent on a protocol approved by the Clinical Laboratory of West China 
Hospital. 

4.7.2. Mucus diffusion 
The 3D Transwell system (Corning Costar, NY, USA) was applied to 

investigate the ability of NPs to permeate across mucus. Briefly, 50 μL of 
sputum was added uniformly on the Transwell polycarbonate membrane 
(3 μm, 0.33 cm2). After equilibration for 30 min, the donor chambers 
were added carefully with 200 μL of PBS containing C6-loaded NPs, and 
the acceptor chambers were added with 800 μL PBS. The samples were 
incubated at 37 ◦C. At predetermined time intervals, samples (80 μL) 
were removed from acceptor chambers and equal volumes of fresh PBS 
were supplemented. Finally, the sample solution was broken by DMSO, 
and the fluorescence intensity was detected by a microplate reader. 

4.7.3. Multiple particle tracking 
The ex vivo tracking of NPs was performed in human CF sputum. C6- 

loaded NPs were mixed with sputum and incubated for 30 min at 37 ◦C. 
The tracking of NPs was recorded using a nanoparticle tracking analysis 
(NTA, NanoSight LM10, UK). The particle averaged mean squared 
displacement (MSD) was calculated by the following equation:  

MSDτ = [x(t+τ)-xt]2+[y(t+τ)-yt]2                                                         (1) 

Deff =
MSD

4τ (2)  

Where x and y represent the NPs coordinates at a given time scale (t) and 
τ indicates the time interval. 

4.8. Endocytosis 

4.8.1. Cellular uptake study 
Before internalization studies, the cell density was estimated by 

Alamar Blue assay. Then the Calu-3 cells were incubated with C6-loaded 
NPs for 3 h and washed three times with fresh PBS. Finally, the cells 
were lysed by DMSO and the fluorescence intensity was measured by a 
microplate reader. For the qualitative study, the Calu-3 cells were 
incubated with C6-loaded NPs and stained with DAPI. A CLSM was used 
to observe and collect the images. 

4.8.2. Binding avidity study 
The cell density was estimated by Alamar Blue assay. Then the Calu- 

3 cells were pretreated at 4 ◦C for 30 min. Then, Calu-3 cells were 
incubated with C6-loaded NPs at 4 ◦C for 1 h. The fluorescence intensity 
was measured by a microplate reader. 

4.8.3. Actin arrangement study 
After incubating with lysophosphatidic acid (LPA, 3 μM) for 0.5 h, 

Calu-3 cells were incubated with C6-loaded NPs for 1 h. The 
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fluorescence intensity was measured by a microplate reader. 
For actin filaments staining, Calu-3 cells were plated on coverslips 

and incubated at 37 ◦C for 3 days. C6-loaded NPs were added to the 
dishes and incubated at 37 ◦C for 1 h. The polymerized actin filaments 
were stained with rhodamine-phalloidin and the nucleus was stained 
with DAPI. The images were acquired by the CLSM. 

4.9. Exocytosis 

4.9.1. Intracellular trafficking study 
For the co-localization study, Calu-3 cells were incubated with C6- 

loaded NPs for 2 h and then treated with trackers of subcellular organ
elles. ER-tracker Red and Golgi-tracker Red were used, according to the 
instructions. DAPI was used to stain the nucleus and the CLSM was used 
to visualize. The Pearson correlation coefficient Rr was calculated by 
Image-Pro Plus. 

4.9.2. Exocytosis of NPs 
The Calu-3 cells were cultured in 96-well plates incubated with C6- 

loaded NPs for 3 h. After washing three times with PBS, the cells were 
incubated with media for another 3 h. The fluorescence intensity in cells 
was measured. 

4.9.3. Measurement of calcium 
The Calu-3 cells were incubated with Fluo-4 AM (5 μM) at 37 ◦C for 

30 min. NPs were added to the Fluo-4-loaded cells and then measured at 
490 nm excitation and 520 nm emission every 10 s for 10 min. 

For time-lapse imaging, Calu-3 cells were seeded into glass-bottom 
cell culture dishes and then cultured in 3 days. The cells were treated 
with Fluo-4 AM (5 μM) at 37 ◦C for 30 min. The dish was placed hori
zontally on the stage of CLSM, and a blank NPs solution was added into 
the dish carefully. The x-y-t program in CLSM was used to collect images 
every 10 s for 10 min. 

4.9.4. Colocalization of early endosomes with endoplasmic reticulum 
The colocalization of early endosomes with the endoplasmic reticu

lum (ER) was detected by immunofluorescence. The Calu-3 cells were 
incubated with C6-loaded NPs for internalization, the ER stained with 
ER-tracker blue, and the early endosomes labeled with Rab5. The rabbit 
anti-Rab5 was used as previously reported [47]. The images were 
observed via CLSM. 

4.10. Statistical analysis 

All data were presented as mean ± standard deviations (SD). Two- 
tailed Student’s t-test and one-way analysis of variance (ANOVA) with 
Tukey’s post-hoc test were used to test for statistical significance be
tween groups. The differences were considered statistically significant 
for p＜0.05, p＜0.01, p＜0.001. 
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