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A B S T R A C T   

Vein grafts are widely used for coronary artery bypass grafting and hemodialysis access, but restenosis remains 
the "Achilles’ heel" of these treatments. An extravascular stent is one wrapped around the vein graft and provides 
mechanical strength; it can buffer high arterial pressure and secondary vascular dilation of the vein to prevent 
restenosis. In this study, we developed a novel Nanocellulose-gelatin hydrogel, loaded with the drug Astraga-
loside IV (AS-IV) as an extravascular scaffold to investigate its ability to reduce restenosis. We found that the 
excellent physical and chemical properties of the drug AS-IV loaded Nanocellulose-gelatin hydrogel external 
stent limit graft vein expansion and make the stent biocompatible. We also found it can prevent restenosis by 
resisting endothelial-to-mesenchymal transition (EndMT) in vitro. It does so by activating autophagy, and AS-IV 
can enhance this effect both in vivo and in vitro. This study has added to existing research on the mechanism of 
extravascular stents in preventing restenosis of grafted veins. Furthermore, we have developed a novel extra-
vascular stent for the prevention and treatment of restenosis. This will help optimize the clinical treatment plan 
of external stents and improve the prognosis in patients with vein grafts.   

1. Introduction 

Vein grafts are commonly used for coronary artery bypass grafting 
and hemodialysis access. However, restenosis remains a major problem 
post these treatments [1,2]. After connection to the arterial system, the 
sudden increase in pressure in the grafted vein leads to intimal hyper-
plasia, which helps accumulate various inflammatory cells (such as 
macrophages, T cells, and B cells) at the site. These cells release various 
inflammatory factors, promoting the proliferation, transformation, and 
migration of vascular endothelial cells, smooth muscle cells, and fibro-
blasts to the grafted vein, eventually leading to the pathological process 
of neointima hyperplasia (NIH), resulting in a 1-year stenosis rate of up 
to 25% [3,4]. Autophagy is important for cells to maintain 

self-homeostasis and to resist cellular and environmental pressure. 
Under physiological conditions, autophagy involves the degradation of 
harmful or surplus cellular components and provides them as nutrients 
or raw materials to lysosomes for cell recycling. However, under path-
ological conditions, autophagy acts as an adaptive response to stress to 
maintain homeostatic balance and constitutes a defense mechanism 
against adverse environments [5–8]. 

In our previous study, extravascular stents were able to inhibit 
endothelial-to-mesenchymal transition (EndMT) and thus inhibit reste-
nosis of grafted veins [9]. EndMT is a complex process that contributes 
to neointimal formation in vein grafts. It is a process by which endo-
thelial cells lose their characteristic phenotype and transform into a 
mesenchymal phenotype, including spindle-like morphological changes. 
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The mesenchymal form of the endothelial cells becomes more mobile, 
invasive, and contractile than typical endothelial cells. Moreover, they 
lose the ability to express the CD31-specific protein but can express 
smooth muscle actin (α-SMA) [10,11]. 

An extravascular stent is used around the grafted vein to provide 
resistance against high arterial pressure and to inhibit secondary 
vascular dilation. Furthermore, it reduces endothelial damage and 
inflammation by inhibiting macrophage accumulation, T cells, and other 
inflammatory cells and the release of inflammatory factors, thus inhib-
iting the process of EndMT and, therefore, prevents restenosis [12]. 
Recently, VEST clinical trials (Venous Extra Stent Technology) reported 
the good performance of an elastic alloy stent in inhibiting intimal hy-
perplasia of grafted veins; notably, this stent is non-degradable [13,14]. 
As a biodegradable and biocompatible polymer, gelatin has been widely 
used in tissue engineering [15–18]. Its chemical and physical stability 
has been achieved using the crosslinking agents formaldehyde, glutar-
aldehyde, and epoxy compounds; however, these agents exhibit a 
certain degree of physiological toxicity [19,20]. In contrast, genipin, a 
natural crosslinking agent from Gardenia jasminoides, shows low cyto-
toxicity and has been widely used for crosslinking various 
amino-containing polymer molecules [21–23]. Moreover, gelatin-based 
hydrogels, especially in the dry state, are brittle and unsuitable as 
extravascular stents. Nanocellulose (NC), a polysaccharide extracted 
mainly by acid hydrolysis of virgin cellulose, comprises repeating 
β-bound D-glucopyranosyl units and is commonly used to increase the 
toughness of hydrogels [24,25]. NC-Gelatin hydrogels have good me-
chanical properties and stability and are suitable as tissue engineering 
scaffolds and drug delivery systems [16,26,27]. Previously, we prepared 
NC-Gelatin hydrogels as extravascular stents and demonstrated that 
they are tough, provide sufficient mechanical support to the vein graft in 
the early stage after implantation, and are biocompatible [9,28,29]. 
Furthermore, extravascular stents resist EndMT through autophagy, 
thus preventing restenosis of grafted veins [9]. In vein grafting, the 
extravascular stent inhibits the secretion of IL-1β, activates autophagy, 
reduces twist expression, inhibits the process of EndMT, inhibits NIH, 
and prevents restenosis of grafted veins [9,30]. Astragaloside-IV 
(AS-IV), one of the main components of Astragalus (Astragalus mem-
braneceus), is commonly used in Chinese herbal medicine. Recently, 
clinical and experimental studies have shown that it can resist inflam-
mation and activate autophagy [31–33]. 

In this study, we used a novel NC-Gelatin hydrogel as an extravas-
cular stent to explore its potential mechanism for inhibiting restenosis. 
After performing in vitro experiments and in vivo implantation, we found 
that it has markedly good toughness and biocompatibility and inhibited 
intimal hyperplasia. Notably, it was able activate autophagy, resist 
EndMT, and inhibit restenosis. This effect was enhanced when loaded 
with AS-IV. Our results provide a new perspective for extravascular 
stents to prevent restenosis in grafted veins and reveal new targets, 
providing evidence for the clinical application of extravascular stents. 

2. Materials and methods 

2.1. Stent fabrication 

Five grams of gelatin (9000-70-8; Aladdin, Shanghai, China) were 
added to 95 mL of distilled water and heated in a water bath at 60 ◦C. 
The mixture was stirred continuously until the gelatin was dissolved to 
obtain a 5% gelatin solution. Then, 0.5 g of genipin powder (6902-77-8; 
Aladdin) were added to 90.5 mL of distilled water and stirred at 25 ◦C 
until dissolved to obtain a 0.5% genipin solution and stored at 4 ◦C for 
later use. A certain amount of gelatin solution was measured and the 
genipin solution was added (relative to 3% of gelatin solid content); the 
mixture was ultrasonicated for 5 min until the two solutions were evenly 
mixed and kept for later use. NC was prepared according to the method 
reported by Akira Isogai et al. [34]. Briefly, 2 g of cork board were added 
to 400 mL of deionized water and dispersed by magnetic stirring. Then 

0.032 g of TEMPO (2564-83-2; Aladdin) and 0.2 g of sodium bromide 
(98% purity; Aladdin) were added to the mixture and uniformly mixed 
by magnetic stirring. A certain amount of NaClO solution (10 mmol/g 
MFC) was added dropwise to the mixture at 25 ◦C to initiate TEMPO 
oxidation. In the TEMPO oxidation reaction, NaOH solution was added 
dropwise to maintain the pH value of the reaction mixture at approxi-
mately 10. The reaction was complete when the pH of the reaction 
mixture remained stable. Subsequently, the cellulose was washed 
repeatedly with deionized water until the water became neutral and a 
mixed aqueous solution of cellulose was prepared with a mass fraction of 
0.3% (w/v). The NC suspension aqueous solution was stored at 4 ◦C until 
use. Subsequently, different concentrations of NC (0%, 5%, and 10% 
relative to the solid content of gelatin) were added to the gelatin-genipin 
solution, and the mixture was sonicated for 5 min to mix well, sealed in a 
disposable polystyrene Petri dish, and kept for 48 h at 25 ◦C and 50% 
humidity. Finally, the NC-Gelatin hydrogel extravascular stent was 
prepared by adding it to the mold. Subsequently, we have prepared 3 
diameter molds, 4, 6, and 8 mm in diameter, each with a thickness of 0.3 
mm and a length of up to 8 cm, tailored according to the conditions of 
use. 

2.2. Fourier-transform infrared (FTIR) test 

The stents were freeze-dried for FTIR analyses. We obtained the 
spectra with the OPUS software, and the spectra were recorded with a 
Nicolet 8700 FTIR instrument (Thermo Fisher, Waltham, MA, USA). The 
focus on the peak movement was set at 3300 cm− 1. 

2.3. Scanning electron microscopy (SEM) 

The stents were freeze-dried for SEM analyses. The micromor-
phology of the stents was imaged using a SEM (Gemini SEM500, Zeiss, 
Oberkochen, Germany). 

2.4. Expansion analysis 

The vein was placed on a PBS (phosphate buffered saline, PBS) 
operating table at a constant temperature of 37 ◦C, with the two ends 
connected, respectively, to a high-pressure syringe and a pressure gauge. 
The pressure ranged from 0 to 300 mmHg, and the Vernier calipers were 
used at five positions for the diameter recorded. This expansion test is 
based on the pressure control principle described by Professor Joyce 
Cheung-Flynn and the monitoring device described by Professor Hans 
Gregersen [35,36]. All procedures were performed under the Declara-
tion of Helsinki of ethical standards of the 1964 and the First Affiliated 
Hospital of USTC (committee approved, Ethics No. 2021KY Ethical No. 
51). 

2.5. Thermogravimetric analysis (TGA) 

The thermal stability of the stent was measured by TGA (Q600 SDT; 
TA Instruments; New Castle, DE, USA). All samples were heated from 20 
to 220 ◦C at 10 ◦C/min. NETZSCH Proteus software (Version 4.8.5) was 
used for data analysis. 

2.6. Cell co-culture and evaluation of the stent cell biocompatibility 

Trypsin (C0201; Beyotime, Shanghai, China) was used for the 
digestion of human umbilical vein endothelial cells (HUVECs; Procell, 
China). After digestion, cell collection was completed via centrifugation 
and cells were suspended in the solution. Then, 100 μL of cell suspension 
were taken and added to each well of a 96-well plate. Cells were grown 
in an incubator (37 ◦C with 5% CO2) until confluence was reached. The 
stents were added to the wells and incubated for 24 h, 48 h, and 72 h for 
cell counting and Live/Dead test; and for 6 h, 12 h, 18 h, and 24 h for 
comet assay. PBS was added to the cells, washed once, and the cell 
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concentration was adjusted to 106-107 cells/mL after centrifugation. 
Agarose NMA, preheated at 56 ◦C, was dropped onto the preheated glass 
slide and placed at 4 ◦C for 15 min to solidify. Ten μL of PBS containing 
1000 cells and agarose LMA were mixed at 37 ◦C. The LMA containing 
cells were dropped onto the first layer of the gel plate and placed at 4 ◦C 
for 15 min to solidify. The slides were lysed upon immersion in cell lysis 
buffer for 1 h. After cell-lysis, cells were rinsed twice with PBS. Subse-
quently, the slides were placed in a horizontal electrophoresis tank and 
poured into the freshly prepared buffer. Alkali unwinding for 20 min 
was caried out in order to form single-stranded DNA. DNA strand scis-
sion was made to make it easier to migrate in the electrophoresis field. 
Electrophoresis was carried out at 25 v and 300 mA for 20 min. After 
electrophoresis, neutralization with Tris-HCl (pH 7.5) for 15 min was 
carried out. Then, 50 μL of red fluorescent nucleic acid dye were added 
dropwise to each slide, protected from light, covered with a coverslip, 
and stained in the dark for 20 min before observation. 

After culturing for different times, 10 μL of CCK8 (BB-4202-01; 
Beibokit, Jiangsu, China) were added to each well and cultured for an 
additional 1 h. Single-cell suspensions with HUVECs were prepared, and 
then the electrophoresis and staining with fluorescent dyes were per-
formed. Observing the degree of DNA damage under a fluorescent mi-
croscope and a Live/Dead Cell kit (BB-4126; Beibokit, Jiangsu, China) 
was conducted for the assessment of cell viability. 

2.7. Evaluation of in vivo biocompatibility of the stent 

All animal procedures obtained approval from the Ethics Committee 
of USTC (Ethics number: 2019-N(A)-086) and met the requirements of 
the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publications No. 8023, revised 1978). All animals 
were purchased from the Animal Center of USTC. Mice (bodyweight: 
25–35 g) were placed in rooms controlled by temperature and humidity 
in a 12/12-h light/dark cycle with food and water freely available. 
Following anesthesia for each mouse, the back skin was carefully incised 
and then the embeddedness of an external stent and the suture of the 
incision were performed. Mice were separated into two groups; post- 
surgery, one group was euthanized on day three and the other group 
was euthanized on day seven. Local tissue, heart, liver, spleen, kidney, 
and blood samples were collected from mice from both groups for 
follow-up experiments (immunohistochemistry analysis of local tissue 
for both groups for CD206, CD68, and iNOS; hematoxylin and eosin 
(H&E) staining and Masson staining of the heart, liver, spleen, lung, and 
kidney for both groups; flow cytometry analysis of the blood and spleen 
samples for both groups; Enzyme-linked immunosorbent assay (ELISA) 
IL-1β (SU–B20174, RUIXIN BIOTECH, China), IL-2 (SU–B20176, RUIXIN 
BIOTECH, China), IL-6 (SU–B20188, RUIXIN BIOTECH, China), IL-4 
(SU–B20186, RUIXIN BIOTECH, China), IL-10 (SU–B20162, RUIXIN 
BIOTECH, China), IL-13 (SU–B20167, RUIXIN BIOTECH, China) of 
blood samples for both groups; RT-PCR of spleen samples for both 
groups); H&E, Masson and immunohistochemistry (see section 2.10), 
and RT-PCR (see section 2.11). Spleen tissues were cut to form single- 
cell suspensions with added antibodies. Antibodies and red blood cell 
lysates (R1010; Solarbio) were added to the blood samples. The 
following antibodies were used: CD11B-PerCP-Cy5.5 (AH011B07-50, 
Liankebio, China), CD45R-PE-Cy7 (AM04510-50, Liankebio), CD3- 
FITC/CD45R-PE (AMC0501-50, Liankebio), and F4/80-APC 
(AM048005-50, Liankebio). The samples were tested on a CytoFLEX 
flow cytometer (Beckman Coulter). Mouse blood was centrifuged, and 
using ELISA kits to collect serum, IL-1β (SU–B20174, Ruixinbio, China), 
IL-2 (SU–B20176, Ruixinbio), IL-4 (SU–B20186, Ruixinbio), IL-6 
(SU–B20188, Ruixinbio), IL-10 (SU–B20162, Ruixinbio), and IL-13 
(SU–B20167, Ruixinbio) were detected. 

2.8. Surgical procedure and EndMT analysis 

The rat autologous neck dynamic and static bypass model was used, 

known as the “Cuff method” [9,29]. Briefly, Sprague-Dawley rats 
(males; aged 10 weeks, body weight: 200 g) were classified into six 
groups: vein, artery, graft, plus stent, stent loading low dose AS-IV, and 
stent loading high dose AS-IV. Four weeks after surgery, the grafted 
veins were removed for testing and these animals were euthanized. 

EndMT was initiated by culturing the HUVECs in a medium, which 
contained 20% (v/v) Fetal Calf Serum, 1% (v/v) penicillin-streptomycin, 
2 mM L-glutamine, 5 U/mL heparin, and 5(low)-15(high) ng/mL IL-1β. 
After induction, the cells were collected four days later for testing. 

2.9. Astragaloside-IV stent fabrication and release rate 

We added 100 mg/mL (high dose) and 50 mg/mL (low dose) of AS-IV 
(84,687-43-4; Aladdin) to the prepared NC-Gelatin hydrogels, ultra-
sonically mixed them for 5 min to form a homogeneous suspension, and 
sealed them in a disposable polystyrene Petri dish at a temperature of 
25 ◦C and a humidity of 50%. The solution was incubated for 48 h and 
then added to the stent mold to form an AS-IV stent. The AS-IV stent was 
placed in phosphate buffered saline (pH 7.5; 4 mL) and incubated at 
37 ◦C. One milliliter of PBS was collected at indicated times. replaced by 
1 mL of fresh PBS, and evaluated by liquid chromatography mass 
spectrometry (LC-MS-MS-8050; Shimadzu, Japan). We drew blood for 
concentration measurements 1, 3, 5, 10, 20, and 30 days after stent 
implantation. In terms of blood samples, serum was collected and 
centrifuged at 5000 rpm, and 1.8 mL of acetonitrile were added (LC-MS, 
Thermo Scientific™, MA, USA) per 200 μL of serum to remove any trace 
of proteins. The filtered liquid was added to the injection vials and 
evaluated using a liquid chromatography mass spectrometer (LC-MS- 
MS-8050; Shimadzu). 

2.10. Color Doppler ultrasonography 

Four weeks after surgery, Color Doppler detection was performed in 
the rats to detect the blood flow to assess the patency rate of the grafted 
vein. After administering complete anesthesia, a Color Doppler Ultra-
sound of the blood vessels was performed (Resona R9; Mindray, 
Shenzhen, China) by placing the probe on the neck of the rats for blood 
flow detection. 

2.11. Histomorphology, immunohistochemistry, and immunofluorescence 

Three and seven days after surgery, local tissues at the site of the 
embedded stent were taken for H&E, Masson, and immunohistochem-
istry tests; the heart liver, spleen, lung, and kidney were taken for H&E 
and Masson staining. Four weeks after surgery, the grafted vein speci-
mens were taken for H&E, Masson, and immunofluorescence tests. 
These samples were stored in formalin (G2161, Solarbio). After being 
soaked in hematoxylin dye solution (BA4041; Baso, Wuhan, China), 
samples were put in an eosin staining solution (BA-4022; Baso). After 
using the prepared hematoxylin samples, iron staining solution was 
used, the Masson blue solution (G1346; Solarbio) became blue again, 
and the magenta staining solution was added for 10 min. Samples were 
placed in aniline blue staining solution for 1–2 min, and a 95% ethanol 
and neutral glue seal were used for their rapid dehydration. ImageJ 
software was used for the quantitative analysis to assess the wall 
thickness, intimal thickness, intimal/wall, intimal area, lumen area, and 
intimal/lumen of the vein graft. The vein grafts were blocked with 
staining buffer for 1 h at 25 ◦C. To identify macrophages in local tissues, 
sections were incubated with the following antibodies: anti-CD68 
(DF7518, Affinity, USA), anti-CD206 (DF4149, Affinity), and anti- 
iNOS (AF0199, Affinity). To identify the components of the vessel 
wall, the slices described above were incubated with the following an-
tibodies: anti-CD31 (AF6191, Affinity), anti-α-smooth muscle actin 
(α-SMA; AF1032, Affinity), anti-LC3II (AF4650, Affinity), and anti-twist 
(AF4009, Affinity). 
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2.12. Reverse transcription quantitative polymerase chain reaction (RT- 
qPCR) 

A slice of spleen tissue was ground into powder, lysed with 1 mL of 
TRIzol reagent (15596026; Thermo Fisher, USA), and centrifuged, 
producing a pellet and supernatant. RNA was extracted from the su-
pernatant and turned into cDNA through reverse transcription using an 
ABI Step One Plus RT-qPCR system (Thermo Fisher). The gene expres-
sion was then determined for IL-1β, IL-2, IL-6, IL-4, IL-10, and IL-13. 
Furthermore, a section of the vein graft was ground into powder, pro-
cessed as described above, and gene expression was determined for IL- 
1β, TGF-β, CD31, α-SMA, slug, snail 1, twist, vimentin, beclin1, LC3II, 
p62, AMPK, and mTOR. The EndMT system also detected these in-
dicators. Results were determined using the 2- ΔΔCT method. The se-
quences of the primers are presented in Supplementary Table 1. 

2.13. Western blotting 

Preprocessed samples were added to the RIPA lysate solution 
(P0013B; Beyotime, China), and the supernatants were collected after 
centrifugation. Samples were loaded onto sodium dodecyl sulfate- 
polyacrylamide gels (3250GR500; neoFROXX, Einhausen, Germany). 
Proteins were transferred to polyvinylidene difluoride membranes 
(WGPVDF22; Servicebio, China) after electrophoresis in transfer buffer 
for 5 min. The membranes were then incubated with primary antibodies 
(1:5000 dilution) targeting CD31 (AF6191, Affinity, USA), Vimentin 
(BF8006, Affinity), α-SMA (AF1032, Affinity), slug (350,136, ZENBIO, 
China), snail (AF6032, Affinity), twist (AF4009, Affinity), LC3II (3868S, 
CST, USA), p62 (AF5384, Affinity), beclin 1 (AF5128, Affinity), AMPK 
(AF6423, Affinity), p-AMPK (AF3423, Affinity), mTOR (AF6308, Af-
finity), and p-mTOR (AF3308, Affinity). Horseradish peroxidase- 
conjugated secondary antibodies at a 1:10,000 dilution were added 

Fig. 1. Physical and chemical properties of the nanocellulose (NC)-Gelatin hydrogel extravascular stent. (a) The mold for the preparation of extravascular stents and 
the preparation of three diameter outer stents. (b) Fourier-transform infrared (FTIR) detection of nanocellulose, gelatin, genipin, and NC-hydrogels with different NC 
concentrations. (c) Expansion experiment of NC-hydrogels with different NC concentrations versus human saphenous vein. (d) The mechanical strength of the gelatin 
hydrogel further quantified with tensile testing. (e) TGA detection of NC-hydrogels with different NC concentrations. (f) Scanning electron microscopy (SEM) of NC- 
hydrogels with different NC concentrations. NS indicates not significant. #p < 0.05 (10% NC versus vein), ##p < 0.05 (10% NC versus 0% NC), ###p < 0.05 (10% NC 
versus 5% NC). 
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after washing. The membranes were then viewed with an automatic 
darkroom exposure instrument (JS-M6P; P&Q, China) and varying lu-
minous intensities were used for optimal exposure. 

2.14. Statistical analysis 

Data are presented as means ± standard deviations, which were 
processed by SPSS Version 21.0 (IBM, Chicago, IL, USA). For normally 
distributed data, one-way analysis of variance (ANOVA) was used to 
compare multiple groups. Fisher’s least significant difference test was 
used to compare the two groups. Results with a p-value less than 0.05 
were considered statistically significant. 

3. Results 

3.1. Fabrication and characterization of NC-Gelatin hydrogels 
extravascular stent 

As shown in Fig. 1a and Supplementary Fig. S1, to adapt to the 
properties of the NC-Gelatin hydrogel, special extravascular stent mold 
was prepared, so that an extravascular stent of uniform thickness could 
be prepared. When fabricating the extravascular stent, we categorized 
the fabricated stents into different groups, namely 0% NC and 5% NC 
combined with 10% NC groups according to the different content of 
nanocellulose and determined the appropriate NC-Gelatin ratio through 
analysis of the physical and chemical properties. We then conducted 
subsequent experiments. As shown in Fig. 1b, FITR observed a shift of 
the peak at 3300 cm− 1 in the NC-Gelatin-genipin hydrogel model, rep-
resenting a combination of hydrogen bonds in the model. In the 
expansion experiment, the 10% NC group significantly inhibited the 
expansion of the grafted vein (10% NC:0.103 ± 0.006 versus 5% NC: 
0.186 ± 0.006, 0% NC 0.227 ± 0.006, vein: 0.720 ± 0.010 mm, p <
0.05 at 150 mmHg; 10% NC: 0.167 ± 0.015 versus 5% NC: 0.220 ±
0.027, 0% NC 0.380 ± 0.010, vein: 0.837 ± 0.015 mm, p < 0.05 at 200 
mmHg; 10% NC: 0.207 ± 0.006 versus 5% NC: 0.337 ± 0.032, 0% NC 
0.437 ± 0.006, vein: 0.817 ± 0.006 mm, p < 0.05 at 250 mmHg) 
(Fig. 1c). The mechanical strength of the gelatin hydrogel was further 
quantified using tensile testing (Fig. 1d and Supplementary Figs. S1c, d, 
e, & f). The pure gelatin hydrogel exhibited poor mechanical perfor-
mance with 0.315 MPa ultimate stress, 0.575 MPa tensile modulus, and 
55% strain at break. The ultimate stress monotonically increased with 
increasing CNF content to 0.38, 0.71, and 0.82 MPa at 5%, 10%, and 
15% CNF contents, respectively (Supplementary Fig. S1d). The 0.82 
MPa ultimate stress of NFC-15% hydrogel was 2.6 times that of pure 
gelatin hydrogel. The 0.71 MPa ultimate stress of NFC-10% hydrogel 
was 1.9 times that of pure gelatin hydrogel. In addition, the Young’s 
modulus also increased monotonically with increasing CNF content, 
reaching 1.17 MPa at 15% CNF content, 2.0 times that of pure gelatin 
hydrogel as well as 1.05 MPa at 10% CNF content, 1.8 times that of pure 
gelatin hydrogel. Surprisingly, the strain also increased to 70% at 15% 
CNF content (Supplementary Fig. S1f), which is 1.36 times that of the 
pure gelatin hydrogel. The strain also increased to 67% at 10% CNF 
content, which is 1.2 times that of the pure gelatin hydrogel. This in-
dicates that the NC-hydrogel is not only stronger, but also tougher with 
10% and 15% CNF content. In this experiment, the purpose of adding 
nanocellulose is to improve the mechanical properties and expansion 
strength of the hydrogel. As shown in Fig. 1c and Supplementary 
Figs. S1b, c, d, e, & f, when the content of nanocellulose was higher than 
10%, the enhancement effect of cellulose on the mechanical properties 
and expansion of the composite hydrogel was not significant. In addi-
tion, an excessively high content of nanocellulose will increase the vis-
cosity of the hydrogel, which is not conducive to its complete punching 
in a specific mold, and is prone to producing defected products. There-
fore, considering the cost and comprehensive performance, 10% was 
selected as the experimental group in this study. There was little dif-
ference in the results of thermogravimetric analysis between the three 

groups (Fig. 1e and Supplementary Fig. S2). Typical hydrogel-like 
morphology can be seen in the SEM of the three groups, and more 
nanocellulose can be seen enriched on the surface of the hydrogel in the 
10% NC group than that in the other two groups (Fig. 1f and Supple-
mentary Fig. S3). In vivo degradation experiments demonstrated that the 
degradation rate of the 10% NC group was the slowest (10% NC:7.8 ±
0.01% versus 5% NC:14.6 ± 0.01%, 0% NC: 28.3 ± 0.01%, p < 0.05) in 
vivo total degradation after 28 days (Supplementary Fig. S4). We chose 
10% NC as the optimal formula in making extravascular stents for the 
follow-up experiments. 

3.2. Biocompatibility of the NC-Gelatin hydrogel external stent 

As shown in Fig. 2a, we have demonstrated the biocompatibility of 
the stent, including biocompatibility in vivo and in vitro experiments. The 
results of the Comet experiment showed that HUVEC cells with the stent 
do not cause DNA damage in the cells (Fig. 2b and d and Supplementary 
Fig. S5). The CCK-8 assay revealed no differences in cell viability after 
24, 48, and 72 h of culture with the stent (Fig. 2c). Furthermore, 
HUVECs cultured with stents were labeled using a Live/dead cell kit, and 
the results showed that most HUVECs grew well (Fig. 2e). 

For the locally embedded site of the stent, macrophages infiltrated 
after 3 days of embedding, and the number of CD68, CD206, and iNOS 
positive cells increased, however the number of positive cells gradually 
decreased on day seven and there was no marked difference between the 
control and stent groups indicating that the stent has good local tissue 
biocompatibility (Fig. 3a and b, Supplementary Figs. S6, S7, S8, S9, and 
S10). To evaluate the damage of the stent to important organs of the 
body, we performed H&E and Masson staining of the heart, liver, spleen, 
lung, and kidney; no obvious morphological changes were found 3 and 7 
days after the operation (Fig. 3c, Supplementary Figs. S11, S12, and 
S13). No obvious changes in various cell components were shown ac-
cording to flow cytometry analysis of blood samples taken after 3 and 7 
days (Fig. 3d and e, Supplementary Fig. S14). In comparison of both 
stents, ELISA for pro-inflammatory and anti-inflammatory cytokines in 
the blood after 3 and 7 days showed no obvious changes (Supplementary 
Figs. S15 and S18). No obvious changes in various cell components could 
be seen from the flow cytometry analysis of spleen samples taken after 3 
and 7 days (Supplementary Figs. S16 and S19). Furthermore, according 
to the RT-PCR analysis of the spleen cells, there were no obvious dif-
ferences in the expression levels of pro-inflammatory and anti- 
inflammatory indicators between days 3–7 (Supplementary Figs. S17 
and S20). 

3.3. The NC-Gelatin stent inhibits restenosis by resisting EndMT through 
the autophagy pathway 

As shown in Fig. 4a, we established a rat autologous jugular vein- 
carotid artery graft vein model and included a stent. Four weeks later, 
we performed Color Doppler Ultrasound on the rats to evaluate the 
condition of the vein grafts. We found that arterial flow was faster than 
venous flow, causing the velocity of narrow vein graft vessels to in-
crease. Following the stent intervention, the flow rate decreased in the 
vein graft, increasing the patency rate significantly (Stent: 141 ± 1.4 
cm/s versus Graft: 166 ± 5.9 cm/s, Arterial flow: 88 ± 5.3 cm/s, Veinous 
flow: 14 ± 1.4 cm/s, p < 0.05; Fig. 4b and c). We performed H&E and 
Masson staining (Fig. 4d and Supplementary Fig. S21) on the specimens 
four weeks after the operation; the stent significantly reduced intimal 
hyperplasia as the intimal thickness of the stent group was significantly 
lower than the graft group (Stent: 445.3 μm ± 150.0 versus Graft: 676.4 
± 204.7 μm, Artery: 48.9 ± 8.2 μm, Vein: 11.7 ± 2.9 μm, p < 0.05; 
Fig. 4e), and the wall thickness of the stent group was also significantly 
reduced (Stent: 570.0 ± 153.5 μm versus Graft: 786.0 ± 210.6 μm, Ar-
tery: 48.9 ± 8.2 μm, Vein: 34.6 ± 9.7 μm, p < 0.05; Fig. 4f). The stent 
significantly reduced the intimal/vessel wall ratio (Stent: 0.77 ± 0.08 
versus Graft: 0.86 ± 0.06, Artery: 0.50 ± 0.08, Vein: 0.36 ± 0.14, p <
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0.05; Fig. 4f). We also measured the area of the intima and found that 
area in the stent group was significantly lower than that in the graft 
group (Stent: 1.97 ± 0.74 mm2 versus Graft: 2.53 ± 1.45 mm2, Artery: 
0.10 ± 0.01 mm2, Vein: 0.05 ± 0.02 mm2, p < 0.05), and the intimal/ 
lumen area ratio was also the lowest in the stent group (Stent: 0.59 ±
0.06 versus Graft: 0.71 ± 0.07, Artery: 0.25 ± 0.03, Vein: 0.22 ± 0.08, p 
< 0.05; Fig. 4f). We conducted α-SMA and CD31 fluorescent double 
staining on the grafted veins and found that both α-SMA and CD31 were 
co-expressed in the graft group, revealing the process of EndMT. The 
expression of α-SMA in the stent group was lower, suggesting that the 
stent inhibited the process of EndMT in the grafted veins (Fig. 4g). To 
verify that the stent could resist EndMT, we performed Western blot and 

RT-PCR detection on the vein grafts; the stent remarkably increased the 
expression of CD31 in the grafted veins, whereas it considerably 
decreased the expression of α-SMA (Supplementary Figs. S22a and b). 
The stent also markedly reduced the expression of slug, snail, twist, and 
vimentin, which are hallmarks of EndMT in the grafted veins (Supple-
mentary Fig. S22 a & b). We found that the stent reduced the expression 
of IL-1β, which is key to the induction of EndMT (Supplementary 
Fig. S22c). 

Fig. 2. In vitro biocompatibility evaluation of the stent. (a) Schematic diagram of the systematic biocompatibility evaluation of NC-hydrogels. (b & d) Comet assay to 
assess DNA damage by the stent. (c) Cell viability assay of cells cultured with stent (n = 4). (e, f & g) Biocompatibility evaluation based on the Live/dead staining (n 
= 3). Data are expressed as means ± standard deviations (n = 3); NS indicates not significant. 
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3.4. The external stent loaded with AS-IV resists EndMT by activating 
autophagy 

The mechanism by which the stent reduced key inflammatory fac-
tors, including IL-1β which induces EndMT, was investigated in vitro [37, 
38]. A typical characteristic of EndMT in endothelial cells is the decrease 
of CD31 and the increase of α-SMA, twist, snail, and slug (Fig. 5a). Based 
on the results of fluorescent double staining, a high concentration (15 
ng/mL) of IL-1β reduced CD31 expression considerably and increased 
α-SMA expression considerably compared with a low concentration of 5 
ng/mL. Furthermore, cells in the high-dose group compared with the 
low-dose group became slenderer, showing a more typical EndMT cell 
morphology (Fig. 5b and Supplementary Fig. S23). Inhibiting the 
expression of IL-1 can activate autophagy. Moreover, autophagy level 
also changes markedly with the occurrence and development of EndMT, 
suggesting that autophagy mediates EndMT [39,40]. We found that 
along with the increase in EndMT marker proteins including slug, snail, 

and twist, autophagy-specific proteins such as beclin 1 and LC3 
decreased, with the RT-PCR results confirming these findings, therefore 
suggesting that autophagy mediates EndMT (Fig. 5c, d, & e and Sup-
plementary Fig. S24). Using TEM (Transmission Electron Microscopy, 
TEM), we observed that when exposed to the high dose of IL-1β, the 
contents of the autophagosome and autophagolysosomes in EndMT cells 
were less than when exposed to the low dose of IL-1β (Fig. 5f). 

We used the drug AS-IV and found that it inhibited EndMT more 
strongly compared with the absence of the drug and that a higher con-
centration of the drug AS-IV inhibited more EndMT than when used at 
lower concentrations (Fig. 6a). To explore whether AS-IV inhibits the 
EndMT process through the autophagy pathway, we double-stained 
twist and LC3 and found that AS-IV reduced the expression of twist 
and increased the expression of LC3; thus, the high-dose was proven 
more effective than the low-dose (Fig. 6b). The results of Western blot 
and RT-PCR also found that AS-IV could activate autophagy and that the 
expression of LC3, CD31, and beclin was increased; the expression of 

Fig. 3. Evaluation of in vivo biocompatibility. (a & b) 
Immunohistochemistry of CD68, CD206, and iNOS in 
local tissues of mice with embedded stent to assess 
macrophage infiltration. (n = 9). (c) Hematoxylin and 
eosin (H&E) staining of the heart, liver, spleen, lung, 
and kidney of mice with embedded stent to assess 
systemic toxicity. (d & e) Flow cytometry of blood 
from mice with the embedded stent to assess systemic 
inflammatory responses (n = 4). Data are expressed 
as means ± standard deviations (n = 3); NS indicates 
not significant; *p < 0.05.   
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p62, α-SMA, slug, twist, and snail was decreased showing EndMT inhi-
bition (Fig. 6c, d, & e and Supplementary Fig. S25). Using TEM, after 
treatment with AS-IV, the contents of autophagosome and autophago-
lysosomes increased. This was proven to be dose dependent (Fig. 6f). 

3.5. NC-Gelatin-AS-IV external stent inhibits graft restenosis and resists 
EndMT by activating autophagy 

We hypothesized a stent loaded with AS-IV could synergistically 
enhance the effect of stent-activated autophagy against EndMT; there-
fore, we prepared an NC-Gelatin-AS-IV loaded stent. FTIR was used to 
observe the absorption peak of the hydroxyl stretching vibration at 
3390 cm− 1 (Fig. 7a). Overall drug release was smooth and the cumu-
lative amount of release in 30 days was approximately 47 ± 0.01% 
(Fig. 7b). The advantage of administering medication locally is that the 
target tissue can be affected with few systemic side effects. We measured 
the AS-IV concentration in the blood and found no trace of the drug in 
the test samples, which follows our hypothesis (Supplementary Figs. S26 
and S27). In addition, we used a bare stent and different concentrations 
of AS-IV-loaded stent in rat vein graft surgeries. We found that the drug- 
loaded AS-IV-stent could improve the patency rate of the grafted veins 
and its effect would be enhanced at a high concentration (Fig. 7c and d). 

We performed H&E and Masson staining on vein grafts to assess intimal 
hyperplasia and found that AS-IV enhanced the effect of the stent in 
reducing intimal thickness. Furthermore, the effect was enhanced at 
higher concentrations of the drug (High: 171.7 ± 67.0 μm versus Low: 
253.8 ± 68.7 μm, Stent: 445.3 ± 150.0 μm, Graft: 676.4 ± 204.7 μm, p 
< 0.05). The intimal/wall thickness ratio showed concurring results 
(High: 0.498 ± 0.121 versus Low: 0.680 ± 0.070, Stent: 0.770 ± 0.084, 
Graft: 0.857 ± 0.060, p < 0.05). In addition, the two indicators of the 
intimal area and the ratio of the intimal area/lumen area in the high 
dose group were the most effective (Intimal area: High: 0.65 ± 0.24 
mm2 versus Low: 0.97 ± 0.36 mm2, Stent: 1.97 ± 0.74 mm2, Graft: 2.53 
± 1.45 mm2, p < 0.05; Intimal/lumen: High: 0.31 ± 0.03 versus Low: 
0.51 ± 0.13, Stent: 0.59 ± 0.06, Graft: 0.71 ± 0.07 mm2, p < 0.05; 
Fig. 7d and e and Supplementary Fig. S28d). 

We performed double fluorescent staining of CD31 and α-SMA on the 
grafted vein and found that they were co-expressed in the graft group, 
which represented the occurrence of EndMT. Stent intervention could 
increase CD31 expression and reduce the expression of α-SMA, inhibit-
ing EndMT; this effect was enhanced at high doses of AS-IV (Fig. 8a). 
Based on our findings, we suggest that AS-IV can improve EndMT stent 
resistance in the grafted vein (Fig. 8b and c and Supplementary 
Fig. S29). To explore whether autophagy is involved in the resistance 

Fig. 4. Stent inhibits graft vein restenosis by resisting 
endothelial-to-mesenchymal transition (EndMT). (a) 
Establishment of a rat autografted vein model and 
intervention with stent. (b & c) Four weeks after the 
model was established, Color Doppler ultrasonogra-
phy was used to detect the blood flow in the graft vein 
to evaluate restenosis. (n = 5). (d) H&E was per-
formed 4 weeks after the vein was grafted to observe 
intimal hyperplasia (the black dotted line indicates 
the interval between intima and adventitia). (e & f) 
Statistics of the main indicators of intimal hyperpla-
sia. (n = 5). (g) α-SMA and CD31 immunofluores-
cence double staining was performed 4 weeks after 
the transplanted vein to evaluate the resistance of 
stent to EndMT (the white dotted line indicates the 
interval between the lumen and intima) (n = 5). 
Intimal thickness refers to the thickness of the intima. 
Wall thickness refers to the thickness of the grafted 
vein. Intimal/wall refers to the proportion of intimal 
thickness in the grafted vein. Intimal area refers to the 
area of the intima in this cross section. The lumen 
area is the area of the graft vein in this cross-section. 
Intimal/lumen refers to the proportion of the intimal 
area to the grafted vein area in this cross-section. 
Data are expressed as means ± standard deviations 
(n = 3); NS indicates not significant; *p < 0.05.   
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process of EndMT, we performed fluorescent double staining of auto-
phagy core protein LC3 and EndMT core protein twist on grafted veins. 
In the graft group, the expression of twist was high, while that of LC3 
was low. This indicated that autophagy was significantly inhibited 
during EndMT. In the presence of the stent, the expression of LC3 
increased and the expression of twist decreased, indicating that the 
autophagy pathway is activated to inhibit EndMT. With a stent loaded 
with AS-IV, autophagy was further activated and EndMT was further 
inhibited, indicating that AS-IV can strengthen the activation of auto-
phagy. This effect was also found to be dose dependent, so a high dose of 
AS-IV was more effective in inhibiting EndMT than a low dose of the 
drug (Fig. 8d). We detected the protein and mRNA of twist, LC3, p62, 
and Beclin by Western blot and RT-PCR (Fig. 8e and f and Supplemen-
tary Fig. S29). Thus, we suggest that the NC-Gelatin-AS-IV loaded 
extravascular stent resists EndMT by activating autophagy and inhibit-
ing graft restenosis. 

4. Discussion 

In this study, we prepared an extravascular NC-Gelatin stent loaded 
with AS-IV. We found that the stent has good physicochemical proper-
ties and biocompatibility, as shown in vivo and in vitro. Furthermore, the 
stent could activate the autophagy pathway, resist EndMT in the grafted 
vein, and prevent restenosis. Moreover, the addition of the drug AS-IV 
could enhance these effects in vivo and in vitro. These findings are 
beneficial in revealing the mechanism of extravascular stent in reducing 
restenosis and provide options for the design and application of extra-
vascular stent. Our results provide novel ideas and methods for the 
clinical application of an extravascular stent to improve restenosis of 
grafted veins. 

The NC-Gelatin extravascular stent has suitable physicochemical 
properties to prevent restenosis of the grafted veins. Grafted veins are 
widely used for revascularization, but restenosis affects patient quality 

Fig. 5. EndMT changes in human umbilical vein 
endothelial cells (HUVECs). (a) Mechanism of EndMT 
in HUVEC. (b) After EndMT induction by high and 
low concentrations of IL-1β, double staining was used 
for identification of α-SMA and CD31. (c, d, & e) The 
induced EndMT cells were collected, and Western 
blot was used to detect EndMT characteristic proteins 
and autophagy-related proteins. (n = 4). (f) Trans-
mission electron microscopy (TEM) was used to 
observe the autophagosome and autolysosome of 
EndMT under different conditions. (n = 4). Group 
explanation: HUVECs refer to uninduced HUVECs, 
low IL-1β indicates that a low-dose IL-1β induces 
EndMT in HUVECs, and high-IL-1β indicates that a 
high-dose IL-1β induces more obvious EndMT in 
HUVECs. Data are expressed as means ± standard 
deviations (n = 3); *p < 0.05.   
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of life and long-term prognosis. Recently, extravascular stents have been 
used to buffer the high pressure experienced by vein grafts and their 
subsequent vasodilation, reduce endothelial damage and inflammation, 
and prevent restenosis [41–43]. The process of grafting vein surgery 
causes damage to the endothelium. Thus, during operations, the 
"NO-TOUCH" principle should be followed to prevent stenosis [44]. 
Within a few hours after the grafting of the vein, the lumen surface gets 
covered with rich fibrin. After which, the white blood cells in the 
circulating blood, including neutrophils, monocytes, and lymphocytes, 
attach to the intima, causing thrombosis requiring intensive anti-
coagulation therapy, such as with heparin and aspirin [45]. After a few 
days, the grafted vein releases growth factors and cytokines, such as 
inflammatory cells, that promote endothelial cell EndMT and smooth 
muscle cell proliferation. This phase often lasts about a year and can be 
intervened with extravascular stents [46]. Approximately 2 years later, 

macrophages on the vascular wall begin to ingest adipocytes and 
transform into dead foam cells undergoing apoptosis and eventually 
depositing cholesterol to form necrotic nuclei. At this stage, 
anti-atherosclerotic therapy, e.g., with atorvastatin, is often effective 
[47]. Extravascular stents can be divided into either solid or semi-solid 
according to their shape. The representative of semi-solid stents is gel 
and its biggest advantage is its ease of use. The main concerns of scholars 
on this gel focus on its mechanical properties. However, this can be 
easily tweaked through modification of its materials [48]. Solid type 
extravascular stents, including mesh, sheath, cuff, wrap, and matrix, can 
often provide enough support. As a result, these stents are not particu-
larly easy to use, especially for coronary artery bypass graft [46]. 
Drug-loaded stents, with drug-loaded coatings inside the stent or a 
polymer, are now favored over bare stents. Among commercial stents, 
sirolimus is the most encapsulated drug, and its release rate is reported 

Fig. 6. EndMT was inhibited by Astragaloside IV (AS- 
IV), and changes in autophagy and EndMT were 
observed. (a) Morphological changes of EndMT cells 
after AS-IV intervention were observed in a bright 
field. (b) EndMT cells after AS-IV intervention were 
double stained with EndMT characteristic protein 
twist and the autophagy characteristic protein LC3B. 
(c, d, & e) In EndMT cells after AS-IV intervention, 
Western blot was used to detect EndMT characteristic 
proteins and autophagy-related proteins. (n = 4). (f) 
After AS-IV intervention in EndMT cells, TEM was 
used to evaluate the contents of autophagosome and 
autophagolysosomes in different groups. Group 
explanation: EndMT refers to the change of EndMT in 
HUVECs induced by high-dose IL-1β, low AS-IV refers 
to EndMT cells intervened with low-dose AS-IV, high 
AS-IV refers to EndMT cells intervened with high- 
dose AS-IV. Data are expressed as means ± standard 
deviations (n = 3); *p < 0.05.   
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to be generally maintained at 30%–70%. The significant advantage of 
drug-loaded stents is that the drug can effectively reach the target tissue, 
resulting only in a few systemic side effects [49]. In order to reduce the 
side effects caused by permanent stent implantation, biodegradable 
stents have been developed rapidly in recent years. The research and 
development of biodegradable stents in the past 20 years has mainly 
focused on materials such as polymers, iron, magnesium, and zinc. 
These materials can temporarily support blood vessels for 3–6 months 
after implantation in the body and then be degraded and absorbed [50]. 
Once a material is completely degraded, no foreign bodies form around 
the blood vessels and vascular reactivity with vascular remodeling po-
tential can then be restored. 

Extravascular supports, such as gel, mesh, sheath, cuff, warp, matrix, 
and stent, possess variable advantages and disadvantages. However, the 

most important aspect to consider is the support provided to the grafted 
vein [46]. We chose the reaction of gelatin and genipin as the basis for 
fabricating an extravascular stent and adjusted the mechanical proper-
ties of the stent by adding different ratios of NC. The pure gelatin 
hydrogel has a porous morphology with connected pores, and the wall 
surface of the pores is relatively smooth. Nanocellulose can be adsorbed 
on the surface of hydrogel wall material through hydrogen bonding and 
hydrophobic interaction to form a dense network structure. The 
high-density network structure can effectively enhance the expansion 
strength of gelatin hydrogel and improve the application performance of 
the hydrogel. The in vitro expansion experiment indicated that the ef-
fects of the graft vein expansion inhibition were optimal. NC-hydrogel is 
a highly hydrated porous fibrous and soft material with good mechan-
ical properties; it can be chemically modified by adding functional 

Fig. 7. NC-hydrogel extravascular stent-encapsulated with AS-IV. (a) FT-IR identification of the stent packaged with AS-IV. (b) In vitro cumulative release rate. (c) 
Evaluation of patency rate 4 weeks after stent embedding and AS-IV loaded stent with different doses of AS-IV. (d & e) H&E staining performed 4 weeks after 
embedding of the stent and AS-IV-loaded stent with different doses of AS-IV to evaluate intimal hyperplasia (the black dotted line indicates the interval between the 
intima and adventitia). (n = 5). Data are expressed as means ± standard deviations (n = 3); *p < 0.05. 
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groups or grafted biomolecules that can enhance the physicochemical 
properties and biological interactions of hydrogels. Moreover, 
NC-hydrogels have been suitable for biomedical applications [51–54]. 
Prakobna and Kasinee reported that adding NC to the hydrogel can 
improve Young’s modulus by a factor of 7, and Yang et al. reported that 
the mechanical properties can be improved by a factor of 8.5 [55,56]. 
NC-hydrogel is widely used in tissue engineering, such as 3D cell culture 
and bone defects. We innovatively applied it to extravascular stents to 
prevent restenosis of grafted veins, which has broadened its application 
[57–61]. Markstedt et al. 3D printed NC-hydrogels followed by cell 
culture for the reconstruction of human ear cartilage and achieved 
positive results; the success of this study was based on the excellent 
viscosity of NC-hydrogels, shear thinness, and low shear rates for good 
3D printing performance [62–66]. Our study took full advantage of the 
excellent mechanical properties of NC-hydrogels to limit the dilation of 
the grafted vein under high pressure, alleviate intimal hyperplasia, and 
prevent restenosis. 

The NC-Gelatin extravascular stent has excellent biocompatibility, 
which is critical for grafting veins [67–69]. An important characteristic 
to consider when designing an extravascular stent is to ensure that it 
limits the inflammatory response, thus resisting EndMT and inhibiting 
the grafted vein stenosis. We conducted a systematic local biocompati-
bility investigation and found that the number of macrophages 
increased slightly after 3 days, which could have been caused by an 

acute reaction. However, after 7 days, the number of macrophages was 
similar to that of the control group, showing good biocompatibility. This 
interesting result is attributed to the excellent biocompatibility of 
NC-hydrogels. Hydrogels and NC are biocompatible. Their synthesis 
requires a washing step to remove potentially harmful cells and tissues 
[70–72]. If necessary, UV irradiation and ozone can sterilize hydrogels 
after preparation to minimize contamination by microorganisms such as 
bacteria and fungi [73,74]. To date, no significant toxic effects of NC on 
cells and organs have been reported [75]. A similar antibacterial effect 
was found in an NC-hydrogel as a wound dressing [76,77]. We evaluated 
the cytotoxicity of NC-hydrogels and found no cytotoxicity of the 
fabricated NC-Gelatin hydrogel. NC-hydrogels are used for the 3D cul-
ture of mesenchymal stem cells, human pluripotent stem cells, and liver 
tumor cells [78–81]. In this study, we evaluated the pathological con-
ditions of the heart, liver, spleen, lung, and kidney of rats after 
embedding the stent and evaluated the systemic inflammatory response 
as follows: blood and flow cytometry of the spleen, ELISA of 
inflammation-related components of blood, and RT-PCR of spleen con-
tents [82,83]. This systematic biocompatibility evaluation lays a solid 
foundation for later clinical use of the extravascular stent. 

External stents prevent restenosis by activating autophagy against 
EndMT. Using cell lineage tracing technology, scholars found that 
EndMT was mediated by the sudden increase in pressure after the 
grafted vein was exposed to the arterial system, and over 50% of the 

Fig. 8. AS-IV could enhance the effect of the stent to 
activate autophagy against EndMT. (a) α-SMA and 
CD31 immunofluorescence double staining were per-
formed 4 weeks after the vein was transplanted to 
evaluate the effect of AS-IV on enhancing the stent’s 
resistance to EndMT (the white dotted line indicates 
the interval between the lumen and the intima). (b & c) 
Western blot detection of the EndMT core protein to 
evaluate the effect of AS-IV in enhancing the resistance 
of the stent to EndMT. (d) Twist and LC3B fluorescent 
double staining was performed on the grafted vein to 
evaluate the effect of AS-IV on enhancing the resis-
tance of the stent to EndMT through autophagy (the 
white dotted line indicates the interval between the 
lumen and intima). (e & f) Western blot was used to 
detect the core protein of autophagy and EndMT and to 
evaluate the effect of AS-IV on enhancing the resis-
tance of the stent to EndMT through autophagy. (n =
5). Data are expressed as means ± standard deviations 
(n = 3); *p < 0.05.   
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neointima were EndMT cells; postmortem autopsy in patients who had 
undergone vein grafting revealed that EndMT cells were the major 
component of the neointima [84–86]. Inflammation has always been 
associated with restenosis and intimal hyperplasia. Professor Fumitaka 
Ohsuzu reported that IL-6 is involved in intimal hyperplasia after 
vascular injury. The mechanism includes IκBNS regulation of a subset of 
Toll-like receptor (TLR)-dependent genes including interleukin − 6 
(IL-6) by inhibiting nuclear factor-κB (NF-κB) [87]. Prof. David Bern-
hard reported that IL-8 is involved in intimal hyperplasia, and its 
mechanism includes Endothelial cell-secreted interleukin 8 triggering 
intimal invasion of smooth muscle cells and enhancing intimal thick-
ening in an arterial organ culture model [88]. NF-κB signaling is widely 
involved in remodeling after vasculitic infiltration. Prof. Hideki Katagiri 
found that Endothelial NF-κB activation up-regulates adhesion molecule 
expression, which may trigger macrophage infiltration and inflamma-
tion in the adventitia and media. Thus, the endothelium plays an 
important role in vascular remodeling through its intracellular NF-κB 
signaling [89]. Prof. Garret A FitzGerald found that COX-2-derived 
prostacyclin modulates vascular remodeling. Among which, deletion 
of the PGI2 receptor (IP) or suppression of PGI2 with the selective COX-2 
inhibitor, nimesulide, both augmented intimal hyperplasia while pre-
serving luminal geometry in mouse models of transplant arteriosclerosis 
or flow-induced vascular remodeling [90]. Our study found that the 
NC-hydrogel extravascular stent can limit the dilatation of the graft vein 
and resist EndMT, thus preventing restenosis. In vivo and in vitro ex-
periments showed extravascular stents resist EndMT by activating 
autophagy. Inhibition of IL-1β can activate autophagy. Changes in 
autophagy levels affect EndMT. In this study, we found that our fabri-
cated stent reduces IL-1β by limiting expansion, thus activating auto-
phagy and resisting EndMT [39,40,91]. This finding helps elucidate the 
mechanism of extravascular stents to prevent restenosis of grafted veins 
as well as helps select drugs loaded with extravascular stents. 

AS-IV can enhance the effect of the stent to activate autophagy 
against EndMT. AS-IV is a saponin purified from Astragalus, a traditional 
Chinese herbal medicine widely used for cardiovascular and cancer 
treatment for over 2000 years [92]. Xu et al. reported that AS-IV may 
down-regulate mRNA expression of IL-1β, IL-6, and TNF-α, all of which 
induce EndMT [93]. Xiong et al. reported that AS-IV reduced mRNA 
expression levels of NLRP3, IL-1β, IL-18, IL-6, TNF-α, and IL-8 and 
demonstrated the anti-inflammatory functions of AS-IV. Furthermore, 
they found that AS-IV can promote autophagy [31]. In this study, we 
found that AS-IV can inhibit IL-1β-induced EndMT, in which autophagy 
is significantly activated, and the effect of a high dose of the drug is 
better than that of a low dose. To reduce systemic adverse reactions and 
improve the local effect, we loaded AS-IV into the stent and proved the 
feasibility of locally applying AS-IV through in vitro release experiments 
and in vivo blood concentration detection. Gao et al. reported the local 
application of AS-IV to induce wound healing and found that AS-IV has a 
good anti-inflammatory effect [94]. We found through a rat graft vein 
model that adding AS-IV can enhance the effect of the stent to activate 
autophagy against EndMT and is dose dependent. Simultaneously, we 
demonstrated the safety and efficacy of AS-IV. First, the advantage of 
local tissue targeting with few systemic side effects is achieved [95]. 
Local application of AS-IV around the graft vein in the current study was 
based on this principle; we aimed to reduce the systemic toxicity of 
AS-IV while exerting local effects. Our animal experiments illustrated 
the effectiveness of AS-IV, and in order to quantitatively analyze the 
contents of AS-IV in the blood, we performed blood concentration an-
alyses. Second, low plasma concentration of topical drugs, leading to 
false-negative results, were of concern. Therefore, we emphasized great 
importance to the establishment of a standard curve in order to improve 
the test efficiency. The precision of our standard curve was chosen to be 
in ng/mL, which is sufficient to detect trace amounts of AS-IV in blood, 
thereby avoiding false negatives. Establishment of the standard curve is 
shown in Supplementary Fig. S26. The results demonstrated that none of 
the AS-IV in the test samples was detected in blood. Combined with the 

experiments described above, these results suggested that topical AS-IV 
was safe. Furthermore, in vitro experiments demonstrated that AS-IV 
blocked intimal hyperplasia. In conclusion, topical application of 
AS-IV to inhibit restenosis of graft vein proved safe and effective. These 
results may help optimize the use of extravascular stents in clinical 
treatment. 

There are limitations to this study. First, the animal model patho-
physiology of vein grafts does not adequately mimic the complexity of 
human coronary artery bypass grafting. Second, all interventions were 
conducted in healthy animals; however, various chronic comorbidities 
can usually be found clinically in a patient. Therefore, studies that 
consider these factors are needed for further practical applications. 

5. Conclusions 

NC-Gelatin extravascular stents can activate autophagy, resist 
EndMT, and prevent restenosis of graft vein. Furthermore, these effects 
can be significantly enhanced when AS-IV is loaded on the stent. We 
have demonstrated the effectiveness of our fabricated extravascular 
stent using NC-Gelatin loaded with the AS-IV drug. We have shown that 
restenosis can be prevented in vein grafts with these extravascular 
stents. This is done through the inhibition of the inflammatory process 
leading to EndMT, thereby reducing the chance of vein graft failure. 
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