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A B S T R A C T   

Biodegradable stents have become the focus of attention in the field of interventional medicine. Compared to 
non-biodegradable stents, these stents are designed to degrade, leaving behind regenerating healthy arteries. In 
addition to biodegradability, customizability and anticoagulation are also important for stent treatments. The 
combination of magnetic resonance angiography (MRA) and 3D printing can customize coronary stents ac
cording to different vascular geometries of patients. Therefore, this work focused on the rapid fabrication of 
stents composed of polycaprolactone (PCL) by 3D printing and then functionalized the stents with heparin via 
covalent grafting. The 3D printed stents were implanted into the abdominal aorta of rabbits to evaluate the 
feasibility of implantation and biocompatibility. Mechanical tests showed that 3D printed stents have good 
mechanical properties. In vitro data demonstrated that the stents had excellent blood compatibility and cyto
compatibility. The heparinized PCL(PCL-NH2-Hep) stent can promote the adhesion, spreading and proliferation 
of human umbilical vein endothelial cells (HUVECs) and inhibit the excessive proliferation of smooth muscle 
cells (SMCs). Presently, there is insufficient study about 3D printed stent implantation in rabbit arteries. Hence, 
personalized stents were prepared via MRA and 3D printing, which tailored to the patient’s unique anatomy. A 
3D printed stent-balloon delivery system was employed to deliver stents to the abdominal aorta. At 3-month 
follow-up, the PCL-NH2-Hep stent maintained good vascular patency. Moreover, the heparinized stents 
showed rapid endothelialization and prevention of neointimal restenosis in vivo. This study demonstrated that 
personalized PCL-NH2-Hep stent may have the potential in the field of biodegradable coronary artery stents.   

1. Introduction 

Cardiovascular disease is one of the leading causes of global mor
tality, which is often related to vascular stenosis or occlusion[1]. Drug 
treatment is an effective way in the early stage of acute myocardial 
infarction[2]. When the effect of drugs on the disease is unsatisfactory, 
coronary artery stents need to be implanted in the diseased cardiac 
blood vessels to support the stenotic or occlusive vessels[3]. The coro
nary artery stents are usually made of metal and are permanent after 

implantation, which may cause the occurrence of the late stent throm
bosis and very late stent thrombosis. In order to solve these problems, 
drug-eluting stents can be applied to reduce restenosis and thrombosis 
[4]. However, because of the nonbiodegradability, the drug eluting 
stents will remain in the body for a lifetime, preventing the complete 
recovery of vascular structure and function. It may also bring the risk of 
chronic inflammation, in-stent restenosis, and thrombosis due to its non- 
degradability of metals[5,6]. Therefore, it is necessary to develop a 
biodegradable coronary stent. 
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Recently, biodegradable stents have attracted wide attention in 
vascular repair and regeneration[7,8]. Biodegradable stent can maintain 
the role of supporting diseased blood vessels in the process of degra
dation. At the same time, it gradually degraded and finally degraded into 
small molecules, which allows the treated artery to regain its normal 
elasticity to dilate and contract. Braiding technique and laser engraving 
are widely used in the preparation of biodegradable stents[9]. Zhao 
et al., developed a PCL / poly (p-dioxane) (PPDO) stent with a diameter 
of 9 mm via braiding technique for congenital heart disease. They 
implanted stents into the abdominal aorta and iliac arteries of porcine. 
The stent could maintain target vessels with good patency in the follow- 
up[10]. Abbott has used extrusion and laser engraving techniques to 
fabricate Absorb BVS from poly-L-lactic acid (PLLA). Nevertheless, 
Absorb BVS has its drawbacks, such as poor anticoagulant activity, 
insufficient supporting force and uneven biodegradability, result in 
being removed from the market[11]. 

It is worth noting that both braiding technique and laser engraving 
have their own limitations[12]. The radial strength of braided stent 
structure is relatively insufficient, so it is difficult to meet the needs of 
long-term support in blood vessels[13]. Laser engraving may also cause 
thermal damage, which produce microcracks and stripes on the surface 
of the stent, leading to the fracture of the stent.[14]. In addition, the size 
range of stents made by braiding technique and laser engraving is very 
narrow, which further limits their applicability in vessels of different 
sizes. In recent years, 3D printing has received wide attention because of 

the characteristics of accurate rapid prototyping[15–17]. 3D printed 
stents can be customized according to the patient’s specific lesion 
environment and vascular size. Compare to the rectangular strut of the 
laser-cutting stent, circular strut of 3D printed stent can reduce the 
interference of blood flow, which is more conducive to the recovery of 
normal endothelial function because of the smaller cross-sectional area 
[18]. 

Ideal biodegradable stent should not only have good mechanical 
properties, but also have the ability of anti-platelet deposition and 
anticoagulation[19]. At the same time, the stent can be individualized 
according to the patient’s specific pathological environment and 
vascular dimension, and then accurately applied to vascular repair and 
treatment, so as to achieve the purpose of precision medicine. 

The goal of this work is to develop a personalized biodegradable 
coronary artery stent that can be quickly prepared for clinical applica
tion. Due to the excellent biocompatibility, biodegradability, mechani
cal properties and processibility, PCL can be utilized in commercial 3D 
printers to print stents of different size for the requirement of coronary 
artery stents in interventional medicine[20]. For the preparation of 
personalized PCL stent, magnetic resonance angiography (MRA) can be 
used for angiography and 3D reconstruction of diseased blood vessels to 
determine the vascular size. After the stent model was designed and the 
stent size was determined by computer aided design, the computer 
model can be 3D printed with PCL to form customized biodegradable 
stents. In order to prevent post-implantation thrombosis, surface 

Fig. 1. (A) The process of heparinization modification of PCL stent. (B) Schematic illustration of 3D printing personalized, anticoagulant, and biodegradable cor
onary artery stents guided by magnetic resonance angiography (MRA). 
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modification of heparin was applied to 3D printed stents. As an acidic 
mucopolysaccharide, heparin has strong anticoagulant ability[21]. 
Previous studies have shown that heparin immobilized on the blood- 
contacting surface enhance the ability of anti-thrombosis in vivo [22,23]. 

In this work, we used 3D printing to prepare PCL coronary artery 
stents. Then, PCL stents were functionalized by covalent grafting with 
heparin to improve their anticoagulant ability (Fig. 1A). The biological 
properties of the stents were evaluated by cell culture in vitro. Subse
quently, a stent-balloon delivery system was employed to deliver 3D 
printed stents to the rabbit abdominal aorta for observation of the 
feasibility of implantation and biocompatibility in vivo (Fig. 1B). 

2. Materials and methods 

2.1. Materials 

Polycaprolactone (PCL) was purchased from Sigma-Aldrich ltd (St. 
Louis, USA). Heparin sodium was purchased from Beijing Labgic Tech
nology ltd. CCK-8 was purchased by Beyotime Biotech Co., ltd 
(Shanghai, China). All culture medium and reagents were purchased 
from Gibco Life Technologies Co. (Carlsbad, California). All raw mate
rials and reagents were used as received without purification. 

2.2. Stent design and finite element analysis 

Through theoretical calculation and analysis, the structural charac
teristic parameters of the stents were determined according to the 
following equation[24]. 

Cross angle of interwoven fiber = 2arctan 30Vm
R⋅πRr

, 
Helix spacing = 60Vm

R , 
Fiber parallel distance = 120πRr⋅Vm̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4R2π2Rr
2+3600⋅Vm

22
√ , 

Fiber diameter = De±
̅̅̅̅̅̅̅̅
60Vc

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4R2π2Rr

2+3600⋅Vm
24

√ . 

The parameters of 3D printing: De represents the inner diameter of 
the heating cavity for the printer, Vc represents extrusion rate, Vm rep
resents nozzle print movement rate, Rr represents the radius of the 
rotating receiver, R represents the rotate speed of the receiver. 

According to the above calculation formulas, the design of the stent 
and finite element analysis were carried out. The VonMise stress dis
tribution of the stent model was obtained through the finite element 
analysis. The stent model and parallel plates were constructed by Sol
idWorks software (version 2019). Then the linear C3D4H (stent) and 
C3D8R (plate) element models were used to mesh in the ABAQUS 
software (version 2021). The interaction of two crossing fibers was set as 
a penalty function with a friction coefficient of 0.25. The two plates were 
fixed in all dimensions except the Y-axis displacement of the upper plate. 

2.3. Fabrication of stents 

2.3.1. Fabrication of 3D printing PCL stents 
PCL was used as raw material for 3D printing. The PCL tubular stent 

was manufactured by 4-axis printing system, which consisted of a rapid 
prototyping manufacturing system (HTS-400; Fochif Mechatronics 
Technology, Co., China) and self-made rotary receiver. PCL was added 
to the extrusion chamber and preheat it to 120–130 ◦C for 20 min. The 
molten PCL was extruded through the nozzle at a temperature of 
120–125 ◦C. The extrusion rate was 0.03 mm/min. The inner diameter 
of the extruder was 18 mm. The size of the nozzle was 22G. The 
extrusion nozzle moved at the speed of 1 mm/s along the central axis of 
the receiver. Stents of different sizes could be made from cylindrical 
receivers of different dimeters (2 mm-4 mm). The receiver rotated 
constantly at 15 revolutions per minute (n = 15). The printer kept 
reciprocating for 3 times. In addition, in order to complete the relevant 
characterization, the plate was used as the receiver to prepare planar 
stents. 

2.3.2. Surface modification 
2 g 1,6-Hexanediamine solid was added to 20 mL isopropanol solu

tion. Subsequently, the PCL stent was added to 37 ◦C 20 mL 1–6-hex
anediamine solution (0.1 g/mL) to treat for 1 h. Amino groups were 
formed on the surface of the PCL stent[25]. Aminated stents (PCL-NH2) 
were prepared. After thoroughly washing the samples with deionized 
water, they were dried by vacuum dryer. 

1 mg/mL heparin was dissolved in MES buffer (pH 5.5) containing 
0.006 mol/L NHS and 0.012 mol/L EDC, and then the solution was kept 
at room temperature for 4 h to activate the carboxyl group of heparins. 
The aminated stents were immersed in activated heparin solution to 
shake at 37 ◦C for 24 h. The stents were cleaned with a large amount of 
deionized water to remove the by-products. After freeze-drying for 48 h, 
the heparinized PCL stents (PCL-NH2-Hep) were obtained. 

2.4. Fourier transform infrared spectroscopy (FTIR) 

The chemical composition of the surface of PCL, PCL-NH2 and PCL- 
NH2-Hep stents was analyzed by the Fourier transform infrared spec
trometer (ATR-FTIR, Nicolet 6700, USA). Diamond was used as the 
applied crystal, and 32 scans were performed with an absorption mode 
of 4 cm− 1 over the range of 4000–400 cm− 1. 

2.5. Scanning electron microscopy (SEM) 

The morphology and microstructure of PCL, PCL-NH2 and PCL-NH2- 
Hep stents were observed by scanning electron microscope (SEM, Phe
nomXL, Netherlands). Before observation, SEM samples were sputter 
coated with gold–palladium by a mini sputter coater (SC7620, Quorum 
Technologies, USA). The current was set to 12 mA, the vacuum chamber 
pressure was set to approximately 6 × 10− 2 mbar, and time was set to 60 
s. Then stents were characterized by scanning electron microscope 
under the accelerated voltage of 10 kV. 

2.6. Water contact angle 

The apparent water contact angle of PCL, PCL-NH2 and PCL-NH2- 
Hep stents was measured three times using a contact angle instrument 
(OCA40, Data-Physical, Germany). 0.05 mL distilled water was slowly 
dripped to the surface of the sample. After the water droplets remained 
stable, the camera software in the test system was utilized to record the 
image of the water droplets on the sample. 

2.7. In vitro release behavior of heparin 

To confirm the heparin’s stability of PCL-NH2-Hep stents, each 
testing sample of was immersed in phosphate buffer saline (PBS) solu
tions (pH 7.4). Afterward, the testing samples were shaken continuously 
on a horizontal shaker at 37 ◦C and 100 rpm. At the predetermined time 
point, the testing samples were retrieved. Then toluidine blue assay was 
adopted to measure the content of heparin in the released solution. All 
testing samples were measured and analyzed for three times. 

2.8. Energy dispersive spectrum 

The distribution of elements (C, O and S) on PCL-NH2-Hep stent was 
measured by Energy Dispersive Spectrometer (EDS, TM-1000, Hitachi, 
Japan). 

2.9. Mechanical properties 

According to ISO25539-2012 (standard), the compression perfor
mance of the stent was tested by a universal testing machine (HY-940FS, 
Shanghai Hengyu Instrument Co., ltd, China) with a 20 N sensor. PCL, 
PCL-NH2 and PCL-NH2-Hep stents were compressed to 50 % of their 
outer diameter, then hold for 30 s. The compression load–displacement 
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curve was obtained by reading and calculating the corresponding 
compression force. Each stent was compressed to a strain of 50 % for 10 
cycles at a rate of 5 mm/min in compressive and fatigue test. 
Compression cycle curve of stent was obtained. The three-point bending 
test was carried out according to ASTM F2606-09 (standard), the stan
dard guide for three-point bending of balloon expandable coronary ar
tery stents and stent systems. The length of the stent was set to 10 mm. 
The maximum displacement of the pressure device was 1.75 mm, and 
the displacement rate was 0.1 mm/min. 

2.10. Evaluation of blood compatibility 

Hemolysis rate: hemolysis test was carried out in vitro with 2 % (v/v) 
erythrocyte suspension. The fresh whole blood of New Zealand rabbits 
was centrifuged by 3000 rpm for 10 min. The obtained erythrocyte 
suspension was washed with normal saline for three times, followed by 
further diluting to a suspension with a final concentration of 2 % (v/v). 
Each testing sample was preheated for 30 min in 37 ◦C 10 mL saline. 0.2 
mL 2 % (v/v) erythrocyte suspension was dropped into the above testing 
sample, and then gently mixed. After incubation at 37 ◦C for 1 h, all the 
mixtures were centrifuged under 3000 rpm to precipitate intact eryth
rocyte. The supernatant was carefully transferred to a 96-well plate and 
measured the absorbance at 540 nm. 0.9 % normal saline (NS) was set as 
negative control and deionized water as positive control. 

Platelet adhesion: Platelet-rich plasma (PRP) was prepared from 
whole blood after centrifugation to obtain the PRP supernatant. The 
testing samples were incubated with 500 μL PRP at 37 ◦C for 2 h. After 
incubation, platelets were fixed to the samples. Then the testing samples 
were washed with warm PBS solution to remove un-adherent platelets 
on the surface of the stent. The testing sample was then fixed with 
paraformaldehyde for 2 h. The testing samples were rinsed with distilled 
water twice. A series of graded ethanol solutions (30, 50, 70, 80, 90, and 
100 %) was used to dehydrate the testing samples and then freeze-dried. 
Finally, samples were sputter coated with gold–palladium, and the 
morphology of adherent platelets was observed by SEM. 

The anticoagulant ability of the stent was evaluated by activated 
partial thromboplastin time (APTT) and prothrombin time (PT). 
Platelet-poor plasma (PPP) was prepared from whole blood after 
centrifugation to obtain the PPP supernatant. Stents with length of 10 
mm and diameter of 3.5 mm were used to incubate in 100 μL PPP at 
37 ◦C for 2 min. In prothrombin time test, PT reagent (100 μL) was 
added to the incubated sample, and the prothrombin time was recorded. 
In activated partial thromboplastin time test, above samples were 
incubated in 100 μL APTT at 37 ◦C, and then 0.025 μmol/L CaCl2 so
lution (100 μL) was added into above samples. The activated partial 
thromboplastin time was recorded[26]. 

2.11. Cytocompatibility assay 

For the evaluation of cell viability, the planar stents (14 mm × 14 
mm) were used. For this study, the planar PCL, PCL-NH2 and PCL-NH2- 
Hep stent samples were secured in 24-well plates by stainless steel rings. 
Before cell seeding, all samples were irradiated with UV light for 12 h 
after sterilizing with 75 vol% alcohol steam for 24 h. The distance be
tween light and samples was set as 20 cm. After sterilization, the samples 
were washed with PBS for three times. The cell culture medium (300 μL) 
was added to each well. Then the testing samples were incubated at 37 
℃ for 4 h in an atmosphere containing 5 % CO2. HUVECs were seeded on 
the samples at a density of 3 × 104 cells per well and additional 200 μL 
cell culture medium was added. After 1, 4 and 7 days of culture, DMEM 
containing 10 % CCK-8 reagent was used instead of cell culture medium 
to detect the proliferation of HUVECs. After two hours, 100 μL of the 
solution was pipetted into a 96-well plate, and the absorbance at 450 nm 
was measured using a microplate reader (Multiskan MK3, Thermo, 
USA). 

In addition, the samples were placed in a 24-well culture plate and 

incubated with 300 μL cell culture medium at 37 ℃ for 4 h. HUVECs 
were seeded on the samples at a density of 3 × 104 cells per well and 
additional 200 μL cell culture medium were added. After 4 or 7 days of 
cultivation, the cells were stained using a live cell staining kit (Beyotime, 
China), in accordance with the manufacturer’s instructions. Living cells 
were observed using a fluorescent microscope (DMi8, Leica, Germany). 
The sample was then fixed with paraformaldehyde for hours. The fixed 
samples were dehydrated through a series of graded ethanol solution 
after rinsing with distilled water and then freeze-dried. Finally, samples 
were sputter coated with gold–palladium, and the morphology of 
HUVECs was observed by SEM. 

With the same process, 3 × 104 human vascular smooth muscle cells 
per hole were seeded on the stent. The proliferation of SMCs on the 
surface of PCL, PCL-NH2 and PCL-NH2-Hep stent samples was evaluated. 
At the same time, fluorescence microscopic morphology and SEM im
ages of SMCs on the surface of stents after 4 and 7 days were also 
observed. 

2.12. In vitro degradation of the stents 

PCL, PCL-NH2 and PCL-NH2-Hep stents were immersed into 10 mL 
PBS (pH 7.4). Afterward, the testing samples were shaken continuously 
on a horizontal shaker at 37 ◦C and 100 rpm. At the expected point of 
time, testing samples were retrieved. After rinsing with distilled water, 
the remaining buffer salt on the testing samples was removed. The 
samples were then freeze-dried. The morphology and the mechanical 
property of the stents were assessed. All testing samples were measured 
and analyzed for three times. 

2.13. In vivo assessments 

More than 20 New Zealand white rabbits (weight 2.5–3.3 kg, 5–8 
months old) were selected for PCL, PCL-NH2 and PCL-NH2-Hep stent 
implantation. After 30 min of ultraviolet sterilization, a stent (size: 3.5 
× 15 mm) was pressed into 5.5-F catheter guide sheath in advance. Then 
rabbits were anesthetized with a single administration of an intramus
cular injection of xylazine at 0.1 mg/kg and 1 % sodium pentobarbital at 
1 mg/kg. Animals were breathing spontaneously during surgery. For 
each of the rabbits, the right groin skin was shaved, sterilized and an 
incision was made in the angiographic unit. Subsequently, exposed and 
punctured the femoral artery for placing a 6-F catheter sheath into the 
artery. A 6-F guiding catheter was advanced into the proximal segment 
of abdominal aorta. The angiography showed the patency of abdominal 
aorta. The biodegradable suture (5–0 Coated VICRYL, Cordis, US) was 
knotted in the same direction (temporary knot) to fix the 3D printed 
stent on the high compliance balloon (Emerge Monorail, Boston Scien
tific, US). The entire device was named 3D printed stent -balloon system. 
The suture was also fixed to the catheter near the balloon with a surgical 
knot. The 3D printed stent-balloon system was advanced with the micro- 
guide wire guiding into the 6-F guiding catheter via the catheter guide 
sheath, and finally into the middle segment of abdominal aorta under 
roadmap. After angiography showed the right location of the 3D printed 
stent-balloon system, the balloon was dilated with a pressure pump to 
release the stent, and the temporary knot was opened while the pressure 
over 8 kPa. The stent was usually implanted into the distal segment of 
the abdominal aorta (2–3 vertebral segments below the renal arteries). 
Angiography was performed to show the condition of stent and the 
patency of abdominal aorta. Finally, the system was pulled back. The 
last step was to close the wound of the right groin in multiple layers with 
3–0 Vicryl. This procedure lasted for approximately-one hour. All rab
bits were fed with adequate water and food in cages after the operation 
and then intravenously injected with heparin (400 U) for three days. All 
animals were also administered aspirin (10 mg) and clopidogrel (7.5 
mg) 1 day before the procedure and up to termination. 

To detect vessel patency of rabbits which received stent implanta
tion, Digital Subtraction Angiography (DSA) was performed at 2, 4 and 
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12 weeks after implantation. At predetermined time points, rabbits were 
sacrificed by injecting an over-dose of isoprene barbiturate. The arteries 
contained the stents of the rabbits were retrieved. The re- 
endothelialization of the implanted stent was observed by SEM, and 
the tissue regeneration was detected by Hematoxylin and eosin staining 
(H&E), immunofluorescence staining and immunohistochemical stain
ing. Neointimal area, neointimal stenosis rate and inflammatory cell 
numbers in the neointima were measured according to H&E staining. 

2.14. Statistical analysis 

Statistical data was expressed as the mean ± standard deviation 
(SD). The analysis of data was performed using a one-way ANOVA, 
followed by Tukey’s post hoc test. * Indicates significant difference of p 
< 0.05. # Indicates no significant difference of p＞0.05. 

3. Results 

3.1. Finite element analysis 

Finite element analysis is an effective way to optimize the structure 
design of vascular stents. The structure of the stent was shown in Fig. 2A. 
The stent was composed of well-organized fibers. Fiber was firmly 
combined in the upper and lower layers to form a stable stent structure. 
The intersection of the two filaments was bonded together to make the 
stent have better mechanical resistance under the external force. The 
compression and tension performance of the stent could be simulated by 
using the established stent model for three-dimensional finite element 
analysis. The VonMise stress distributions under compression and ten
sion were shown in Fig. 2B. The compression deformation of PCL stent 
was mainly concentrated at the intersection. The stress distribution of 
the stent strut was relatively uniform. The stress concentration zone 
appeared near the bonding point. The designed stent could maintain a 

stable shape under a compression strain of up to 50 %. It could help 
maintain vascular support and better compression resistance during 
vasodilation and contraction. At the same time, the structural integrity 
changes pre-operation and post-operation may potentially develop into 
the fracture of stents after implantation. Tensile property is essential for 
3D printed stent crimping. In the process of tension, the maximum stress 
of the stent was mainly concentrated in the center of the inner surface of 
the strut, but the stress distribution was still relatively uniform. The low 
stress concentration reduced the potential damage caused by deforma
tion, which was beneficial to the crimp of stent and delivery of the 3D 
printed-stent-balloon system. 

3.2. Characterization of stent 

We used biodegradable PCL and processed it into tubular stents via 
3D printing and then functionalized the stents with heparin via step-by- 
step covalent grafting. PCL was heated to melt to extrude from the 3D 
printer. Through the reciprocating movement of the printer, the PCL 
fibers could be collected by different diameters of stainless-steel rod 
(Fig. 3A). The stents could maintain tubular shape after removed from 
the stainless-steel rod and stents of different sizes can be prepared 
(Fig. 3B). 1,6-Hexanediamine solution has been widely utilized in order 
to introduce amino group into polyester materials[27,28]. In order to 
functionalize the PCL stent, –NH2 functional groups were introduced on 
its surface by 1,6-Hexanediamine treating. The aminated PCL stent was 
stained purplish red after Ninhydrin hydrate staining (Fig. 3C). The 
presence of –NH2 groups could be confirmed. Then EDC-NHS was used 
to realize the coupling between the carboxyl group of heparins and the 
amino group of PCL-NH2, thus realizing the covalent grafting of heparin. 
After toluidine blue staining, the heparinized stent exhibited blue-purple 
color, which verified the presence of assembled heparin (Fig. 3D). As 
shown in Fig. 3E, the characteristic absorption peaks of PCL stent were 
at 1720 cm− 1(C––O carbonyl stretching) and 1170 cm− 1(C–O–C 

Fig. 2. (A) Scheme of the 3D printed stent structure. Finite-element analysis results for the Von Mise stress distribution of stents under parallel compression (B) and 
tension (C). 

Y. Shen et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 450 (2022) 138202

6

stretching vibration). A new peak of 3300 cm− 1(N–N amine stretching) 
and 1550 cm− 1(N–H amide bending) appeared on PCL-NH2 stent after 
amination, which indicated that the amination process had been 
completed. After heparin functionalization, PCL-NH2-Hep had obvious 
characteristic peaks in FTIR spectra. The characteristic peaks of heparin 
were observed at 1650 cm− 1 (protonated amine vibration). The N–H 
stretching vibrations (3300–3400 cm− 1) was further increased on PCL- 
NH2-Hep stent compared to PCL-NH2 stent. It was confirmed that hep
arin was successfully grafted on the surface of PCL stents[29]. 

In views of SEM images, the stent was made of well-organized fibers. 
The staggered fiber surface was smooth and the intersection point was 
uniform. There was no significant difference in the surface of PCL 
modified by ammonolysis and immobilized with heparin (Fig. 3H). The 
surface hydrophilicity was determined by contact angle test (Fig. 3F). 
The PCL stent showed hydrophobicity, and the contact angle was 86◦. 
After amination, the hydrophilicity was slightly improved, and the 
contact angle was 83◦. The surface of PCL-NH2-Hep stent was hydro
philic after covalent modified with heparin because of a large number of 

Fig. 3. (A) Fabrication and construc
tion of stents via 3D printing. (B) Digi
tal photos of various sizes of PCL stents. 
(C) Outer surface of the stent after 
Ninhydrin staining (PCL, PCL-NH2). (D) 
Outer surface of the stent after Tolui
dine blue staining (PCL, PCL-NH2, PCL- 
NH2-Hep). The FTIR spectra (E) and 
water contact angles (F) of PCL, PCL- 
NH2 and PCL-NH2-Hep stents. (G) The 
release profile of heparin from PCL- 
NH2-Hep stents for 20 days (H) SEM 
micrographs of stents. (I) The EDS 
element mapping of PCL-NH2-Hep 
stent.   
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polar groups from heparin, such as carboxyl and sulfate groups. After the 
grafting of heparin, the contact angle decreased to 42◦. Moreover, the 
heparin release ratio was shown to confirm the heparin’s stability of 
PCL-NH2-Hep stents in Fig. 3G. After immersion in PBS for 20 days, 25.4 
% of heparin had released. No burst release was observed, indicating the 
excellent stability of heparin modified surface. The covalent bonds be
tween PCL and heparin ensured the stability of the heparin. 

The EDS element mapping (Fig. 3I) illustrated the distribution and 
density of carbon, oxygen and sulfur in the stent. Theoretically, in our 
system, sulfur was the characteristic element of heparin. EDS element 
mapping showed that sulfur was evenly distributed in PCL-NH2-Hep 
stents. 

3.3. Mechanical properties 

Mechanical property is essential for stent implantation and intra
vascular support. Compression performance, including compression 
force and stress relaxation, is a major challenge for polymeric stents. The 

radial compression performance of the stent was shown in Fig. 4A. The 
compression modulus of PCL stent was 2086.63 ± 117.58 mN/mm. The 
compression modulus was 2030.9 ± 182.35 mN/mm and 1980.67 ±
83.68 mN/mm after amination and heparinization respectively. Fig. 4B 
presented the results of compressive force. The compression force of PCL 
stent was 308.2 cN. The compression force was 327.3 cN and 312.5 cN 
after amination and heparinization respectively. As shown in Fig. 4C, 
the average stress relaxation of the PCL group was 0.45 ± 0.04 N. After 
amination and heparinization, it was increased to 0.46 ± 0.04 N (PCL- 
NH2 group) and 0.49 ± 0.11 N (PCL-NH2-Hep group), respectively. It 
was indicated that the compression modulus, compression force and 
stress relaxation behavior would not change with the surface modifi
cation of the stent. The ten times cyclic compression test (Fig. 4E) 
ensured the stability of the PCL, PCL-NH2 and PCL-NH2-Hep stents. 

According to the standard guidelines for three-point bending test of 
ASTM F2606-09 vascular stents, three-point bending tests of PCL, PCL- 
NH2 and PCL-NH2-Hep stents were carried out. As shown in Fig. 4D, all 
the stents were bendable and returned to their original shape, with no 

Fig. 4. In vitro mechanical properties. (A) Compression modulus, (B) Compression force and (C) Stress relaxation of PCL, PCL-NH2 and PCL-NH2-Hep stents, when 
radially compressed to half the initial diameters. (D) Images of three-point bending tests. (E) Typical compression load–displacement curves of stents when they were 
cyclically compressed for ten times. (*Indicates significant difference of p < 0.05. # Indicates no significant difference of p＞0.05). 
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obvious signs of damage or permanent deformation. The stent had good 
bending resistance, which is the key characteristic of catheter-assisted 
stent implantation. To sum up, these results showed that the 3D prin
ted stent had good mechanical properties and could provide the neces
sary intravascular support for surgical implantation. 

3.4. In vitro degradation of the stent 

Fig. 5A showed a representative SEM image of the PCL, PCL-NH2 and 
PCL-NH2-Hep stents after 15, 30, 45 and 60 days of degradation in PBS 
solution. It is noteworthy that the surface morphology of the stent had 
not changed significantly after the one-month degradation periods. The 
overall structure was still intact. After degradation for 60 days, slight 
cracks appeared on the surface of the fiber, but the structure remained 
unchanged and stable. During the 60 days degradation, all stent struts 
and cross-points remained stable. Fig. 5B, 5C, 5D showed that there was 
no significant change in the mechanical properties of the stent. 

3.5. Blood compatibility and inhibition of platelet adhesion 

According to ISO10993-4 (standard), hemolysis test was conducted 
to evaluate the blood compatibility of stents [30,31]. The PCL-based 
stent showed good blood compatibility, as shown in Fig. 6A. Both the 
unmodified and surface-modified stents had hemolysis rates of about 
0.5 %, indicating that the covalent graft of heparin did not affect the 
hemolysis characteristics of the stents. Under ISO10993-4 standards for 

blood-contacting materials (5 %), these stents could be considered non- 
hemolytic and may be safe for implantation. 

When the allogeneic material comes into contact with blood, fibrin in 
blood is easily adsorbed on the surface of the material, leading to a chain 
reaction: platelet adhesion, activation, aggregation and finally throm
bosis. A typical SEM image of platelet adhesion on PCL-based stents after 
2 h incubation of PRP was shown in Fig. 6B. The SEM images showed 
that platelets were evenly adhered to the surface of the PCL-based stents, 
but no platelet aggregation was observed. Compared with PCL, the 
aminated stents showed more platelet adhesion. However, heparin 
covalently modified stents had less platelet deposition and would not 
cause platelet deformation. The results showed that covalently modified 
heparin stents had anticoagulant activity and might be able to prevent 
intravascular coagulation. 

PT and APTT tests were used to evaluate the effects of materials on 
intrinsic and extrinsic coagulation pathways, respectively. The PT values 
of PCL-NH2-Hep group (29.5 ± 2.0 s) were significantly higher than 
those of PCL-NH2 group (12.4 ± 1.8 s) and PCL group (10.7 ± 0.4 s) 
(Fig. 6C). Similarly, The APTT values of PCL-NH2-Hep group (86.3 ±
4.8 s) were significantly higher than those of PCL-NH2 group (36 ± 2.2 
s) and PCL group (38.3 ± 2.6 s) (Fig. 6D). Therefore, heparinized stents 
can inhibit the activation of intrinsic and extrinsic coagulation pathways 
and inhibit the development of thrombus. 

Fig. 5. Degradation evaluation of stent in vitro environment. (A) Representative SEM micrographs of stents during 60 days degradation. (B) Compression modulus, 
(C) Compression force and (D) Stress relaxation of PCL, PCL-NH2 and PCL-NH2-Hep stents during 60 days degradation. 
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3.6. Behavior of HUVECs on stents 

It is essential to form the healthy endothelial layers on the surface of 
the stent for the prevention of late stent restenosis and late stent 
thrombosis [32]. HUVECs were seeded on the surface of the stents to 
observe the ability of the stents to regenerate rapid endothelium for
mation. The proliferation (Fig. 7A) and adhesion (Fig. 7B) of HUVECs on 
3D printed stents were evaluated. In the process of 7 days of cell culture, 
the absorbance of CCK-8 in each group increased steadily, indicating 

that all the testing samples supported HUVECs growth. Both modified 
and unmodified stents support the adhesion and proliferation of 
HUVECs and have good cell compatibility. After 1 day culture, there was 
no significant difference in the number of HUVECs between the samples. 
The number of HUVECs on the PCL-NH2-Hep stent was significantly 
higher than that on PCL and PCL-NH2 stent after 4 days and 7 days 
culture (Fig. 7A). In addition, HUVECs were observed on Calcein-AM 
stained samples after 4 and 7 days of culture (Fig. 7B). The results 
showed that the cells showed good morphology on the surface of the 

Fig. 6. Blood compatibility of stents. (A) Quantification and digital photos of relative hemolysis rate. (B) Platelet adhesion determined by SEM images. Coagulation 
time of PT (C) and APTT (D). (*Indicates significant difference of p < 0.05. # Indicates no significant difference of p＞0.05). 
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stent struts at time points of 4 days. After 7 days of culture, more 
HUVECs were observed on PCL-NH2-Hep stent than on PCL and PCL- 
NH2 stent. 

The morphology of the HUVECs on the surface of the stent was 
observed by SEM (Fig. 7C). After 4 days culture, cells began to prolif
erate in each sample, and numerous clumps of adherent cells were found 
on the surface of PCL-NH2-Hep stents. At Day 7, the luminal surface of 
each sample showed significant cellular coverage. PCL-NH2-Hep stents 
positively influenced the HUVECs attachment and proliferation. 
Morphological analysis showed that the cells attached and elongated on 
the PCL-NH2-Hep stent. Heparinized samples were more suitable for the 
proliferation of HUVECs, because the heparin enhanced the adhesion of 

HUVECs. 

3.7. Behavior of SMCs on stents 

Intimal hyperplasia caused by overproliferated SMCs is a major 
factor in luminal stenosis and thrombosis[33]. SMCs were seeded on the 
surface of stents to evaluate the effect of SMCs growth on different stents 
in vitro. The proliferation (Fig. 7D) and adhesion (Fig. 7E) of SMCs on 3D 
printed stents were evaluated. After 1 day of culture, there was no sig
nificant difference in the number of SMCs between samples. The number 
of SMCs adhered to PCL-NH2-Hep stents was significantly less than that 
of PCL-NH2 and PCL stents after 4 days and 7 days culture, which 

Fig. 7. (A) Proliferation of HUVECs on the surface of stents. (B) Fluorescence microscopic morphology of HUVECs cultured on the surface of stents after 4 and 7 days. 
(C) SEM images of HUVECs cultured on stents after 4 and 7 days. (D) Proliferation of SMCs on the surface of stents. (E) Fluorescence microscopic morphology of SMCs 
cultured on the surface of stents after 4 and 7 days. (F) SEM images of SMCs cultured on stents after 4 and 7 days. (*Indicates significant difference of p < 0.05. # 
Indicates no significant difference of p＞0.05). 
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showed that the introduction of heparin inhibited the proliferation of 
SMCs. In addition, SMCs were observed on Calcein-AM stained samples 
after 4 and 7 days of culture (Fig. 7E). The results showed that the 
proliferation rate of SMCs in PCL-NH2-Hep group decreased at Day 4. 
After 7 days of culture, the adhesion of SMCs on the surface of PCL-NH2- 
Hep stent was less than that of PCL and PCL-NH2 stents, indicating that 
the heparinized stent inhibited the proliferation and adhesion of SMCs, 
which was consistent with the experimental results of CCK-8. 

The morphology of the SMCs on the surface of the stent was observed 
by SEM (Fig. 7F). At time points of 7 days, the cells spread well on PCL 
and PCL-NH2 group and adhered to many cell clusters. However, the 
adhesion on PCL-NH2-Hep was inhibited. After 7 days of culture, the 
luminal surface of PCL and PCL-NH2 showed significant cellular 
coverage, but continuous cell layer could not form on PCL-NH2-Hep 
stent. This suggests that heparin inhibits SMCs proliferation. 

3.8. In vivo examination 

MRA images (Fig. 8A) were used to determine the diameter of the 
stent for in vivo study. The success of the surgery demonstrated the 
feasibility of this method for vascular measurement and stent implan
tation. We prepared 3D printed stents based on their dimensions and 
functionalized them with heparin via covalent grafting, followed by 
implanting PCL-NH2-Hep stent and the control stents (PCL stent and 
PCL-NH2 stent) into the abdominal aorta of rabbits. Before the implan
tation of the stent, the biodegradable suture was knotted in the same 

direction (temporary knot) to fix the stent on the high compliance 
balloon. The suture was also fixed to the catheter near the balloon with a 
surgical knot. The 3D printed stent-balloon system was advanced with 
the micro-guide wire guiding into the 6-F guiding catheter via the 
catheter guide sheath. After the 3D printed stent-balloon system was in 
the correct position, the balloon was expanded to release the stent 
(Fig. 8B). 

Fig. 8C showed angiography images of the stent status taken after 2, 
4 and 12 weeks post-implantation. Angiography images showed that 
stents were implanted successfully in all cases, with no signs of intra
luminal defects. The angiograms revealed that all stents were patent 90 
days after surgery. Images can validate the patency of PCL and PCL-NH2- 
Hep stented vessel, but severe stenosis occurred in PCL-NH2 group. 

A healthy, intact endothelium can protect blood vessel intima from 
blood clots, inflammation, and arteriosclerosis. All groups of stents were 
retrieved 2, 4 and 12 weeks after surgery for overall assess. SEM was 
used to visualize the endothelial coverage and platelet adhesion. Fig. 8D 
showed that endothelial cells layers were homogeneously covered on 
the surface of the PCL-NH2-Hep stents after 30 days. At 12 weeks, 
endothelial cells were well organized align to the direction of blood 
flow. No thrombus matrix or platelet adhesion was observed in the 
lumen of the PCL-NH2-Hep group, indicating that it has great capacity of 
antithrombosis. However, incomplete reendothelialization and a large 
number of platelets were observed on PCL-NH2 group. 

H&E staining (Fig. 9A) showed that the stent gradually began to form 
new tissue in the vascular lumen after 2 weeks of implantation, and 

Fig. 8. (A) Representative MRA images of rabbit abdominal aorta used for in vivo study. (B) Digital photos of 3D printed stent-balloon delivery system. (C) 
Representative angiography images of PCL, PCL-NH2 and PCL-NH2-Hep stent implanted vessels after 2 weeks, 4 weeks and 12 weeks implantations. (D) SEM mi
crographs of endothelialization of the inner surface of the stents after PCL, PCL-NH2 and PCL-NH2-Hep stents were implanted for 2 weeks, 4 weeks and 12 weeks. 
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gradually integrated with the stent. The stented vessels showed great 
patency. While no significant thrombosis was found around the PCL and 
PCL-NH2-Hep stent within 12 weeks of implantation. Thrombus for
mation could be observed around the PCL-NH2 stent. This result was 
consistent with the angiography images. After stents implantation, 
neointima gradually formed to heal the injured blood vessel wall. We 

observed that the average neointimal area of PCL-NH2-Hep stent was 
larger than that of PCL and PCL-NH2 in 2 weeks and 4 weeks. However, 
the average neointimal area (Fig. 9B) of PCL-NH2-Hep stent (1.31 mm2) 
decreased significantly compared with PCL group (2.18 mm2) and PCL- 
NH2 group (2.07 mm2) at 12 weeks. Meanwhile, the neointimal stenosis 
rate (Fig. 9C) of heparinized stents (35.36 %) was significantly lower 

Fig. 9. (A) H&E staining images of PCL, PCL-NH2 and PCL-NH2-Hep stent implanted vessels during 12 weeks follow-up. (B) Neointimal areas of stented vessels 
during 12 weeks follow-up, measured from H&E staining images. (C) Neointimal stenosis of stented vessels during 12 weeks follow-up, measured from H&E staining 
images. (D) Inflammatory cell numbers in the neointima during 12 weeks follow-up (*Indicates significant difference of p < 0.05. # Indicates no significant difference 
of p＞0.05). 
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than that of PCL (40.6 %) and PCL-NH2 (43.6 %). Therefore, the intro
duction of heparin may reduce the incidence of in-stent restenosis by 
inhibiting neointimal hyperplasia. Moreover, the inflammatory cell 
numbers in the neointima in the PCL-NH2-Hep group was lower than 
that of PCL and PCL-NH2 group at 12 weeks (Fig. 9D). 

Immunohistochemical fluorescence (Fig. 10A) and immunohisto
chemical staining (Fig. 10B) showed that CD31 (a typical marker of ECs) 
was positive and concentrated in the outer layer of neointima around 
PCL-NH2-Hep stent, which proved that relatively complete endotheli
alization was produced. While some endothelial cells were gathered 
around the PCL and PCL-NH2 stents, but no continuous endothelium was 
formed. α-SMA (a typical marker of SMCs) also indicated the orderly 
remodeling of vascular tissue around the PCL-NH2-Hep stent. CD68(a 
typical marker of macrophages) showed that no obvious immune 
response was observed in the neointima around PCL-NH2-Hep stent after 
3 months implantation. 

4. Discussion 

As the incidence of coronary artery disease increase continually, the 
need for cardiovascular stents as an important treatment method is 
increasing. In clinical application, the latest generation of drug-eluting 
stent has become an effective tool for percutaneous intervention[34]. 
But it fails to address the limitations of permanent metal coronary stent, 
such as inflammation, intimal hyperplasia and neoarteriosclerosis[35]. 
And the risk of extremely late stent restenosis remains exist. Biode
gradable polymer is a promising stent material for blood vessels because 
of its biodegradability[36]. Biodegradable stents are able to support 
diseased arteries to restore normal blood flow and finally be degraded to 
avoid permanent retention. 

At present, braiding technique and laser engraving can be applied to 
the preparation of biodegradable stents. But they all have the limita
tions, such as low radial force of braided stents and the thermal damage 
on laser-cutting stent. Stent size may also not match the size of the 
diseased vessel, resulting in failure of implantation or restenosis of the 
vessel. 3D printing is a widely concerned technology in recent years. It 
can be customized according to the patient’s specific diseased vessels, 
and then applied to the precise repair and treatment of blood vessels. 
Circular strut of 3D printed stent can reduce the interference of blood 
flow, which is more beneficial for endothelialization. At present, there is 

insufficient study about 3D printed stent implantation in rabbit arteries. 
In the work, we designed the model based on the MRA imaging data of 
animal blood vessel, and fabricated the PCL stent via 3D printing, fol
lowed by covalent grafting with heparin to improve their anticoagulant 
ability. Then we employed a 3D printed stent-balloon delivery system to 
deliver 3D printed stents to the rabbit abdominal aorta, and evaluated 
the feasibility of implantation (Fig. 8B). 

PCL has been used in the preparation of vascular grafts and other 
cardiovascular devices due to its satisfactory biocompatibility and 
biodegradability[37]. However, PCL tend to form thrombus on the 
surface of the material due to lack of anticoagulant properties and an
tiplatelet ability[38,39]. The surface of PCL does not contain activated 
groups, so it is necessary to realize surface activation by grafting func
tional groups on the surface of the polyester. In order to introduce amino 
groups, PCL stents were treated with 1,6-hexanediamine, which pro
vided activated sites for heparinization. The –NH2 groups, which on the 
surface of stents, were demonstrated by Ninhydrin hydrate staining. 
Then heparin can react with –NH2 groups on the surface of PCL-NH2 to 
obtain PCL-NH2-Hep stent. This approach took advantage of amino 
groups on the surface of PCL-NH2 and allowed the introduction of 
polysaccharide molecule heparin. By toluidine blue staining, the pres
ence of assembled heparin can be also verified. SEM images showed that 
amination and heparinization had no significant effect on the 
morphology and structure of stents. 

It is well known that intravascular thrombosis is one of the main 
problems after coronary stent implantation. Platelets adhere and 
aggregate on the surface of the injured intima, leading to the formation 
of thrombus. The anticoagulation and platelet adhesion of PCL, PCL-NH2 
and PCL-NH2-Hep stents were evaluated. We found that grafting Hep
arin onto the surface of the aminated PCL effectively reduced the ability 
of platelets adhesion and inhibited platelet activation (Fig. 6B). The 
main mechanism can be the interaction of heparin with Antithrombin III 
(ATIII), which promotes ATIII-mediated inhibition of thrombin and 
coagulation factor XA[40]. Moreover, the enhancement of the surface 
hydrophilicity of stents may maintain the normal protein conformation 
and prevent the activation of platelets. The results of PT and APTT test 
were entirely coincided with the SEM figures of platelet adhesion. DSA 
also showed that the blood vessels showed great patency after PCL-NH2- 
Hep stent implantation (Fig. 8C). These results showed that heparin 
molecules have excellent anticoagulant properties, which is consistent 

Fig. 10. (A) Immunofluorescence staining of the stented arterial enface for CD31, α-SMA and DAPI during 12 weeks follow-up. (B) Immunohistochemical staining of 
the stented arterial enface for CD31, α-SMA and CD68 during 12 weeks follow-up. vessel lumen is marked as ‘L’, cross section of stents is marked as ‘S’. 
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with previous reports[41,42]. For PCL stents, slight stenosis was 
observed in stented vessel. Compared with PCL and PCL-NH2-Hep stents, 
obvious stenosis occurred in PCL-NH2 group after stent implantation. 
which was consistent with the results of platelet adhesion in vitro. The 
PCL-NH2 stents showed more platelet adhesion. Large amounts of amino 
groups on the surface reacted with biomolecules on the platelet mem
brane surface to promote platelet adhesion and activation. Moreover, 
previous studies have reported that the interaction between platelet and 
inflammatory cells could mediate thrombo-inflammation. The activated 
platelets released multiple substances: α-granules, δ-granules, and ly
sosomes, which could influence on inflammation [43]. We found that 
the inflammatory cell numbers in the neointima in the PCL-NH2-Hep 
group was lower than that of PCL and PCL-NH2 group (Fig. 9D). We 
speculate that the introduction of heparin could inhibit the platelet 
activation so that reduce inflammatory response. 

Intimal hyperplasia and positive vascular remodeling occur simul
taneously during stent implantation[44–46]. During this period, the 
interaction between ECs and SMCs plays an important role in the re
covery of vascular function and morphology. In the process of vascular 
remodeling, neointima gradually forms to heal the injured blood vessel 
wall. ECs can sense the changes of vascular environment, which is very 
important in the process of vascular remodeling[47]. Heparin is essen
tial for promoting ECs adhesion and proliferation. We observed that 
HUVECs had higher cell coverage and better adhesion and proliferation 
on heparin-modified stents than PCL stents (Fig. 7A, B). Liu et al. re
ported that Heparin could not only effectively inhibit the adhesion and 
activation of platelets, but also promote the proliferation of endothelial 
progenitor cells and endothelial cells[48]. Covalently grafted heparin 
molecules provide an identifiable biological site for endothelial cells, 
thus facilitating adhesion of HUVECs to the stent. Moreover, the inter
action between heparin and vascular growth factor can also improve cell 
adhesion. We also found that neointima area increased within 1 month 
after PCL-NH2-Hep stent implantation. The average neointima area in 
the PCL-NH2-Hep group was larger than that of PCL and PCL-NH2 group 
(Fig. 9B). We speculate that the effective repair of vascular endothelium 
at the initial stage of stent implantation promotes vascular remodeling 
and regeneration with the help of heparin. 

In the process of vascular remodeling, the disorders of SMCs 
migration, proliferation and secretion of constitute the basic patholog
ical characteristics of intimal hyperplasia[33,49]. Heparin has shown 
the potential to inhibit the excessive proliferation of SMCs by preventing 
the cell cycle from entering the G1 phase by reducing the activation of 
extracellular signal-regulated kinases[50]. The presence of heparin 
transforms the SMCs from a synthetic phenotype to a contractile 
phenotype. We observed that SMCs on heparin-modified stents had 
lower cell coverage than PCL stents, and that cell adhesion and prolif
eration were also inhibited (Fig. 7D, E). The introduction of heparin 
regulated proliferation of SMCs to prevent intimal hyperplasia and in- 
stent restenosis. At the same time, we found that PCL and PCL-NH2 
stent showed persistent intimal hyperplasia after 3 months implanta
tion. However, the neointimal area and neointimal stenosis rate of PCL- 
NH2-Hep stents decreased significantly at 3 months (Fig. 9B, C). This 
may be closely related to the introduction of heparin. The recovery of 
endothelial layer function, the inhibition of SMCs excessive proliferation 
and vascular remodeling may effectively reduce the incidence of 
vascular restenosis. 

In this study, we focus on the evaluation of the implantation of the 
PCL, PCL-NH2 and PCL-NH2-Hep stent within 12 weeks. According to 
our results, PCL-NH2-Hep stent can promote the adhesion, spreading and 
proliferation of ECs cells without stenosis and occlusion. It is worth 
noting that the current research has some limitations. We have 
implanted 3D printed stents into the abdominal aorta of rabbits, but the 
application in living animal models of atherosclerosis is obviously a 
better evaluation model. Meanwhile, we realize that the stent implan
tation period is so short that we cannot observe significant material 
degradation of the graft. PCL may degrade within 2–3 years after 

implantation. Therefore, our future research will focus on the long-term 
results of PCL-NH2-Hep stents in large animal models. 

5. Conclusion 

Based on 3D printing and surface modification, a personalized 
biodegradable stent with anticoagulant function was successfully 
developed, and the possibility of implantation in rabbit abdominal aorta 
was evaluated. The results showed that the 3D printed stents had strong 
compressive properties and good flexibility. Surface modification of 
heparin could improve the hydrophilicity of PCL-NH2-Hep stent, 
reducing the adhesion of platelets. It could also promote the adhesion 
and proliferation of ECs, and inhibit the proliferation of SMCs. The 
possibility of implanting in rabbit abdominal aorta was evaluated. The 
stent showed good biocompatibility and mechanical strength within 12 
weeks and maintained patency without acute thrombosis formation in 
an implantation of the rabbit abdominal artery. These results confirmed 
the potential of 3D printing personalized, anticoagulant, and biode
gradable coronary artery stents guided by MRA for vascular repair. 
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