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Abstract
Excessive vascularization during tracheal in-stent restenosis (TISR) is a significant but frequently overlooked 
issue. We developed an anti-inflammatory coupled anti-angiogenic airway stent (PAGL) incorporating anlotinib 
hydrochloride and silver nanoparticles using advanced electrospinning technology. PAGL exhibited hydrophobic 
surface properties, exceptional mechanical strength, and appropriate drug-release kinetics. Moreover, it 
demonstrated a remarkable eradication effect against methicillin-resistant Staphylococcus aureus. It also displayed 
anti-proliferative and anti-angiogenic properties on human umbilical vein endothelial cells and lung fibroblasts. 
PAGL was implanted into the tracheae of New Zealand rabbits to evaluate its efficacy in inhibiting bacterial 
infection, suppressing the inflammatory response, reducing angiogenesis, and attenuating excessive fibroblast 
activation. RNA sequencing analysis revealed a significant downregulation of genes associated with fibrosis, intimal 
hyperplasia, and cell migration following PAGL treatment. This study provides insight into the development of 
airway stents that target angiogenesis and inflammation to address problems associated with TISR effectively and 
have the potential for clinical translation.
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Introduction
Airway stent placement is an effective and timely 
approach for restoring airway patency and alleviating 
clinical symptoms in patients with tracheal stenosis [1–
3]. Currently, silicone stents and self-expanding metallic 
stents (SEMS) are the two main types commonly used 
in clinical practice [3, 4]. However, a high incidence of 
tracheal in-stent restenosis (TISR) hinders stents’ long-
term effectiveness and durability [5, 6]. As a continuously 
expanding foreign body in the tracheal, stents disrupt the 
tracheal microenvironment, characterized by a sustained 
inflammatory response, uncontrolled angiogenesis, and 
highly activated fibroblasts [7–9]. Furthermore, this cas-
cade of events culminates in granulation tissue hyperpla-
sia and TISR deterioration [10–13]. Notably, excessive 
vascularization plays a critical role in promoting granula-
tion tissue hyperplasia [7, 14, 15]. Therefore, developing 
an airway stent capable of inducing anti-inflammatory 
and anti-angiogenic effects to modulate the tracheal 
microenvironment represents a promising approach for 
treating TISR.

Recent studies have demonstrated that the severity of 
the inflammation responses, an upstream initiating fac-
tor, could influence the extent of granulation formation 
[9, 16]. Moreover, airway stent placement can increase 
microbial colonization, exacerbating the local inflam-
matory response [17, 18]. Various airway stents coated 
with anti-inflammatory or antibacterial drugs such as 
indomethacin [19], dexamethasone [20], doxycycline 
[21, 22], and vancomycin [23] have been developed to 
moderate tracheal inflammation response after airway 
stents placement. Advances in nanotechnology include 
the potential application of silver nanoparticles (AgNPs) 
to the biomedical field because of their broad-spectrum 
bactericidal properties, absence of antibiotic resistance, 
and enhanced safety profile [24–26]. AgNPs can directly 
damage the bacterial cell wall or release Ag+ to produce 
reactive oxygen species (ROS) that damage nucleic acids 
and proteins within the bacteria, ultimately leading to 
lysis. In addition, AgNPs have shown anti-inflammatory 
effects by downregulating the expression of interleukin-6 
(IL-6), IL-8, and tumor necrosis factor-alpha (TNF-α) 
[24, 27]. Consequently, AgNPs show promise as an ideal 
microbicide and anti-inflammatory agent for mitigating 
the host response.

In the abnormal tracheal microenvironment, dysregu-
lated growth factors, such as vascular endothelial growth 
factor (VEGF), fibroblast growth factor (FGF), and trans-
forming growth factor-β (TGF-β), elicit uncontrolled 
angiogenesis and promote migration of vascular endo-
thelial cells through various signaling pathways [7, 15, 
26–34]. Dysregulated neovascularization is critical for 
the recruitment of inflammatory cells, infiltration and 
activation of fibroblasts, and transportation of nutrition 

in the tracheal microenvironment [14, 17, 31]. More 
importantly, activated fibroblasts undergo proliferation 
and secrete excess collagen, accumulating in the extracel-
lular matrix (ECM) [35, 36]. This situation exacerbates 
local granulation tissue hyperplasia. Notably, molecular-
targeted drugs with synergistic, antagonistic effects on 
multiple signaling pathways have attracted significant 
attention [29–31]. Chen et al. fabricated molecular tar-
geted gefitinib-loaded polyurethane foams-covered air-
way stents to treat bronchotracheal cancer [37]. Unlike 
traditional nonspecific chemotherapeutic drugs, such as 
paclitaxel and cisplatin, molecular targeted drugs have a 
precise mechanism of action and fewer adverse effects. 
As a novel multi-targeted receptor tyrosine kinase 
inhibitor, anlotinib hydrochloride (AL) inhibits multiple 
growth factors receptors for VEGF, FGF, and TGF-β that 
mediate signaling transduction involved in cell prolifera-
tion and angiogenesis [38, 39]. Wu et al. demonstrated 
that AL can modulate the TGF-β1 signaling pathway to 
attenuate bleomycin-induced pulmonary fibrosis [39]. 
Additionally, Lei et al. reported that AL can modulate 
VEGFR2-mediated angiogenesis to ameliorate hepatic 
fibrosis [40]. Therefore, AL should act synergistically with 
AgNPs to reduce the incidence of TISR events.

With advances in biomedical engineering, electrospun 
nanofiber films have emerged as a promising drug deliv-
ery platform because of their excellent biocompatibility, 
large specific surface area, and high porosity [41–43]. In 
this study, a solution of polylactic acid (PLA) co-blended 
with AgNPs and AL was sprayed onto a framework of 
a SEMS to fabricate a PLA/AgNPs/AL (PAGL) nanofi-
ber-covered airway stent with anti-angiogenic and anti-
inflammatory effects through electrospinning technology 
(Scheme 1). The physical barrier effect of PAGL nanofi-
ber film not only hinders the granulation tissue hyperpla-
sia across the stent mesh but also reduces the irritating 
effect of SEMS on tracheal tissue [44]. It serves as a res-
ervoir for the sustained release of AgNPs and AL in situ. 
Overall, PAGL nanofiber-covered airway stent synergized 
with AL and AgNPs to ultimately curtail granulation tis-
sue hyperplasia and prevent TISR by inducing bacterial 
death, downregulating inflammatory mediator levels, 
suppressing angiogenesis, and inhibiting fibroblasts acti-
vation in vitro and in vivo.

Materials and methods
Materials
Polylactic acid (PLA, Mw = 110,000) and 1,1,1,3,3,3-Hexa-
fluoro-2-propanol (HFIP) were provided by Shanghai 
Macklin Biochemical Technology Co., Ltd. (Shanghai, 
China). Anlotinib hydrochloride (AL) was supplied 
by Nanjing Zhengda Tianqing Pharmaceutical Co., 
Ltd. (Nanjing, China). Silver nanoparticles (AgNPs, 
purity = 99.99%) were obtained from Shanghai Yurui 



Page 3 of 21Zhao et al. Journal of Nanobiotechnology           (2025) 23:59 

Chemical Co., Ltd. (Shanghai China). Self-expandable 
metallic stents (SEMS, 20 mm × 8 mm) were purchased 
from Micro-Tech Medical Technology Co., Ltd (Nan-
jing, China). Human umbilical vein endothelial cells 
(HUVECs) and human pulmonary fibroblasts (HPFs) 
were obtained from the Shanghai Cell Center (Chinese 
Academy of Sciences). Phosphate-buffered saline (PBS; 
P4474), Dulbecco’s modified Eagle’s medium (DMEM; 
D6429), fetal bovine serum (FBS; F8687), penicillin-strep-
tomycin (V900929), and trypsin-EDTA (59417  C) were 

supplied by Sigma-Aldrich Trading Co., Ltd. (Shanghai, 
China). Artificial lysosomal fluid (ALF; BZ257) were 
obtained from Beijing Eastmo Biotechnology Co., Ltd. 
(Beijing, China). The Bacterial Viability/Virulence Test 
Kit (L6060S) was purchased from Shanghai BioScience 
Co., Ltd. (Shanghai, China). The Live and Dead Cell 
Double Staining Kit (KTA1001) and Cell Counting Kit-8 
(CCK-8; KTA1020) were sourced from Abbkine Scien-
tific Co., Ltd. (Wuhan, China). The Annexin V-FITC/
Propidium iodide (PI) Apoptosis Kit (E-CK-A211) was 

Scheme 1  Schematic illustration of the nanofiber-covered airway stent carrying anlotinib hydrochloride (AL) and silver nanoparticles (AgNPs) against 
tracheal in-stents restenosis (TISR). (a-b) The preparation process of the PAGL nanofiber-covered airway stent and its application to the trachea of New 
Zealand rabbits. (c) Unlike the conventional self-expanding metallic stent (SEMS) that results in TISR, the PAGL nanofiber-coated airway stent can remold 
the inflammatory and hyperplastic tracheal microenvironment to prevent TISR. (d) The PAGL nanofiber-coated airway stent effectively prevents TISR by 
eradicating methicillin-resistant Staphylococcus aureus (MRSA), suppressing the inflammatory response, inhibiting the uncontrolled angiogenesis, and 
subsequent excessive ECM deposition. Created in BioRender. Liu, Y. (2024) https:/​/BioRen​der.com​/m52​f909
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purchased from Elabscience Biotechnology Co., Ltd. 
(Wuhan, China). The Cell Cycle and Apoptosis Analysis 
Kit (C1052) was purchased from Beyotime Biotechnol-
ogy Co., Ltd. (Shanghai, China). All other chemical and 
biological reagents were used without modification.

Construction of drug-loaded nanofiber-covered airway 
stent
A PLA solution was prepared by dissolving 1.25 g of PLA 
in 10 mL of HFIP. Then, 0.05 g of AgNPs were dissolved 
in the PLA solution to create a PLA/AgNP solution. Sim-
ilarly, 0.01 g of AL was dissolved in the PLA solution to 
create a PLA/AL solution. Finally, the PLA/AgNPs/AL 
solution was prepared by combining the two solutions 
above with the PLA solution (Table S1). Drug-loaded 
nanofiber-covered airway stents (PLA, PAG, PAL, and 
PAGL) were prepared using SEMS in the expanded state 
as a backbone to receive an electrospun nanofiber overlay 
using an electrospun system. The solutions underwent 
electrospinning with a high-voltage power supply set at 
15 kV, a flow rate of 0.5 mL/h, and a drum collector posi-
tioned 20 cm away from the needle tip. The SEMS in the 
expanded state were nested and aligned on a drum col-
lector, and the nanofibers were ejected from the tip and 
collected as the drum rotated. To ensure a relatively con-
sistent thickness of nanofiber films on the surface of the 
four groups of stents, 1.7 mL of the electrospun solution 
was applied to each SEMS based on multiple preliminary 
experiments. The final nanofiber-covered airway stents 
were constructed at a length of 2 cm and a diameter of 
0.8  cm and named PLA, PLA/AgNPs (PAG), PLA/AL 
(PAL), and PLA/AgNPs/AL (PAGL) based on their drug 
loads, respectively. The stents were dried and stored in 
sealed containers at 4 °C for future use.

Surface physicochemical characterization
Transmission electron microscopy (TEM, JEM-2100  F; 
JEOL, Japan) was used to identify the particle size and 
morphology of the AgNPs. Fourier transform infrared 
spectroscopy (FTIR, TNZ1-5700; Nicolet, USA) of the 
samples was performed with a scanning range of 500–
4000  cm-1. Raman spectroscopy (DXR2; Thermo Fisher 
Scientific) further examined the chemical groups. The 
surface morphology and elements were observed using 
scanning electron microscopy (SEM, JSM-7401 F; JEOL, 
Japan) with an energy dispersive spectrum (EDS) analysis 
system. Using the Laplace-Young method, the water con-
tact angle was measured with a contact angle measuring 
device (Portsmouth, USA). The mechanical properties 
were tested by a universal testing machine (CMT6503; 
Shenzhen SANS Test Machine, China) at a tensile rate 
of 10  mm/min. The tensile strength of the samples was 
recorded.

In vitro drug-release behavior
The nanofiber films were cut into approximately 10  mg 
small cubes, which were submerged in 5 mL of PBS and 
agitated at 50  rpm and 37  °C to evaluate the samples’ 
drug-release behavior. At specific times (0–21 days), 1 mL 
of the sustained-release solution was collected for testing 
and subsequently replaced with 1 mL of fresh PBS. A UV-
VIS spectrophotometer (model 3700, Shimadzu, Japan) 
was used to measure the absorbance at 411  nm and 
222 nm to determine the amount of released AgNPs and 
AL in the release medium (i.e., PBS at pH 7.4), respec-
tively. The percentage of released AgNPs and AL was cal-
culated based on the initial weight of the AgNPs and AL 
in the electrospun nanofiber films.

Antibacterial performance evaluation
Methicillin-resistant Staphylococcus aureus (MRSA, 
ATCC 33592) was used to test the effectiveness of the 
nanofiber films against drug-resistant bacteria. Six 
groups were established: B.C., P.C., PAG, PAL, and PAGL. 
The nanofiber films were cut into 1 × 1 cm2 squares and 
exposed for 30 min under ultraviolet (UV) light for ster-
ilization and subsequent assays. The bacterial prolifera-
tion, clone formation, and live/dead bacterial staining 
assays were used to assess the viability and proliferation 
capacity of the treated bacteria. Please refer to the sup-
porting information for the detailed protocols.

In vitro anti-angiogenesis and anti-hyperplasia
The HUVECs and HPFs were evaluated to determine the 
effects of anti-angiogenesis and anti-hyperplasia, respec-
tively. The experiments were divided into the following 
four groups: a blank control group (BC), a PAG nanofi-
ber film group (PAG), a PAL nanofiber film group (PAL), 
and a PAGL nanofiber film group (PAGL). The nanofiber 
films were cut into 1 × 1 cm2 squares and exposed to UV 
light for 30 min for sterilization and subsequent assays.

Live/Dead cell staining and CCK-8 assay
The effect of nanofiber films on cell activity and cell pro-
liferation of HUVECs or HPFs was assessed by Live/dead 
cell staining and CCK-8 assay, respectively. See the sup-
porting information for detailed protocols.

Cell apoptosis assay
HUVECs (3 × 105/mL) were co-incubated with the sam-
ples at 37  °C, washed with PBS, and trypsin-digested 
into single-cell suspensions. The cells were then stained 
with Annexin V-FITC and PI for 20 min in the dark and 
analyzed by flow cytometry (NOVOCYte3130, ACEA, 
America).
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Cell cycle assay
HPFs were co-incubated with the samples at 37  °C, 
digested with EDTA-free trypsin, centrifuged at approx-
imately 1000 ×g for 3–5  min, and washed with ice-cold 
PBS. Subsequently, 1  ml of ice-cold 70% ethanol was 
added, and the cells were fixed at 4ºC for 30 min. Follow-
ing centrifugation, the cells were washed with ice-cold 
PBS and resuspended. PI staining solution was prepared 
based on the manufacturer’s instructions, and 0.5  ml of 
PI staining solution was added to each cell sample. The 
cell precipitates were resuspended slowly in a 37ºC bath 
that was protected from light for 30 min. The red fluores-
cence at an excitation wavelength of 488 nm was detected 
using flow cytometry and light scattering.

Scratch assay
HUVECs or HPFs (1 × 105/mL) were seeded into 6-well 
plates. After forming a monolayer, a scratch was intro-
duced with a sterile P200 pipette tip, and the floating 
cells were removed by rinsing with PBS. Subsequently, 
the corresponding treatments were added to each well to 
represent the various groups. Photographs of HUVECs 
or HPFs were taken under a fluorescence microscope 
(IX53, Olympus, Japan) at 0 and 24  h, respectively. The 
wound closure rates were calculated using the following 
formula: Wound closure rate = (W0 − W24) / W0 × 100%. 
W0, wound area at 0 h; W24, wound area at 24 h.

Transwell assay
HUVECs (5 × 104/mL) were seeded into the upper com-
partment of a Transwell chamber. Subsequently, the cor-
responding treatments were added to the upper chamber 
for the different groups. After incubation for 36  h, the 
migrating cells retained on the upper surface of the fil-
ter film were removed with a cotton swab. The migrating 
cells on the lower surface of the filter were stained with 
0.5% crystal violet solution, fixed in 4% paraformalde-
hyde, and examined by light microscopy. The number of 
migrating cells in each group was analyzed using ImageJ 
software (National Institutes of Health, Bethesda, USA).

Immunofluorescence staining of VEGFR2
HUVECs (1 × 105/mL) were seeded onto coverslips, 
treated for 1 d, and fixed with 4% paraformaldehyde solu-
tion for 15 min, followed by 0.1% Triton X-100. The cells 
were then blocked with goat serum at 25°C for 0.5 h. The 
HUVECs were incubated with an anti-VEGFR2 primary 
antibody, and samples were incubated with a Cy3-labeled 
secondary antibody (Table S2 and S3). The cell nuclei 
were stained with 4’,6-diamidino-2-phenylindole (DAPI). 
A fluorescence microscope was used for data acquisition, 
and ImageJ was used for data analysis.

Quantitative RT–PCR for VEGFR2 analysis
HUVECs were seeded into 12-well plates and incubated 
with nanofiber films for 24  h. Subsequently, the cells 
were collected and washed twice with precooled PBS. 
Total RNA was extracted by adding 1 mL of TRIzol and 
reverse-transcribed into cDNA using the cDNA gen-
eration kit. Then, 1 µL of cDNA, oligonucleotide prim-
ers, 12.5 µL of SYBR® Premix Ex TaqTM II, and DEPC 
water were added to 25 µL of the reaction. Gene-specific 
primer pairs were added based on the target gene. Real-
time PCR was performed using an ABI-7500 Sequence 
Detection System (Thermo Fisher Scientific, USA). The 
Ct values were analyzed by the 2-ΔΔCT method, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
mRNA was used as an internal control to determine the 
target gene’s relative expression (VEGFR2). Table S4 lists 
the primers.

Anti-inflammatory coupled anti-angiogenic airway stent 
prevents TISR in vivo
All implantation procedures were approved by the ani-
mal care committee of the First Affiliated Hospital of 
Zhengzhou University and were conducted based on the 
guidelines set forth by the National Institute of Health for 
the care and use of laboratory animals. Twenty male New 
Zealand rabbits were obtained from the laboratory ani-
mal center of Hualan Biological Co., Ltd. (Henan, China). 
The rabbits were randomly assigned to four groups: the 
commercial airway stent group (Ctrl), the PAG-covered 
airway stent group (PAG), the PAL-covered airway stent 
group (PAL), and the PAGL-covered airway stent group 
(PAGL).

In vivo airway stent implantation
The New Zealand rabbits were administered anesthe-
sia through intramuscular injection before the proce-
dure. Under fluoroscopic guidance using the Artis zee 
DSA system (Siemens, Germany), the animals were 
supine with their necks hyperextended. The entire pro-
cess was carried out using a 5-Fr stent delivery system. 
An entrance dilation was performed using a 12-Fr dilator 
(12-F dilator, Cook Medical). Subsequently, an intratra-
cheal channel was created using a 0.035-inch guidewire 
(Terumo Corporation; Tokyo, Japan) and a 5-Fr catheter 
(Terumo Corporation; Tokyo, Japan). The delivery system 
along with the stent was advanced over the guidewire, 
and the stent was positioned at least 1.5–2 cm cranially 
to the carina. Following stent placement, the animals 
were closely monitored and euthanized four weeks later.

Computed tomography
Four weeks after stenting, computed tomography scans 
(CT, Sensation 64, Siemens, Germany) of the neck and 
chest were performed on the rabbits to visualize the 
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airway condition, stent morphology, and granulation 
tissue hyperplasia. Slices (1  mm-thick) with 0.5  mm 
intervals were used, and multiplanar reconstruction 
was performed. Before CT examination, anesthesia was 
administered by xylazine hydrochloride injection at 
0.02  ml/kg intramuscularly. After the anesthesia took 
effect, the animals were fixed on the CT table to com-
plete the scanning. Data and images were analyzed using 
Siemens image postprocessing software.

In vivo antibacterial assessment
Four weeks after stent placement, the rabbits were eutha-
nized using pure carbon dioxide inhalation. Nanofiber 
films were carefully peeled from the various stents to 
assess the in vivo antimicrobial effect. The films were 
washed three times with a sterile saline solution and son-
icated with 1 mL of sterile saline solution for 30 s to col-
lect the bacteria. The resulting bacterial suspension was 
appropriately diluted and inoculated onto solid culture 
substrates to compare the intratracheal bacterial content 
among the different groups. The relationship between 
the intratracheal bacterial content and the growth of the 
granulation tissue was analyzed using linear regression.

Histopathological evaluation
After stent removal, the trachea was incised transversely, 
near the proximal and distal ends of the airway stent, to 
obtain tracheal specimens. These specimens were paraf-
fin-embedded, sectioned, and subjected to various stain-
ing. Following established methods, Hematoxylin and 
eosin (H&E) and Masson’s trichrome (MT) staining were 
used to evaluate inflammation and the degree of granula-
tion tissue hyperplasia. The other tissue sections from the 
tracheal specimens were stained with antibodies against 
Caspase-3, Ki67, CD31, α-smooth muscle actin (α-SMA), 
and a polarized light Sirius scarlet stain. The correspond-
ing data for the antibodies used is listed in Table S2. In 
addition, the serum liver and renal function tests was 
done to evaluate the biosafety of airway stents.

Enzyme-linked immunosorbent assay (ELISA)
The various tracheal tissue groups were thoroughly 
washsed and finely pulverized to prepare homogenates. 
The supernatant was centrifuged at 5000 ×g for 5  min. 
Working solutions for each component were prepared 
following the manufacturer’s instructions. The 50 µL 
of the samples and 100 µL of horseradish peroxidase-
labeled detection antibody were added for each well. The 
reaction plate was covered with a sealing pad and incu-
bated at 37°C for 60 min in the dark. The wells were then 
washed five times with a washing solution. Next, 100 µL 
of the substrate mixture was added to the wells, and the 
plate was incubated at 37°C for 15 min. Finally, 50 µL of 
termination solution was added to the wells. The optical 

density (OD) of each well was measured using a micro-
plate analyzer (NanoDrop, Thermo Fisher, USA) to mea-
sure the levels of IL-8, monocyte chemotaxis protein-1 
(MCP-1), IL-6, and TNF-α (Table S6).

Tracheal tissue qRT-PCR of VEGFR2, α-SMA, and Col IIIa1
The tracheal tissues were thoroughly washed and finely 
ground to prepare homogenates. Total RNA from granu-
lation tissue was extracted using TRIzol and reverse tran-
scribed into cDNA using M-MLV reverse transcriptase. 
The real-time PCR was performed on a real-time PCR 
system using SYBR reagent, and Table S5 lists the primer 
sequences for the three targets.

Transcriptome sequencing and high-throughput analysis
The tracheal tissue from the Ctrl and PAGL groups was 
flash-frozen in liquid nitrogen and subsequently pulver-
ized into a fine powder. Total RNA was extracted from 
the tissue using TRIzol reagent, and the RNA was quanti-
fied using a UV spectrophotometer. Digital gene expres-
sion tag profiling was conducted by GENOSEQ Co. Ltd. 
(Wuhan, China). GO enrichment analyses, Gene Set 
Enrichment Analysis, and protein-protein interaction 
(PPI) analysis were done following standard protocols.

Statistical analyses
All results are presented as the mean ± SD. Two-group 
comparisons were performed using a Student’s t-test, 
whereas a one-way ANOVA was used for multiple com-
parisons. GraphPad Prism 8.0 software was used for all 
statistical analyses. Statistical significances were indi-
cated as follows: not significant, *P < 0.05, **P < 0.01, and 
***P < 0.001.

Results
Physicochemical properties
AgNPs and AL were loaded into PLA to prepare surface 
nanofibers covered on the SEMS using an electrospinning 
technique to endow the airway stent with the dual func-
tions of antibacterial and anti-hyperplasia properties. 
Morphology and particle size were evaluated because the 
smaller diameter of the AgNPs has stronger antibacterial 
activity. TEM revealed that the AgNPs exhibited a spher-
ical-like shape with a diameter range of 10–15 nm, which 
provided a foundation for favorable antibacterial perfor-
mance at subsequent stages (Fig.  1a). Fourier transform 
infrared spectroscopy (FTIR)-derived spectra for AgNPs, 
AL powder, PLA, PAG, PAL, and PAGL were acquired 
to determine their respective chemical compositions. 
The FTIR spectra of the AgNPs (Fig. S1a) exhibited three 
characteristic peaks representing the stretching vibra-
tion, including the ether bond at 1072 cm−1, the aromatic 
ring of the C = C group at 1617 cm−1, and the methylene 
group at 1384  cm−1, which reflects the residues of the 
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Fig. 1  Physicochemical properties, mechanical properties, and drug-release behavior of nanofiber films covered on the stent surfaces. (a) TEM image 
of AgNPs. (b) FTIR spectra and (c) Raman spectra of PLA, PAG, PAL, and PAGL nanofiber films, respectively. (d) SEM images of PLA, PAG, PAL, and PAGL 
nanofiber films, respectively. (e) EDS elemental mapping results of PAGL nanofiber films. (f) The fitted curve of fiber diameter distribution for PLA, PAG, 
PAL, and PAGL, respectively. (g) EDS spectra of PAGL nanofiber films. (h) Water contact angle images and statistical analyses. (i) Typical stress-strain curves 
of all nanofiber films. (j) AgNPs release profile from PAG and PAGL for 0–21 days at 37 °C, respectively. (k) AL release profile from PAG and PAGL for 0–21 
days at 37 °C, respectively. Scale bar: 10 nm, 500 nm, and 2 μm
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raw materials on the surfaces of the AgNPs before syn-
thesis [45]. The characteristic peaks of AL were at 1021 
and 1081 cm−1 and attributed to the two C-O ether bond 
vibrations, at 1425–1618 cm−1 to the aromatic ring back-
bone vibration, at 2911 and 2947  cm−1 to the methyl 
group stretching vibration, at 3293  cm−1 to the cyclo-
propyl group stretching vibration, and at 3403  cm−1 to 
the secondary amine group vibration [46]. As shown in 
Fig. 1b, the typical peaks of the PLA nanofibers appeared 
at 1752  cm−1 with C = O stretching, 1453  cm−1 associ-
ated with CH bending, 1182 cm−1 with C-O-C stretching, 
1129 and 1085 cm−1 with C-O stretching and 1045 cm−1 
attributed to OH bending [47]. Although the PAG, PAL, 
and PAGL nanofiber films exhibited typical characteristic 
peaks of PLA with slight shifts, the characteristic peaks 
of the AgNPs and AL were masked and insignificant.

Raman spectroscopy was used to analyze the chemical 
groups of the raw materials and electrospun nanofiber 
films. As shown in Fig. S1b, the AgNPs yielded a charac-
teristic peak at 238 cm− 1, representing the Ag-O bond of 
the oxidized AgNPs. AL exhibited two characteristic peak 
populations at 886–1468 cm−1 and 2918–2976 cm−1. The 
former was attributed to carbon-fluorine bonding, ether 
bonding, and aromatic backbone vibrations, whereas the 
latter was attributed to the C–H bond stretching vibra-
tion [48]. Figure  1c shows that the characteristic peaks 
of the PLA nanofiber films appearing at 297  cm−1 were 
assigned to C-O-C bending, at 399  cm−1 attributed to 
C-COO stretching, at 872 cm−1 to C-CO group vibration, 
at 1043 cm−1 to C-CH3 skeletal stretching, 1128 cm−1 to 
CH3 asymmetric rocking, 1454  cm−1 to CH3 symmet-
ric bending, 1772  cm−1 to C = O asymmetric stretching, 
and 2945 cm−1 to CH3 symmetric stretching [49, 50]. The 
major characteristic peaks of the raw components were 
shifted and observed at 243  cm−1 and 873–1593  cm−1 
in PAGL nanofiber films, except for the aforementioned 
characteristic peaks of the PLA. These spectra confirmed 
that AgNPs and/or AL were successfully introduced into 
the nanofibers.

The apparent morphology and fiber diameter of the 
nanofiber films were evaluated by SEM. The nanofiber 
films exhibited a distinctive randomly interconnected 
fibrous network structure (Fig. 1d). As shown in Fig. 1f, 
the average diameters of the PLA, PAG, PAL, and PAGL 
fibers gradually increased. Moreover, Fig.  1e shows the 
element mapping of a portion of the PAGL, in which car-
bon, nitrogen, oxygen, fluorine, sodium, chlorine, and sil-
ver were uniformly distributed throughout the nanofibers 
(Fig.  1g). This further confirms that the AL and AgNPs 
were successfully loaded onto the nanofibers.

Water contact angle experiments evaluated the hydro-
phobicity of all the nanofiber films. As shown in Fig. 1h, 
the droplet morphology on all samples remained essen-
tially unchanged after stabilization (15 s) compared with 

the fresh contact, and the water contact angles were 
133.7° ± 2.1°, 127.3° ± 4.2°, 126.7° ± 1.5°, and 129.3° ± 2.5° 
with no statistically significant difference compared with 
the initial sample. The results suggest that the content 
of AgNPs and AL doped in this study did not affect the 
overall hydrophobicity of the films, which may be ben-
eficial in preventing sputum adhesion and improving air-
way cleanliness [45].

The in vitro degradation behavior of PLA, PAG, PAL, 
and PAGL samples in PBS and ALF was tested (Fig. S2). 
In PBS, the residual mass percentage of PAG, PAL, and 
PAGL was lower than that of the PLA group, which may 
result from interrupting the fiber’s original structure by 
adding AgNPs and AL. In ALF (pH = 7.0 or 6.5), the resid-
ual mass percentage in all groups was lower than in PBS, 
which was attributed to the weakly acidic environment 
and the hydrolase component of ALF, which improved 
degradation. At day 28, the residual mass percentage of 
PAGL in ALF at pH = 7.0 and 6.5 was only 80.69% ± 3.78% 
and 75.76% ± 3.14%, respectively. This result indicates 
that PAGL was gradually degraded with the extension of 
time, meeting the needs of graft transplantation.

Mechanical properties and drug-release behavior
The favorable mechanical properties of nanofiber films 
are necessary for the in vivo application of airway stents 
with surface coating [51–53]. The analysis of stress-strain 
curves in tensile tests (Fig.  1i) revealed that the intro-
duction of AL slightly reduced the nanofiber film’s duc-
tility compared with PLA alone; however, incorporating 
AgNPs and/or AL enhanced the mechanical strength of 
the nanofiber film significantly, with PAGL demonstrat-
ing the highest mechanical strength. As shown in Fig. S3, 
the tensile strength of PAGL was 5.17 ± 0.43 MPa, which 
was higher than that of the remaining three nanofiber 
films. Thus, the fabricated nanofiber films show suitable 
mechanical properties for in vivo use.

Subsequently, the in vitro drug-release behavior of 
PAG, PAL, and PAGL nanofiber films was explored in 
PBS (PH = 7.4, 37 °C). Overall, the release of AgNPs and/
or ALs from all nanofibers can be divided into two burst 
release phases (0–7 d) and constant release phase (8–21 
d). The first burst release rapidly exerts drug efficacy to 
achieve anti-inflammatory and anti-proliferative effects 
in a relatively short period. In contrast, the later slow and 
steady release maintains a certain drug concentration 
locally to exert drug effects continuously. Specifically, 
PAG and PAGL in PBS exhibited explosive drug release 
of AgNPs during the first 7 days, with release percentages 
of 57.03% ± 4.89% and 59.38% ± 5.64%, respectively (Fig. 
S4a). After that, AgNPs within the nanofiber films were 
released slowly and uniformly within the PBS solution 
for 21 days, with release percentages of 61.7% ± 6.16% 
and 65.23% ± 7.12%, respectively, with no significant 
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difference (Fig.  1j). Similar to the former, the PAL and 
PAGL nanofiber films showed release percentages of 
64.83% ± 4.84% and 68.38% ± 4.65% during the first 7 
days, respectively, followed by a slow release during the 
subsequent 8–21 d (Fig. S4b and 1k).

In vitro antibacterial performance
Infections with drug-resistant pathogens, such as MRSA, 
remain a thorny issue for airway stents placement, which 
may lead to severe pneumonia or even patient death [54, 
55]. Thus, it is clear that constructing antibacterial airway 
stents is essential to reduce the risk of MRSA infection. 
In this work, nanofiber films loaded with AgNPs were 
used to confer antibacterial properties to airway stents 
but were next evaluated for their effectiveness at inhib-
iting MRSA. As shown in Fig. 2b, after co-incubation of 
the PAG and PAGL nanofiber films containing AgNPs 
with MRSA, the OD values at 600 nm were significantly 
lower than those of the BC and PAL groups, indicating 
that AgNPs can significantly inhibit MRSA proliferation. 
Moreover, bacterial colony formation was significantly 
reduced in the presence of AgNPs (Fig.  2c), and the 
MRSA inhibition rates in the PAG and PAGL groups 
reached 80.56% ± 6.50% and 83.81% ± 8.32%, respectively 
(Fig. S5). In a live/dead bacterial staining assay of the 
treated MRSA, similar intense red fluorescent signals 
resulting from dead cells appeared in the PAG and PAGL 
groups, but the PAL group showed only sporadic bacte-
rial death (Fig.  2d). Further statistical analysis showed 
that the MRSA viability in the PAG and PAGL groups 
were only 26.30% ± 5.08% and 22.00% ± 6.12%, respec-
tively, which was lower compared with that in the BC and 
PAL groups (Fig. S6).

To further explore the mechanism of MRSA inhibi-
tion by AgNPs in nanofiber films, the production of 
ROS within MRSA was examined by flow cytometry 
(Fig. 2e). The relative mean fluorescence intensity (MFI) 
of ROS within MRSA in the PAG and PAGL groups was 
obviously increased compared with that in the BC and 
PAL groups, respectively (Fig.  2f ). In addition, protein 
leakage from MRSA treated with BC and PAL nanofi-
ber films was only about 0.23 ± 0.05 and 0.28 ± 0.12  mg/
mL, respectively, whereas the MRSA protein leakage of 
MRSA treated with PAG and PAGL were significantly 
increased to 0.82 ± 0.07 and 0.89 ± 0.11  mg/mL, respec-
tively (Fig. 2g). These results may be attributed to the fact 
that AgNPs or Ag+ released from PAG and PAGL nanofi-
ber films can trigger bacterial oxidative stress that dam-
ages bacterial proteins and DNA, and disrupts the cell 
wall of MRSA, leading to leakage of bacterial contents 
and ultimately MRSA death (Fig. 2a).

In vitro anti-angiogenesis performance
Similar to the abnormal damage repair process triggered 
by other foreign bodies, the TISR process after airway 
stent placement is accompanied by growth factor disor-
ders (e.g., VEGF and bFGF) and uncontrolled angiogene-
sis [7, 17, 56]. This massive neovascularizations triggers a 
cascade of events that increase the infiltration of inflam-
matory cells and fibroblasts, the diffusion of inflam-
matory cytokines, and collagen deposition [56–58]. 
Programming aberrant angiogenesis may be necessary to 
prevent TISR. Because of the AgNPs and AL properties, 
the nanofiber film-mediated anti-angiogenic effect was 
investigated at the cellular level. The results of the live/
dead cell staining assay (Fig.  3b, S7) demonstrated that 
incubation of HUVECs with PAG, PAL, and PAGL for 
48  h led to a gradual decrease in the proportion of live 
cells exhibiting green fluorescence, with PAGL reaching 
79.31% ± 3.58%. These findings suggest that AgNPs and 
AL induced partial cell death in HUVECs while inhibit-
ing excessive blood vessel growth within granulation 
tissue regions, thereby impeding oxygen and nutrient 
supply and reducing in-stents restenosis incidence. As 
depicted in Fig. 3c, compared to the BC group, OD val-
ues for PAG, PAL, and PAGL all exhibited a decreasing 
trend over time; notably, PAGL displayed the most signif-
icant decline. This suggests that PAGL effectively reduces 
HUVECs activity and proliferation. On one hand, AgNPs 
induce excessive production of reactive oxygen species 
(ROS), leading to suborgan damage such as mitochon-
dria and lysosomes dysfunction followed by cell death 
[59, 60]. On the other hand, AL acts as a multi-target 
anti-angiogenic drug by interfering with endothelial cell 
proliferation through inhibition of downstream signal-
ing pathways mediated by angiogenesis-related VEGFRs 
[39, 61]. Together they synergistically contribute to PAGL 
displaying the lowest OD value on day 3. However, over 
time excess drugs are eliminated from the body through 
metabolism without causing evident toxic side effects on 
overall health. Furthermore, numerous studies have con-
firmed that appropriate concentrations of AgNPs and 
AL have been widely utilized in treating various diseases 
[62, 63]. Moreover, a classical cell apoptosis assay (cells 
co-stained with Annexin V-FITC and PI) was performed 
(Fig.  3d). The results indicated that the PAGL signifi-
cantly promoted the apoptosis of cells compared with the 
other groups (Fig. 3f ).

The migration ability of the HUVECs was evaluated by 
a scratch assay and a Transwell assay (Fig.  3e). As seen 
in Fig.  3g, the closure rate of the cell-free gap in the 
BC group was approximately 80.13% ± 7.58%, whereas 
the PAGL-treated HUVECs showed the largest cell 
gap (8.93% ± 2.22%) after 24  h. In the Transwell assay, 
HUVECs in the BC group readily passed through the 
membrane and covered nearly the entire lower surface. 
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Fig. 2  Antibacterial performance of the nanofiber films covered on the stent surface. (a) Mechanism diagram for the inhibition of bacterial growth by the 
nanofiber films. (b) The proliferation of MRSA. (c) Representative colony formation images of MRSA. (d) Representative live/dead bacterial assay of MRSA. 
(e-f) The fluorescence intensity histograms and relative mean fluorescence intensity (MFI) of the intracellular ROS levels in MRSA. (g) Protein leakage 
analysis of MRSA. Scale bar: 20 μm and 2 cm. Significantly different: *P < 0.05, **P < 0.01, and ***P < 0.001
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The number of migrating cells in the BC group was 
1038.00 ± 67.51, indicating that HUVECs exhibit strong 
migration ability; however, the number of migrating cells 
in PAG, PAL, and PAGL was decreased to 568.33 ± 51.93, 

288.00 ± 20.07, and 56.67 ± 5.69, respectively (Fig.  3h). 
The results indicate that the synergistic effect of AgNPs 
and AL may effectively inhibit the migration capacity of 
HUVECs.

Fig. 3  In vitro anti-angiogenic effect of the nanofiber films covered on the stent surface. (a) Schematic illustration of anti-angiogenic mediated by PAGL. 
(b) Statistical analysis of HUVECs viability. (c) Cell proliferation of HUVECs over three consecutive days by CCK-8 assay. (d) Flow cytometry to detect cell 
apoptosis in HUVECs stained with Annexin V/PI. (e) Scratch assay and Transwell assay of HUVECs. (f) The proportion of apoptosis based on the cell apop-
tosis assay for HUVECs. (g) Quantitative results of the wound closure rate. (h) Quantitative results of the migrating HUVECs number. (i) Representative 
VEGFR2 immunofluorescence staining of HUVECs. (j) Statistical analysis of the relative mean fluorescence intensity (MFI) for VEGFR2 in HUVECs. Scale bar: 
40, 100, and 200 μm. Significant differences: *P < 0.05, **P < 0.01, and ***P < 0.001
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The highly activated VEGFA-VEGFR2 signaling axis 
plays a critical role in uncontrolled angiogenesis [64–
66]. Specifically, VEGFA induces vascular endothelial 
cell proliferation, migration, and angiogenesis by bind-
ing to VEGFR2 in vascular endothelial cells [66–68]. In 
Fig. 3i, immunofluorescence staining analysis of intracel-
lular VEGFR2 in treated HUVECs showed that the rela-
tive MFI of VEGFR2 in the PAG, PAL, and PAGL groups 
gradually decreased compared with that in the BC group, 
with the PAGL group being the most significant (Fig. 3j). 
This effect may be attributed to the ability of both AgNPs 
and AL to inhibit the survival of HUVECs by intervention 
in VEGFA-VEGFR2-mediated angiogenesis [38, 69–72]. 
Therefore, the novel compound PAGL can synergisti-
cally interact with AgNPs and AL, effectively suppress-
ing the proliferation, promoting apoptosis, inhibiting the 
migration of HUVECs, and ultimately achieving anti-
angiogenic effects by downregulating the expression of 
VEGFR2 (Fig. 3a).

In vitro anti-hyperplasia performance
Fibroblasts are the major cellular component of granu-
lation tissue in the TISR and the primary carrier cells 
that regulate ECM synthesis and remodeling [7, 13, 73]. 
For this purpose, HPFs were used to evaluate the anti-
hyperplasia effect of nanofiber films in vitro. As depicted 
in Fig. 4a, the cell morphology of HPFs gradually trans-
formed from normal multi-antennae long shuttle shape 
to non-antennae cell morphology after PAG, PAL and 
PAGL treatment compared to the BC group. Additionally, 
an increasing trend was observed in the number of red 
fluorescent dead cells. The proportion of living cells in 
the PAGL group was found to be lowest at 85.85% ± 1.72% 
(Fig. 4b). CCK-8 results (Fig. 4c) indicate that PAGL has a 
lower OD value on day 3 than other groups, indicating its 
ability to reduce activity and proliferation rate of HPFs. 
This may be due to ROS production by AgNPs leading 
to DNA strand damage resulting in cell death while AL 
plays an anti-fibrotic role [74–77]. Similar to the results 
in HUVECs, excess drugs are excreted from the body 
without causing significant side effects. Cell cycle assays 
were carried out to analyze the specific causes of cell pro-
liferation inhibition. As shown in Fig. 4d, compared with 
the normal cell cycle ratio in the BC group, the cell cycle 
ratio of HPFs treated with PAG, PAL, and PAGL nano-
fiber films was significantly altered, as evidenced by a 
decrease in the ratio of the G1 and S phases and a signifi-
cant increase in the ratio of the G2 phase. Of these, the 
G2 phase gradually increased from 4.19% ± 1.91% in the 
BC group to 12.31% ± 2.73% in the PAG group, 47.80% ± 
4.45% in the PAL group, and 56.72% ± 3.64% in the PAGL 
group. Thus, PAGL blockades the cell cycle of HPFs in 
the G2 phase and further inhibit the proliferation of 
HPFs (Fig. 4e).

A scratch assay verified the antimigration effect of the 
nanofiber films. As shown in Fig. 4f, the HPFs in the BC 
group exhibited excellent migration ability as the cell-free 
gap was nearly closed after 24 h, and the wound closure 
rate reached 91.63% ± 5.22%. However, the migrated 
region of the HPFs gradually decreased in the remaining 
groups, with the wound closure rate decreasing to 61.65% 
± 4.56% and 43.01% ± 3.18% in the PAG and PAL groups 
(Fig.  4g), respectively, while the lowest wound closure 
rate occurred in the PAGL group (17.97% ± 4.99%). Over-
all, PAGL nanofiber film could synergize with AgNPs and 
AL to exert superior cytotoxicity against HPFs, inhibit 
the proliferation, and restrain the migration of HPFs, 
which was beneficial for anti-hyperplasia and subsequent 
TISR prevention.

Anti-inflammatory coupled anti-angiogenic airway stent 
prevents TISR in vivo
As shown in Fig. 5a, to validate the potential of the air-
way stents in preventing TISR, an in vivo airway stent 
placement was performed in New Zealand rabbits. Fig-
ure 5b shows the different airway stents being delivered 
into the trachea under the guidance of the DSA through 
the guidewire and stent deliverer. Based on the type of 
tracheal stents placed, the New Zealand rabbits were 
divided into four groups: Ctrl, PAG, PAL, and PAGL 
groups. The procedure time for airway stent placement 
was similar in all groups; thus, there were no differences 
in the effects of the different nanofiber film-covered air-
way stents on the rabbits’ respiratory and cardiopulmo-
nary function (Fig. 5e).

Four weeks after stent placement, the tracheal anatomy 
and stent status were examined using the volume ren-
dering technique (VRT), maximum intensity projection 
(MIP), and sagittal CT. The airway VRT images depicted 
varying degrees of tracheal stenosis throughout the stent-
covered segment in the Ctrl group and significant steno-
sis at the ends of the stents in the PAG and PAL groups; 
only slight airway stenosis occurred in the PAGL group 
(Fig. 5c). Moreover, stent VRT and MIP images were used 
to determine the positional relationship between the 
stent and the surrounding tissue, which showed that all 
four stent types were securely positioned without any dis-
placement or dislodgment in the airway (Fig. S8). More 
importantly, a sagittal CT image (Fig. 5c) showed signifi-
cant granulation tissue formation and protrusion through 
the stent into the tracheal lumen in the Ctrl group. The 
PAG and PAL groups exhibited varying granulation tis-
sue proliferation at both ends of the stent. Interestingly, 
the PAGL group showed the least granulation tissue for-
mation. Notably, the PAGL group demonstrated the best 
fit between the airway stent and the trachea compared 
with the other three groups. An assessment of the tra-
cheal ventilation ratios of the rabbits in each group at 
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four weeks after stent placement revealed that the tra-
cheal ventilation levels in the remaining three groups 
were improved compared with those in the Ctrl group, 
with the PAGL group being the most significant (Fig. 5f ).

The tracheal specimens were obtained from the regions 
proximal and distal to the airway stent. As shown in 
Fig.  5d, these specimens were subjected to H&E stain-
ing and Masson’s Trichrome staining to assess TISR pro-
gression after airway stent placement. Consistent with 
CT and reconstructive imaging findings, the Ctrl group 
exhibited structural damage to the trachea, accompa-
nied by pronounced granulation tissue hyperplasia and 
extensive collagen deposition. In contrast, the PAGL 

group, with its nanofiber-covered stent, disaplayed an 
intact tracheal structure with minimal granulation tis-
sue and collagen deposition. Statistical analysis revealed 
a significant decrease in the epithelial thickness from 
742.73 ± 55.88 μm in the Ctrl group to 174.29 ± 18.44 μm 
in the PAGL group, indicating marked preservation of 
the epithelial layer (Fig. 5g). Moreover, a gradual decrease 
in collagen density appeared, with values ranging from 
42.30% ± 5.98% in the Ctrl group to 34.18% ± 3.54% in 
the PAG group, 25.53% ± 4.44% in the PAL group, and 
the lowest value of 10.33% ± 2.49% in the PAGL group 
(Fig. 5h). The results collectively highlighted the superior 

Fig. 4  In vitro anti-hyperplasia of nanofiber films covered on the stent surface. (a) Representative live/dead cell staining of HPFs. (b) Statistical analysis 
of HPFs viability. (c) Cell proliferation of HPFs over three consecutive days by CCK-8 assay. (d) Flow cytometry of cell cycle for HPFs stained with PI. (e) 
Statistical analysis of cell cycle percentage for HPFs. (f) Scratch assay of HUVECs. (g) Quantitative results of wound closure rate. Scale bar: 100 and 200 μm. 
Significant differences: *P < 0.05, **P < 0.01, and ***P < 0.001
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outcomes achieved by the PAGL group in terms of pre-
venting TISR.

Airway stent suppresses the inflammation response and 
angiogenesis
Bacterial infection after airway stent placement and 
chronic inflammatory response resulting from foreign 

body irritation are risk factors for TISR [23, 45, 78–80]. 
To determine the effect of airway stents, film surface 
microorganisms were collected. The number of viable 
bacteria was quantified after multiplicative dilution and 
inoculation onto solid culture substrates. Stents contain-
ing AgNPs reduced the microbial content in the airway 
significantly. The Fig.  6a-b showed the bacterial plate 

Fig. 5  Airway stent placement and evaluation of postoperative TISR. (a) Schematics of the procedural events in the New Zealand rabbit models treated 
with airway stent placement. (b) Diagram of DSA fluoroscopic monitoring images of the airway stent placement procedure in New Zealand rabbits. (c) 
Airway volume rendering technique (VRT) images, stent VRT images, and sagittal CT images four weeks after airway stent placement. (d) H&E and Mas-
son’s Trichrome staining of the tracheal tissues. (e) Airway stenting time for each group. (f) Tracheal ventilation ratio in rabbits in each group four weeks 
after airway stent placement. (g) Statistical analysis of tracheal epithelial thickness. (h) Statistical analysis of collagen deposition. Scale bar: 100 μm. Signifi-
cant differences: *P < 0.05, **P < 0.01, and ***P < 0.001
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Fig. 6  Airway stent suppresses the inflammation response and angiogenesis. (a) Bacterial plate cloning representation of the diluted bacterial contents. 
(b) Statistical analysis of the bacterial contents. (c) Correlation analysis of bacterial contents and granulation tissue formation between the Ctrl and PAG 
groups. (d-g) Expression levels of IL-8, MCP-1, IL-6, and TNF-α in the tracheal tissue. (h) Immunofluorescence staining of CD31 in the tracheal tissue. (i) 
Double immunofluorescence staining of Ki67 and Caspase-3 in the tracheal tissue. (j) Immunohistochemical staining of α-SMA and Sirius red staining in 
the tracheal tissue. (k) Statistical analysis of relative mean fluorescence intensity (MFI) for CD31. (l) Statistical analysis of the relative MFI for Ki67. (m) Statisti-
cal analysis of the relative MFI for Caspase-3. (n) The relative mRNA expression of VEGFR2, α-SMA, and Col IIIa1, respectively. Scale bar: 50 μm, 100 μm, and 
1 cm. Significant differences: *P < 0.05, **P < 0.01, and ***P < 0.001
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experiments resluts. Compared with the Ctrl and PAL 
groups, the surface microbial contents were significantly 
reduced in the PAG and PAGL groups. The results sug-
gested that AgNPs-containing nanofiber-covered airway 
stents inhibit the proliferation of microorganisms in the 
tracheal and maintain the tracheal microecology. In addi-
tion, linear regression analysis of the microbial content 
and the thickness of the tracheal epithelial layer in the 
Ctrl and PAG groups revealed that the microbial con-
tent on the surface of the stent in the tracheal positively 
correlated with the thickness of the tracheal epithelial 
layer (R2 = 0.9066, Fig.  6c). This results confirmed that 
the higher the microbial content on the stent surface, the 
more pronounced the granulation tissue hyperplasia in 
the tracheal. Therefore, by inhibiting the microorganisms 
in the tracheal and improving the trachea microenviron-
ment, a reduced risk for TISR may be achieved, which 
will positively improve stent patency.

The levels of inflammatory factors, including IL-8, 
MCP-1, IL-6, and TNF-α, in the tracheal tissues were 
quantified using ELISA assay. Based on these factors, 
IL-8 and MCP-1 are chemokines that recruit inflamma-
tory cells to the local site, where these cells secrete IL-6 
and TNF-α, further stimulating fibroblast proliferation 
and activating vascular endothelial cells [7, 80, 81]. Previ-
ous studies have shown that IL-8 and TNF-α are sensitive 
and specific in detecting early systemic and local inflam-
matory responses associated with stent-related studies, 
which may predict the development of TISR after airway 
stent placement [8, 82]. As depicted in Fig.  6d-g, IL-8, 
MCP-1, IL-6, and TNF-α were significantly lower in the 
groups that contained AgNPs (PAG and PAGL groups) 
compared with the groups without AgNPs (Ctrl and 
PAL groups). This finding suggests preferred inflamma-
tory control in the PAGL group, aligning with the clinical 
expectation of airway stents suppressing inflammation.

CD31, a crucial marker of vascular endothelial cells, 
plays a vital role in early angiogenesis and is commonly 
used to assess vascularization [83, 84]. Compared with 
the Ctrl group, CD31 expression was significantly 
decreased in both the PAG and PAL groups, indicat-
ing that both the presence of AgNPs and AL function 
as inhibitors of angiogenesis in vivo (Fig.  6h). Impor-
tantly, CD31 expression was further reduced in the PAGL 
group, with an approximately 77% decrease in CD31 MFI 
relative to the Ctrl group (Fig. 6k). The synergistic effect 
of the combination of AgNPs and AL resulted in the low-
est expression of CD31 in the PAGL group, resulting in 
an enhanced therapeutic effect.

Double immunofluorescence staining for Ki67 and 
Caspase-3 (Fig.  6i) revealed that tracheal tissues in the 
Ctrl group exhibited a markedly proliferative state with 
no signs of apoptosis. With the introduction of AgNPs 
and/or AL, the relative Ki67 MFI gradually decreased, 

and the relative Caspase-3 MFI gradually increased, as 
observed in the PAG group (0.81 ± 0.08 and 2.58 ± 0.13) 
and in the PAL group (0.52 ± 0.04 and 4.50 ± 0.38) com-
pared with that in the Ctrl group, respectively. Notably, 
the relative Ki67 MFI was lowest at 0.32 ± 0.08, and the 
relative Caspase-3 MFI was highest at 5.73 ± 0.60 in the 
PAGL group, respectively (Fig.  6l-m). Highly activated 
fibroblasts upregulate the expression level of α-SMA 
expression and secrete excessive collagen I and III, which 
results in the accumulation of ECM components [7, 85, 
86]. To further examine the PAGL’s effect on activated 
fibroblasts, immunohistochemical staining of α-SMA 
and Sirius red staining of collagen I/III were performed 
(Fig.  6j). As shown in Fig. S9, the α-SMA positive area 
in the PAGL group (1.94% ± 0.52%) was significantly 
decreased compared with that in the Ctrl (20.96% ± 
2.96%), PAG (13.80 ± 1.30%), and PAL (7.41% ± 0.86%) 
groups. Consistent with the findings of MT staining, 
the Ctrl group exhibited the largest proportion of total 
collagen, particularly collagen III (green), with the low-
est proportion of collagen I/III (Fig.  6j). The increased 
deposition of collagen III, an immature form of collagen, 
contributes to the persistent hyperplasia of granulation 
tissue [87, 88]. Fortunately, the PAGL group demon-
strated a significant reduction in the proportion of col-
lagen III and an improvement in the ratio of collagen I/
III (Fig. S10). The expression of VEGFR2, α-SMA, and 
Col IIIa1 mRNA was measured to identify the underlying 
molecular mechanisms. Figure 6n showed that the PAGL 
group exhibited the most pronounced inhibitory effect 
on the expression of molecules associated with angiogen-
esis and hyperplasia. The results confirm that the PAGL 
group can reprogram the tracheal microenvironment fol-
lowing stent placement to effectively prevent TISR devel-
opment by suppressing the inflammatory response and 
angiogenesis.

Whole blood samples were collected from each group 
of New Zealand rabbits to assess liver and kidney func-
tion at four weeks. There were no significant differences 
in liver and kidney function indicators (e.g., albumin, ala-
nine aminotransferase, aspartate aminotransferase, total 
bilirubin, blood urea nitrogen, and creatinine) among 
the groups (Fig. S11). This result confirms the excellent 
biocompatibility of the PAGL nanofiber-covered airway 
stent.

RNA sequencing analysis of the therapeutic performance 
of PAGL
Following in vitro and in vivo validation, RNA sequenc-
ing was conducted to elucidate the molecular mechanism 
underlying PAGL treatment of the tracheal tissue. As 
depicted in Fig.  7a, differential analysis revealed signifi-
cant upregulation of 24 genes and downregulation of 194 
genes. Notably, several highly expressed genes in the Ctrl 
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Fig. 7  Biological function analysis of PAGL treatment. (a) A heatmap illustrating the differentially expressed genes (DEGs) identified in the PAGL and Ctrl 
groups (n = 3). (b-c) Gene Ontology enrichment analysis of the identified DEGs in the Ctrl and PAGL groups, respectively. (d) Gene Set Enrichment Analy-
sis results are based on the fold-change in gene expression between the PAGL and Ctrl groups. (e) Multiscale embedded gene co-expression network 
analysis. (f) Three clusters were obtained using MEGENAR package. (g) Overlap of cluster 3 genes with DEGs and Angiogenesis-related genes. Sixteen 
genes: SIRT1, OVOL2, VEGFA, TSPAN12, EIF2AK3, KCNJ8, GJC1, MIA3, SENP2, ADIPOR2, SLC12A2, SGCB, PTN, ACE, GAPDH, and TGFBR1. (h) Protein-protein 
interaction analysis
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group, including FOXI1, ELAVL2, and SLC7A3, were 
closely associated with fibrosis, intimal hyperplasia, and 
cell migration [89–91]. To further investigate the poten-
tial biological functions of these differentially expressed 
genes (DEGs), enrichment analysis based on Gene Ontol-
ogy gene sets demonstrated their involvement in path-
ways associated with ECM remodeling and emergency 
response (Fig.  7b-c). In addition, Gene Set Enrichment 
Analysis indicated a negative correlation between the 
PAGL group and cell adhesion (Fig. 7d). Furthermore, we 
conducted Multiscale embedded gene co-expression net-
work analysis for all genes (Fig. 7e), resulting in the iden-
tification of three distinct clusters (Fig.  7f ). The results 
of GO enrichment analysis (Fig. S12) revealed that clus-
ter 3 was primarily associated with angiogenesis, while 
immune-related functions, particularly antigen process-
ing and presentation, were also significantly enriched. 
Subsequently, we compared gene cluster 3 with DEGs 
and angiogenesis-related genes, leading to the discovery 
of 16 closely related genes involved in angiogenesis after 
PAGL treatment within cluster 3, including SIRT1, MIA3, 
SENP2, ADIPOR2, SLC12A2, TGFBR1 and other genes 
(Fig. 7g). The results of PPI analysis using string database 
show that there are interactions among GAPDH, VEGFA, 
TGFBR1 and other proteins (Fig. 7h). These findings sug-
gest their potential involvement in the regulation of anti-
angiogenesis processes and effective inhibition of in-stent 
restenosis. Similarly, through the integration of gene 
cluster 3 with DEGs and immune-related genes, we have 
identified a potential involvement of 12 genes in cluster 3 
in regulating the immune response following PAGL treat-
ment. Furthermore, analysis of PPI results has revealed 
interactions between CTSC, PLA2G4A, PTN and MME 
(Fig. S13). In summary, the primary function of PAGL 
is to suppress angiogenesis, regulate immune response, 
exert an anti-inflammatory role, effectively inhibit granu-
lation tissue proliferation and fibrosis formation, thereby 
inhibiting in-stents restenosis.

Discussion
TISR is an outcome event following an abnormal tracheal 
microenvironment triggered by the foreign body reaction 
of airway stents. It is granulation tissue hyperplasia’s most 
prominent pathological hallmark [17]. In recent years, 
studies on drug-eluting stents have used cytotoxic drugs, 
such as paclitaxel, rapamycin, mitomycin, and cisplatin, 
to inhibit granulation tissue hyperplasia by counteracting 
fibroblast proliferation [45, 92–94]. For example, Wang et 
al. reported that paclitaxel-eluting stents could be safely 
placed in vivo and reduced granulation tissue formation 
[92]. Moreover, Duvvuri et al. designed rapamycin-elut-
ing airway stents to effectively inhibit fibroblast prolif-
eration and collagen deposition [93]. However, excessive 
inflammation and vascularization are also crucial factors 

contributing to TISR [7, 17]. Thus, compared with the 
studies above, PAGL nanofiber-covered airway stents in 
the present study alleviate the inflammatory response 
and suppress uncontrolled vascularization by synergizing 
AgNPs and AL.

The controlled release of active molecules from bioma-
terials represents one approach to modulating inflam-
mation at the implant site. Choi et al. reported that a 
nitinol stent coated with doxycycline positively reduced 
tracheal inflammation and restenosis in a rabbit model 
[22]. Moreover, stent-associated bacterial infections, 
particularly MRSA, further exacerbate the inflamma-
tory response and subsequent granulation tissue hyper-
plasia. Two clinical studies described the correlation 
between granulation tissue formation and airway micro-
bial colonization after airway stent placement [95, 96]. 
Thus, Zhao et al. investigated the efficacy of vancomycin-
loaded nanofiber-covered airway stents in reducing gran-
ulation tissue hyperplasia by inhibiting bacterial infection 
and inflammatory response [38]. In a preliminary study, 
AgNPs were combined with PAGL nanofiber-covered air-
way stents to exert antimicrobial and anti-inflammatory 
effects. The present study also confirmed that compared 
with the groups without AgNPs (PLA and PAL groups), 
the groups containing AgNPs (PAG and PAGL groups) 
not only effectively inactivated MRSA by generating ROS 
and inducing protein leakage (Fig. 2), but also downreg-
ulated the expression of IL-8, MCP-1, IL-6, and TNF-α 
(Fig.  6d-g). These results indicate that PAGL nanofiber-
covered airway stents inhibit bacterial infection and alle-
viate the inflammatory response during development of 
TISR.

Compared with previously designed functionalized 
airway stents with anti-inflammatory and/or anti-prolif-
erative activity, the present study innovatively proposes 
to target uncontrolled angiogenesis, another pivotal 
event in developing granulation tissue hyperplasia. We 
also confirmed that PAGL nanofiber film not only inhib-
its the viability, proliferation, and migration of HUVECs 
and HPFs in vitro (Figs.  3 and 4), but also inhibits the 
expression of VEGFR and suppresses angiogenesis in 
vivo (Fig. 6k). Notably, the PAL nanofiber-covered airway 
stent loaded with AL alone was effective at preventing 
TISR by simply inhibiting angiogenesis, which provides a 
theoretical basis for the feasibility of the anti-angiogene-
sis strategy in addressing TISR. Moreover, PAG nanofiber 
films loaded with AgNPs alone also exhibit modest anti-
angiogenic and anti-proliferative effects; however, further 
analysis of the PAL, PAG and PAGL groups revealed that 
the anti-angiogenic effect of the PAGL nanofiber film was 
primarily due to AL, which is consistent with previous 
pharmacological studies [38–40]. It is noteworthy that 
the majority of released AgNPs and AL primarily tar-
get granulation tissue. As animals function as complete 
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biological systems, a minimal amount of unused drugs 
are continuously excreted through metabolic processes, 
thereby minimizing harm to the body. Consequently, in 
future clinical practice, it is imperative to strictly admin-
ister the appropriate drug concentration via stents based 
on individual patient’s disease condition to achieve opti-
mal therapeutic outcomes.

The unique spatial structure and good biocompatibility 
of electrospun nanofiber films in combination with con-
ventional SEMS may be used to develop multifunctional 
drug-loaded nanofiber-covered airway stents. In our pre-
liminary work, we focused on the anatomical structure of 
the trachea and developed a series of SEMS (named Han’s 
stent), which solved the problem of accurate fitting of the 
stent and the trachea. Next, we use polylactic acid as an 
electrospinning drug carrier, which has been approved by 
the US Food and Drug Administration (FDA) for medi-
cal device applications, to explore nanofiber-covered 
airway stent based on SEMS [97]. Nanofiber films have 
the following advantages: (1) similarity to the three-
dimensional structure of the ECM can provide effective 
mechanical support for cells [98, 99]; (2) a large specific 
surface area and porous structure is favorable to the load-
ing of a variety of drugs and can achieve high concentra-
tions of drug-release at the target site [100, 101]; and (3) 
the electrospinning fabrication process is convenient, 
versatile, and cost effective [102]. This study lays the 
groundwork for future personalized therapy by highlight-
ing the biocompatibility and modifiability of electrospun 
nanofiber-covered airway stents, which may be modified 
with various drugs or nanomaterials.

In summary, we successfully fabricated a new PAGL 
nanofiber-covered airway stent with anti-inflammatory 
coupled anti-angiogenic properties using electrospinning 
technology. The PAGL nanofiber film, dual-loaded with 
AgNPs and AL exhibited excellent mechanical proper-
ties and a sustained, controlled drug-release profile. In 
vitro experiments indicated that the PAGL nanofiber film 
could effectively combat MRSA because of the bacteri-
cidal properties of AgNPs. It also inhibited the viability, 
proliferation, and migration of HUVECs and HPFs syner-
gistically with AgNPs and AL. Subsequently, airway stent 
placement in a New Zealand rabbit model demonstrated 
that the PAGL nanofiber-covered airway stent effectively 
alleviated inflammation and suppressed vascularization, 
thereby reducing collagen deposition and preventing 
granulation tissue hyperplasia. Finally, the favorable bio-
safety and biocompatibility of the PAGL nanofiber-cov-
ered airway stent were evaluated. This innovative airway 
stent may prevent TISR and enhance clinical outcomes.
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