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A B S T R A C T   

Recent progress in bioresorbable stents (BRSs) has provided a promising alternative for treating coronary artery 
disease. However, there is still lack of BRSs with satisfied compression and degradation performance for pediatric 
patients with congenital heart disease, leading to suboptimal therapy effects. Here, we developed a mechanically 
self-reinforced composite bioresorbable stent (cBRS) for congenital heart disease application. The cBRS consisted 
of poly(p-dioxanone) monofilaments and polycaprolactone/poly(p-dioxanone) core-shell composite yarns. 
Interlacing points in cBRS structure were partially bonded, offering the cBRS with significantly higher 
compression force compared to typical braids and remained good compliance. The suitable degradation profile of 
the cBRS can possibly preserve vascular remodeling and healing process. In addition, the controllable structural 
organization provides a method to customize the performance of the cBRS by altering the proportion of different 
components in the braids. The in vivo results suggested the cBRS supported the vessel wall similar to that of 
metallic stent. In both abdominal aorta and iliac artery of porcine, cBRS was entirely endothelialized within 1 
month and maintained target vessels with good patency in the 12-month follow-up. The in vivo degradation 
profile of the cBRS is consistent with static degradation results in vitro. It is also demonstrated that there is 
minimal impact of pulsatile pressure of blood flow and variation of radial force on the degradation rate of the 
cBRS. Moreover, the lumen of cBRS implanted vessels were enlarged after 6 months, and significantly larger than 
the vessels implanted with metallic stent in 12 months.   

1. Introduction 

Congenital heart disease represents a major clinical problem 
worldwide because of the increasing incidences of myocardial ischemia, 
cardiac failure, and infective endocarditis [1]. It is considered as 
morphologic defects of the heart or great vessels in neonates or children. 
In clinic, suitable stents or scaffolds are required to prevent elastic recoil 

and intimal hyperplasia occurred in percutaneous transluminal angio
plasty (PTA) [2]. Currently, drug-eluting stents (DES) are commonly 
used since they can reduce the in-stent acute restenosis and neo-intima 
tissue growth. However, the long-term adverse events of DES are re
ported such as delayed healing, neointimal hyperplasia, preventing late 
lumen expansion, and impairment of vessel geometries possibly due to 
their permanent metallic skeleton [3,4]. Besides, compared with adults, 
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whose vessel dimensions are fixed, the diameter of great vessels in in
fants and children can increase rapidly following their natural growth. 
In this case, permanent metal stents are no longer suitable. Bio
resorbable stents (BRSs) emerge as a promising alternative to overcome 
those problems and satisfy the ever-increasing clinic needs [5]. BRSs 
provide temporary strength to support the pathological vessel at the 
expanded diameter and resist recoil before self-healing of vessels, 
whereby removing a permanent foreign body reaction [6]. 

Since bioresorbable polymers have good biocompatibility, adjust
able degradation time, and good machinability, many types of polymeric 
bioresorbable stents were developed [7]. ABSORB BVS (Abbott 
Vascular) is the world’s first clinically available polymeric bioresorbable 
stent (BRS), marked by CE in 2011 and granted FDA clearance in 2016 
[8]. DESolve stent, DESolve 100 scaffold, developed by Elixir Medical 
(Milpitas, CA, USA) achieved CE marking in 2013 and 2014 [9]. Fantom, 
developed based on Reva stent, gained CE marking in 2017 [10]. Pa
tients implanted with these stents have a certain beneficial effect in 
coronary artery treatment in short-term, comparative to those patients 
treated with DES [11]. However, the long-term efficacy of BVS was re
ported inferior to DES [11,12]. Studies have demonstrated the structural 
heterogeneities within BVS during fabrication and implantation 
(crimping and inflation), leading to localized deformation and asym
metric degradation [13]. In addition, the bioresorbable material used for 
BVS fabrication, poly-D,L-lactide, has a long absorption time in vivo (>2 
years) [14], which mismatches with the vascular healing time (6–12 
month). Thus, this stent was voluntarily withdrawn from sale in 2017. 
Other typical BRSs still lack randomized clinical data to evidence their 
therapeutic effect [15]. Currently, it is still a major challenge for typical 
BRSs to meet the structural and mechanical needs such as low crossing 
profile, low elastic recoil, and suitable degradation rate [5,16–19]. 
Furthermore, most of the available vascular BRSs aim to treat coronary 
artery diseases with small diameter of arteries from 3.5 mm to 5 mm. 
These BRSs implantation may fail to treat pediatric patients with 
congenital heart disease, due to the mismatch in the size of these stents 
with diseased great vessels (6–9 mm in diameter) [20,21]. Besides, 
simply enlarge the diameter of these typical BRSs cannot be succeeded, 
since higher mechanical demands are required for supporting great 
vessel than coronary artery. Hence, it is essential to develop a 
well-structured BRS with a larger diameter, sufficient strength and ideal 
degradation process to preserve long-term efficacy specific for pediatric 
patients. 

To improve the performance of polymeric BRSs, we have previously 
developed a tri-axial braided stent prototype using PPDO monofilaments 
(diameter of 8 mm). It performed mechanically reinforced properties 
and acceptable degradation rate. This prototype is expected to enhance 
the compression resistance to support vascular lumen and it can be 
absorbed once vascular healing process completed [22]. However, the 
implantation of this stent in animal study was beset by its large crossing 
profile and poor flexibility, failed in the stent-delivery process. These 
challenges can also lead to immediate injury to the arterial wall, trig
gering smooth muscle cell responses from the media. Additionally, the 
bulk degradation of polymeric BRSs yields a large number of acidic 
degradation products, leading to local inflammatory response aggrava
tion [18,19]. Thus, it is necessary to explore a new alternative with low 
crossing profile, good flexibility, and minimal inflammation response 
during polymeric BRS degradation. 

In the present study, we developed a braided composite bio
resorbable stent (cBRS) consisting of poly(p-dioxanone) (PPDO) mono
filaments and polycaprolactone/poly(p-dioxanone) (PCL/PPDO) core- 
shell composite yarns. Partial crossing points of the cBRS structure 
were bonded after thermal treatment due to the difference of melt-points 
between PPDO and PCL. When it suffers from external radial force, the 
slippage and rotation of crossing yarns can be partially restricted and 
larger deformation is performed than typical braids. We hypothesis the 
braided cBRS has self-reinforced mechanical resistance with minimal 
increased crossing profile, good compliance and ideal degradation 

properties, thus it can maintain long-term vascular patency after stent 
implantation. To achieve this goal, the fabrication parameters of the 
cBRS were firstly investigated to get regular and stable structure. Then, 
the mechanical and in vitro degradation properties of the cBRS were 
evaluated. Biocompatibility was also evaluated by hemolysis and cell 
viability tests in vitro. Finally, the in vivo efficacy of the braided cBRS 
was studied by swine model. 

2. Materials and methods 

2.1. Materials 

Poly(p-dioxanone) (PPDO) monofilaments and polycaprolactone 
(PCL) multifilament were used in this study to fabricate the braided 
cBRS due to their good biocompatibility and suitable degradation rate. 
They were dawn and stretched by melting spinning at Donghua Uni
versity, Shanghai, China. 

2.2. Finite element analysis 

Stress distribution and deformation mechanism of different stent 
models were obtained by finite element analysis. Both stent models and 
parallel plates were constructed with Solidworks software (Verstion 
2012). Braided stent models were designed with or without crossing- 
point fixation. They were then meshed with linear exanedron (C3D8) 
and linear reduced hexanedron element models respectively in Abaqus 
software (Version 6.14), which was offered with lengths of 0.3 and 1 mm 
according to a mesh convergence study. Neo-Hookean material [23] was 
used for the stent models according to the axial tensile test of stent yarns. 
The interaction of two crossing and unfixed yarns was set as a penalty 
function [24], with a friction coefficient of 0.25. While the “tie” con
strains were applied on the crossing yarns with fixed crossing points. 
During the simulation, the two plates were fixed in all dimensions except 
the Y-axis displacement applied to the upper plate [25]. 

2.3. Fabrication of the PCL/PPDO core-shell braided yarn 

PCL/PPDO core-shell braided yarns were fabricated on an 8-bobbin 
braiding machine at Donghua University. PPDO monofilament was 
wrapped by four groups of PCL multifilament, where PPDO was intro
duced from the center of the machine. PCL was arranged with diamond 
distribution on the bobbin. By optimizing the process conditions, evenly 
and entirely covered composite braided yarns can be obtained, and as 
thin as possible. 

2.4. Fabrication of braided composite bioresorbable stents (cBRSs) 

Our preliminary test showed the composite braided stents were rigid 
and lack of flexibility when they comprised by core-shell braided yarns 
only. Thus, the strategy of combining PPDO monofilaments with core- 
shell braided yarns was adopted to fabricate PCL/PPDO braided 
cBRSs. By changing the ratio of core-shell braided yarns and PPDO, two 
types of cBRSs were fabricated on a 32-bobbin braiding machine in the 
Biomedical Textile Materials Research Laboratory of Donghua Univer
sity, Shanghai, China. In addition, typical stents braided by 32 PPDO 
monofilaments were used as control. All stents were braided with the 
same braiding angle and structure (regular braiding) and wrapped on 
the surface of a copper mandrel (outer diameter with 8 mm) to guar
antee the uniformed inner diameter of stents. Thereafter, the holding 
fixture with the braided stents was placed in an electrothermal blowing 
dryer (Shanghai Yiheng Co., Ltd, China) for thermal treatment under 
90 ◦C for 1 h. The core layer of braided yarns melted under thermal 
treatment due to low melting points of PCL. After cooling, the crossed 
core-shell melted yarns bonded together and formed the final cBRSs. 
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2.5. Measurement of PCL/PPDO core-shell melted yarn 

The core-shell braided yarns formed by PPDO and PCL were trans
ferred to core-shell melted yarns after thermal treatment due to soften 
and melt of PCL multifilament. According to the stent design, it is 
important to obtain the core-shell melted yarns entirely and evenly, and 
as thin as possible. High peeling strength of the bonded points of core- 
shell yarns are also required to remain stent structural stability. Thus, 
morphology and various mechanical properties of core-shell melted 
yarns were evaluated and compared with core-shell braided yarns and 
PPDO monofilaments. 

2.5.1. Morphology 
Morphology of core-shell yarns before and after thermal treatment 

was measured by using an optical microscope (Hitachi, Model S-4800, 
Japan). 

2.5.2. Uniaxial tensile 
Uniaxial tensile properties of core-shell yarns were measured and 

tensil load-elongation curves were obtained by using YG (B) 026G-500 
universal testing system instrument (Wenzhou Darong Textile Instru
ment Co., Ltd., Wenzhou, China), respectively. The initial gauge length 
was 250 mm, and the velocity was 500 mm/min. Moreover, two core- 
shell braided yarns were crossed manually. After thermal treatment, 
the crossing points were bonded, which can mimic their position and 
status in the cBRS structure. The peeling force of two bonded core-shell 
melted yarns was measured by YG (B) 026G-500 universal testing sys
tem instrument with an initial gauge length of 100 mm and a velocity of 
10 mm/min. 

2.5.3. Bending rigidity 
Bending rigidity of PPDO monofilaments, core-shell braided yarns, 

and core-shell melted yarns were tested by a bending tester (KES-FB2, 
KATO TEKKO CO., LTD, Japan) as reported by Conger et al. [26]. 

2.5.4. Friction force 
Since yarns in the regular braiding structure were restricted by 

friction, the values between different yarns (PPDO monofilament, core- 
shell melted yarn) were measured by using an XF-1A friction tester 
(Shanghai New Yarn Instrument Co., Ltd., Shanghai, China). Each end 
was equally weight-loaded and the central yarn was dragged vertically 
with a velocity of 60 mm/min. By changing the vertical yarn from PPDO 
monofilament to core-shell melted yarn, the maximum static friction 
force and average dynamic friction force of PPDO filaments and core- 
shell melted yarns were recorded, respectively [27]. 

2.6. Measurement of the mechanical properties of braided cBRSs 

2.6.1. Parallel compression measurement 
The compression performance of cBRSs was investigated by using a 

customized parallel plate tester (Model LLY-06D, Lanzhou, Co., Ltd., 
China) according to ISO 25539-2012. cBRSs and the typical braids were 
compressed to 50% of their outer diameters and kept for 30s subse
quently. The compression load-displacement curves were obtained 
(Supplementary Fig. 1), compression force was read and calculated 
accordingly. Then, the external load was removed gradually. After 30s, 
the plate touched the stent again. Therefore, the recovery load- 
displacement curve was recorded and the recovery rate could be 
calculated accordingly. Combining the two curves, the energy loss of 
stents during the loading and unloading process can also be calculated 
[25]. 

2.6.2. Compliance measurement 
The compliance test of the composite bioresorbable stents was con

ducted by a BOSE dynamic simulated system (Model 100451, Bose 
Corporation, Framingham, MA). Test conditions were set as 1 Hz in test 

frequency, 80 mm Hg to 120 mmHg in pulsatile pressure, 100 mL/min in 
liquid flow rate, and deionized water as the test media. PU graft, a 
tubular membrane, is used as the positive control (provided by Bose 
Corporation, Framingham, MA), with inner diameter of 8 mm and 
thickness of 0.23 ± 0.01 mm. The outer diameter and pulsatile pressure 
were recorded during the test period and compliance (C) was calculated 
according to the following equation [28]: 

C=

(
Dp2 − Dp1

)/
Dp1

p2 − p1
× 104  

Where p1 and p2 are the lower and higher-pressure value (mmHg), 
respectively, Dp1 and Dp2 are the diameter of lower and higher pressure 
accordingly. 

2.7. In vitro accelerated degradation test 

Stents were placed unconstrained individually in plastic vials filled 
with phosphate-buffered saline (PBS, pH 7.4). The vials were placed in a 
water bath at 50 ◦C. The morphological and mechanical changes of 
stents at designed time points were measured and the degradation tests 
were terminated once the stents lost their mechanical resistance 
completely. 

2.8. In vitro biological evaluation 

2.8.1. Hemolysis measurement 
Hemocompatibility was conducted by using fresh rabbit whole 

blood, which was obtained from male New Zealand rabbits by using a 
vacuum tube containing sodium citrate at a ratio of 9:1. After centri
fuging the citrated blood for 5 min at 5000 rpm, 1 mL stable clot were 
hemolyzed by 34 mL phosphate-buffered saline (PBS) and collected as 
the red blood cells (RBC). Samples were immersed in 1 mL RBC and 
incubated for 2 h at 37 ◦C after added with 4 mL PBS. The solutions were 
centrifuged for 3 min for 5000 rpm and the supernatant was evaluated at 
540 nm by a microplate reader (Tecan, Australia). 1 mL RBC mixed with 
4 mL double distilled water and 1 mL RBC mixed with 4 mL PBS were 
served as positive control and negative control, respectively. The he
molysis rate is calculated by the following equation: 

R=
A − C1

C2 − C1
× 100%  

Where: R is the hemolysis rate, A represents the absorbance of the 
samples, C1 and C2 are the absorbance of the negative and positive 
controls, respectively. 

2.8.2. Cell viability measurement 
The extraction method was used to evaluate the cell cytotoxic of 

composite bioresorbable stents. The pig iliac endothelium cell lines 
(PIEC suspension, purchased from the Cell Bank of the Chinese Academy 
of Sciences, Shanghai, China) were incubated in 88% (v/v%) Roswell 
Park Memorial Institute (RPMI), supplemented with 10% (v/v%) fetal 
bovine serum, 1% (v/v%) penicillin-streptomycin (Gibco), and 1% (v/v 
%) sodium pyruvate in the 5% CO2 incubator at 37 ◦C. After sterilized by 
75% ethanol and rinsed by PBS, samples (typical braids, cBRS-A, and 
cBRS-B) with the weight of 0.4 g were immersed in DMEM at an incu
bator for 24 h to obtain extraction media. Then, cells were seeded at a 
density of 5000 cells/well on 96-well plate and cultured with 100 μL 
extraction media. Before the cell viability was evaluated (1, 3, and 5 
days), 40 μL Cell Count Kit-8 (CCK-8, Keygen) was added to each well 
and cultured for 4 h. Then, the optical density at 450 nm (OD 450) was 
measured by a microplate reader (Tecan, Australia). 

2.9. Preclinical assessment 

In vivo functionality of the cBRS was studied in swine artery models. 
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The protocol and experiments in this study is in accordance with 
accepted institutional policies, with the proof of the Animal Ethics 
Committee. 24 cBRS-A (diameter (D): 8 mm, length (L): 20 mm) and 12 
commercial self-expanding metallic stent (Wallstents, (D: 8 mm, L: 21 
mm)) were deployed in either iliac arteries or abdominal aortas of 20 
miniature swine weighting 20–25 kg. For group one, 12 cBRSs were 
implanted in abdominal aortas. For group two, 12 cBRSs were implanted 
in iliac arteries. 12 Wallstetns were implanted in iliac arteries as the 
control group. Upon loading, the stent was crimped using a compression 
station, and an 8Fr delivery sheath was advanced over it due to its larger 
profile than metallic stents [29], just prior to implantation. The delivery 
system (AMPLATZER™ TorqVue 45 ◦ × 45 ◦, AGA Medical Corporation, 
USA) assembly was advanced over the 0.018 guild wire to the deter
mined location either in one common iliac artery (CIA) or the aorta. 
Depending on the size of vessel where the stent landed, a post-dilation 
with an 8.0 mm balloon (Sterling Monorail PTA Balloon Dilatation 
Catheter, Boston Scientific Corporation, USA) was employed at the 
nominal pressure of 6 atm to obtain a better expansion of the braided 
stent and potentially reduce stent thrombosis. Wallstents were implan
ted by using 5 Fr catheter based delivery system with post-ballooning. 
The targeted vessel diameters were measured by angiography before 
and after stent implantation immediately and compared with vessels 
implanted with Wallstent. After stent implantation for 1, 4, 6, 12 
months, angiography was conducted. The vessel diameter with or 
without stent implantation and lumen acquisition were assessed by 
using image measurement software (Syngo fastView，Version 
VX57H31). Luminal gain or loss was calculated as following equation: 

Luminal gain or luminal loss %=(LDSV − LDNSV)100%  

Where: LDSV means lumen diameter in the stented segment of vessel, 
LDNSV represents non-stented segment of vessel. 

Then swine models were sacrificed and cBRSs were harvested and 
preserved in formalin, dehydrated, and embedded in paraffin. The 
endothelialization of cBRSs was assessed by SEM images and the semi- 
quantitative scoring scheme for injury and inflammation was 
described. The cross-section of the stent was cut using a microtome and 
stained with hematoxylin and eosin for histopathological evaluation. 
Neointimal thickness (NT), external elastic lamina area (EELA), internal 
elastic lamina area (IELA), and luminal area (LA), neointimal area were 
measured. The histomorphometric area stenosis (AS) was calculated 

with the following equation: 

AS%=(IELA − LA) / IELA × 100% 

Vessel injury and inflammation were rated on a scale of 0–3 ac
cording to previously reported methods [30]. Degradation degree of 
cBRSs was scored using method described by Hedberg et al. [31]. 

2.10. Statistic treatment 

Students’ t-tests were used for determining the statistical difference 
between samples. The data reported were the means and standard de
viations, and the error bars in the figures corresponded to standard 
deviations. The data in the figures were marked by * for p < 0.05, ** for 
p < 0.01 and *** for p < 0.005. 

3. Results 

3.1. Design principle of braided cBRSs 

We hypothesis that the braided cBRS is formed by two parts, as 
illustrated in Fig. 1a. The major part is formed by PPDO filaments. The 
physical restriction (friction force) of two contacted PPDO filaments can 
be easily breakthrough when suffered from external force and result in 
filaments slippage and rotation. This offers the braided stents good 
flexibility. Composite filaments serve as another part, which consist of 
PPDO and PCL. The crossing points of two composite filaments are 
bonded, which limits the movement of filaments at the bonding region. 
This part offers novel braided stents with superior mechanical resistance 
under external force compared to typical braids. 

Three-dimensional finite element analysis can provide insight into 
the mechanics of compression resistance using the built models with 
crossing point fixations (CPF) partially [32]. Herein, it was used to verify 
this principle. The Von Mise stress distributions of stent models with or 
without crossing point fixation appear in Fig. 1b. Longitudinal elonga
tion was limited in stent model with CPF, leading to incremental 
crossing points per unit during compression. Besides, the braiding angles 
kept unaltered during compression, resulted in yarns bending greatly 
and stress concentration zones emerging near the bonding points. 
Hence, stronger resistance obtained by the stent with CPF, compared 
with the control stent. 

Fig. 1. a. Schematic representation of braided composite stent structure. b. Finite-element analysis results for the Von Mise stress distribution of braided stent models 
under parallel compression. 
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Herein, to impart wished composite filaments to the braided stents, 
we wrapped groups of PCL multifilament on the outer surface of PPDO 
monofilament. After introduced into braiding structure, the core-shell 
composite yarns interlaced with each other regularly. Under suitable 
thermal temperature, PCL layer was softened and its molecular chains 
moved and glided mutually at interlacing points while spread evenly in 
the outer surface of PPDO at other regions. So, the interlacing points 
were constrained and PPDO monofilaments were coated by a layer of 
PCL film after being cooled sufficiently. Besides, the good elasticity and 
extensibility of the PCL layer offered a strong binding force at the 
crossing points. It guarantees the structural stability of novel braided 
stents during compression and yields robust mechanical resistance. 

3.2. Fabrication and structure evaluation of braided cBRSs 

Fig. 2 explained the fabrication steps, beginning with the formation 
of PCL/PPDO core-shell braided yarns via an 8-bobbin braiding ma
chine. By optimizing the process conditions, evenly and entirely covered 
composite braided yarns can be obtained (Fig. 2a, step 1). The fixation 
principle of crossing points was derived from thermally bonding process 
[27]. The uniaxial tensile results showed a two-stage tensile failure in 
the tensile load-displacement curve of core-shell braided yarns, sug
gesting the unstable combination of the two components. However, after 
PCL layer melted on the surface of PPDO, the two components yielded 
good binding strength with each other and contacted tightly during the 
entire tensile process (Fig. 2b). The bending rigidity of core-shell melted 
yarns showed 192.75% higher than that of PPDO monofilaments (4.69 
± 0.66 mN) (Fig. 2c). Moreover, the peeling force of the bonded 
core-shell melted yarns was 2126.67 ± 133.14 mN, 30-fold higher than 
the friction forces between two PPDO monofilaments (50.21 ± 5.23 mN) 
and between a PPDO monofilament and a composite melted yarn (63.37 
± 7.37 mN) (Fig. 2d). This indicates that the peeling force plays an 
important role in restricting the movement of braiding yarns in the cBRS 

structure. 
The PCL/PPDO core-shell braided yarns were then arranged every 

three or seven PPDO monofilaments on a 32-bobbin braiding machine 
(Fig. 3a, step 2) to form composite stents preforms, cBRS-A preform, and 
cBRS-B preform, respectively (Fig. 3b). The two types of preforms 
tensioned and fixed on the copper mandrel were then thermally treated 
to get the final composite stents (Fig. 3c, step 3). Based on the difference 
of melting temperatures of PPDO and PCL yarns (102.73±0.15 ◦C and 
56.03±0.21 ◦C, respectively), 90 ◦C 1 h were selected to heat-set the 
braiding structure and soften PCL layer in core-shell yarns [33,34]. 
Besides, an average cooling rate of 0.1 ◦C/min was adopted to increase 
crystallization integrity and structural stability. 

The photograph of representative stents, with an inner diameter of 8 
mm, was presented in Fig. 3c. Three interlacing modes, PPDO mono
filament - PPDO monofilament, PPDO monofilament - core-shell com
posite yarn, and core-shell composite yarn - core-shell composite yarn, 
formed the crossing points in the cBRSs, as shown in the SEM images 
(Fig. 3d). The physical parameters of PCL/PPDO composite braided 
stents were shown in Table 1. The proportions of different interlacing 
modes among the braiding structure and the ratio of two components 
were calculated (Table 2 and Table 3). 2.21% (cBRS-A) and 8.33% 
(cBRS-B) crossing points were bonded in the cBRSs structure, and PCL 
component accounted for 11.6% and 20.87% (v/v%) of cBRS-A and 
cBRS-B respectively. This may offer composite braided stents with high 
compression resistance while good flexibility and compliance. 

3.3. Mechanical characteristics of braided cBRSs 

Compression resistance, including compression force and recovery 
performance, is a major challenge for polymeric stents, especially for 
braided stents [35]. Compression modulus of braided stents increased 
from 1184.03 ± 98.33 mN/mm (typical braids) to 1520.97 ± 113.58 
mN/mm (cBRS-B). Compression forces of cBRS-A and cBRS-B enhanced 

Fig. 2. a. Fabrication of PCL/PPDO core-shell braided yarns and core-shell melted yarns. b. Uniaxial tensile properties of PPDO monofilament, PCL/PPDO core-shell 
braided yarns and core-shell melted yarns. c. Bending rigidity of PPDO monofilament, PCL/PPDO core-shell braided yarns and core-shell melted yarns (n = 3, ***p <
0.005). d. Friction force and peeling force of different interlacing monofilaments or yarns (n = 3). 
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by 124.06% and 169.58%, respectively, compared to the typical braids. 
Besides, by removing all the PPDO monofilament part manually, the 
residual compression forces of cBRSs were as high as 203.14 ± 25.29 
mN/cm and 641.18 ± 57.16 mN/cm for cBRS-A and cBRS-B, suggesting 
the self-reinforced characteristic of the composite yarns bonding struc
ture (Fig. 4a). The elastic recovery rate of cBRS-B was 94.05 ± 1.60%, 
which is significantly higher than that of typical control (89.89 ±
1.76%) (Fig. 4b). Moreover, high elasticity and ductility of PCL guar
anteed the stability of cBRSs structure, resulted in the minimal me
chanical loss during cyclic compression processes for both cBRS-A and 
cBRS-B (Fig. 4c). 

Fig. 4e and f showed the in vitro compliance results of cBRSs and 
compared typical braids and polyurethane (PU) tubular membrane. As 
shown in Fig. 4e, cBRS-A was observed with larger change in diameter 
than that of other groups during the test, indicating its excellent flexi
bility to conform to pulsatile pressure. In addition, PU tubular 

Fig. 3. a. Fabrication of braided cBRSs with different ratios of PPDO monofilaments and PCL/PPDO core-shell composite braided yarns. b. Representative photo
graphs of cBRS preforms before thermal treatment. c. Representative photographs of cBRSs after thermal treatment. d. Representative SEM images of interlacing 
modes of cBRSs braiding structure. 

Table 1 
Physical parameters of cBRS-A and cBRS-B.   

Total 
number 
of yarns 

Number 
of PPDO 

Number 
of 
braided 
yarns 

Outer 
diameter/ 
mm 

Braiding 
angle/◦

Pitch/ 
mm 

cBRS 
- A  

32  28  4 9.20 ±
0.09 

54.88 ±
1.92 

18.18 
± 0.42 

cBRS 
- B  

32  24  8 9.24 ±
0.13 

54.20 ±
1.88 

17.76 
± 0.24  

Table 2 
Proportion of different interlacing modes in cBRSs.    

PPDO- 
PPDO 

PPDO-melted 
yarn 

Melted yarn-melted 
yarn 

Proportion/ 
% 

cBRS - 
A 

77.21 20.59 2.20 

cBRS - 
B 

58.33 33.33 8.34  

Table 3 
Ratio of PPDO and PCL components of cBRSs.    

PPDO PCL 

Proportion/(v/v)% cBRS - A 88.40 11.60 
cBRS - B 79.13 20.87  
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membrane has excellent compliance and is commonly used as the pos
itive control to evaluate the compliance of stent graft in vitro [28]. The 
results also demonstrated better compliance of braided cBRSs than PU 
tubular membrane, and cBRS-A behaved the best in the flexibility 
among all groups under physiological pulsatile pressure (Fig. 4f). 

3.4. In vitro degradation profile of braided cBRSs 

As for the degradation profile of cBRSs in vitro, PPDO monofilaments 
had higher degradation rate than the core-shell composite yarns during 
the accelerated degradation test (Fig. 5a). Specifically, struts of the 
PPDO monofilaments were broken after 30 days, and they were dis
integrated and degraded into dissolvable molecules in 50 days. 

However, for the core-shell composite yarns, the constraint of crossing 
points remained stable during 50 days degradation, allowing cBRSs with 
stable structure and good residual mechanical properties. The 
compression force of cBRS-A remained stable during the first 20 days, 
while the force increased by 20% in cBRS-B. In contrast, the rapid me
chanical loss was observed in the typical control. After that, the loss of 
compression force in all stents increased continuously in 50-days follow- 
up, by 41.80 ± 0.16%, 30.69 ± 3.17%, and 64.44 ± 2.53%, for cBRS-A, 
cBRS-B, and control respectively. The typical control lost the compres
sion force completely in 50 days. For the cBRSs, although the 
compression forces decreased by 93.37 ± 0.19% and 81.73 ± 0.90% in 
cBRS-A and cBRS-B, respectively, they remained 30.34 ± 2.72 cN and 
100.43 ± 10.60 cN (Fig. 5b). 

Fig. 4. In vitro mechanical properties of braided cBRSs. a. Compression modulus and compression force of typical braids, cBRS-A and cBRS-B, when they were 
compressed to half of their initial diameters (n = 3, ***p < 0.005). (A: The compression force of cBRS-A when all PPDO monofilaments were removed from its 
structure, B: The compression force of cBRS-B when all PPDO monofilaments were removed from its structure). b. Elastic recovery rate, rapid elastic recovery rate 
and slow elastic recovery rate of typical braids, cBRS-A and cBRS-B, when they were recovered from compression process (n = 3, ***p < 0.005). c. Energy loss value 
and energy loss rate of typical braids, cBRS-A and cBRS-B during compression and recovery process (n = 3, ***p < 0.005). d. Typical compression load-displacement 
curves of cBRS-A and cBRS-B when they were cyclically compressed for ten times. e-f. Diameter changes and compliance during 80–120 mmHg pulsatile pressure 
simulation (n = 3, ***p < 0.005). 

Fig. 5. Degradation evaluation of cBRSs under accelerated in vitro environment. a. Representative macro-photos of cBRS-A and cBRS-B during 50 days degradation. 
b. Rate of compression force loss of cBRS-A and cBRS-B when they were compressed to half of initial their diameters in different degradation time-points (n = 3). c. 
Stress relaxation rates of cBRS-A and cBRS-B during compression process in different degradation time-points (n = 3). d. Elastic recovery rates of cBRS-A and cBRS-B 
during compression-recovery process in different degradation time-points (n = 3). e. Energy loss rates of cBRS-A and cBRS-B during compression-recovery process in 
different degradation time-points (n = 3). 
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Stents were compressed to half of their initial diameters and held for 
30s, the ratio of compression force loss compared to the highest 
compression force during compression was calculated and considered as 
stress relaxation. The results showed that the value in typical braids was 
continuously increased during degradation, whereas it peaked at 30 
days and then recovered thereafter for cBRSs (Fig. 5c). The elastic re
covery rate after stent unloading is intuitive to present the recovery 
ability of braided stents during degradation (Fig. 5d and Supplementary 
Fig. 2). The elastic recovery rate of control stents were decreased rapidly 
during degradation. In contrast, the elastic recovery rate remained 75% 
for cBRS-A and 85% for cBRS-B during the whole hydrolysis process, 
suggesting the good stabilization of the boding structure of cBRSs. The 
rate of energy loss during the compression and recovery process 
exhibited a similar trend with the results of the stress relaxation rate 
(Fig. 5e). 

3.5. Hemocompatibility and cell viability 

Although PPDO and PCL have been used in the Food and Drug 
Administration (FDA) approved medical devices/implants, thermal 
treatment during composite stents fabrication can change the molecular 
structure and might lead to poor hemocompatibility and cell toxicity. 
Fig. 6a and b shows that the hemolysis rates of all samples were well 
below 1%, which is acceptable for blood-contacting biomaterial use 
(hemolysis ration lower than 5%). Besides, the cell viability test shows 
endothelial cell density increased with prolonged culture time, and there 
is no significant difference observed on day 5 among all groups (Fig. 6c 
and d). Thus, the effect of the fabrication process in this study is 
acceptable in terms of biocompatibility. 

3.6. In vivo characterization 

The surgical procedure and stent implantation were successfully 
performed with no complications such as implant migration, throm
bosis, dissection or aneurism were observed. Since cBRS-A showed 
better compliance than cBRS-B in vitro, it was selected for in vivo study. 
All stents (cBRS-A and Wallstent) were implanted in the target vessels of 
swine, with no signs of intraluminal defects or dissection of the vessel 

wall. As shown in Fig. 7 a–d, all cBRS stented vessels maintained good 
patency for 12 months after implantation according to angiograms. The 
lumen gain percentage of stented vessels in different groups were 
calculated and showed in Supplementary Fig. 5. The results indicated 
that the lumen was enlarged immediately after implantation and 1 
month follow-up in all groups. After stent implanted for 12 months, the 
lumen of cBRS stented vessels remained similar area to that in baseline 
(− 4.60 ± 4.23% and − 11.44 ± 3.70%), while the lumen narrowed 
significantly (− 22.54 ± 4.13%) in Wallstent implanted vessels. Images 
of cBRS explant can also validate the patency of stented vessel 
(Fig. 7f–h). According to SEM images (Fig. 7i and j), endothelial cells 
were completely and homogeneously covered on the surface of the 
stents after 30 days for both cBRS and Wallstent. In 4 months, endo
thelial cells were organized align to the direction of blood flow (Fig. 8k 
and l). It indicates low thrombosis risk and good biocompatibility of 
both cBRS and Wallstent. 

A gross morphological evaluation of cBRS explants (Fig. 8a–h) 
showed the presence of neotissue formation in the lumen after 1 months. 
A distinct boundary was observed between the neo-tissue and the cBRS 
suggesting the initiation of neo-tissue formation over the stent followed 
by integration with the stent struts (Fig. 8a and e). At 4 months, the 
PPDO monofilaments were distinctively degraded into fragments and 
replaced with proteoglycan matrix (Fig. 8b and f). After 6 months im
plantation, the PPDO monofilaments were minimally visible, they were 
replaced by connective tissue. The granuloma area was also decreased 
(Fig. 8c and g). In contrast, the core-shell composite yarns were still 
visible with defined edges, indicating minimal degradation (Fig. 8i–l) 
[34]. In addition, the degradation scores of the cBRS in abdominal aorta 
and iliac artery were similar during 12-month follow up (Fig. 8m). We 
then calculated the lumen area (Fig. 8n) and internal elastic laminal area 
(Supplementary Fig. 6) of different groups. The lumen area of abdominal 
aorta after the cBRS implanted slightly decreased from 1 month (27.90 
± 1.50 mm2) to 4 months (24.20 ± 1.00 mm2), while the lumen enlarged 
thereafter, possibly due to PPDO component was absorbed after 4 
months implantation. Significantly higher lumen area was observed in 
12 months (31.20 ± 2.20 mm2), indicating the degradation process of 
the cBRS has minimal impact in vessel healing process. The change of 
iliac artery lumen area after cBRS implantation performed similar trend 

Fig. 6. a–b. Hemolysis rate and optical photos of different groups (n = 3). c. Endothelial cell viability test results of typical braids, cBRS-A and cBRS-B after culturing 
for 1, 3 and 5 days (n = 3, **p < 0.01). d. Morphology of cells in different groups after cultured for 5 days. 
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Fig. 7. a–d. Representative angiography images of target vessels after the cBRS implanted for 1 month and 12 months. e. Representative photo of a cBRS-A with 
metal markers. f–h. Explant of the cBRS after implantation for 2 months. i–l. Representative SEM images of the cBRS and Wallstent explant surfaces after 1 month and 
4 month implantation respectively. The surfaces were completely covered by endothelial cells. (AA: Abdominal aorta, IA: Iliac artery). 

Fig. 8. a–l. Hematoxylin and eosin (H&E) stained images of cBRS and Wallstent implanted vessels during 12 months follow-up. m. Degradation scores of cBRS 
implanted in abdominal aorta and iliac artery during 12 months follow-up (n = 3, ns: no significant difference). n. Lumen areas of stented vessels during 12 months 
follow-up, measured from H&E stained images (n = 3, ns: no significant difference, *p < 0.05). o. Neointimal areas of stented vessels during 12 months follow-up, 
measured and calculated from H&E stained images (n = 3, ns: no significant difference, *p < 0.05, **p < 0.01). For images a-i, vessel lumen is marked as “Lu”, cross- 
section areas of PPDO monofilament and PCL/PPDO composite yarns are marked as “*” and “#”, respectively. White arrows showed degradation fragment of PPDO 
monofilaments in the cBRS. 
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(Fig. 8n). In contrast, the lumen area of iliac artery implanted with 
Wallstent decreased continuously in 12-month follow-up (13.70 ± 2.80 
mm2 in 12 months). We also recorded and calculated the changes of 
neointimal area (Fig. 8o) and neointimal thickness (Supplementary 
Fig. 7) after the cBRS implanted and compared that with Wallstent 
stented vessels. Although neointimal area increased from 1 month 
(19.60 ± 4.2 mm2 in abdominal aorta and 17.50 ± 3.00 mm2 in iliac 
artery) to 4 months (29.60 ± 3.00 mm2 in abdominal aorta and 19.10 ±
1.70 mm2 in iliac artery) after cBRS implantation, they decreased 
constantly after 4 months (12 months: 19.80 ± 0.50 mm2 in abdominal 
aorta and 13.40 ± 3.40 mm2 in iliac artery). However, the neointimal 
area of vessel after Wallstent implanted increased continuously in 
12-month follow-up (1 month: 11.90 ± 1.70 mm2, 12 months: 20.90 ±0 
.50 mm2). 

As shown in Fig. 9a–i, the local tissue showed slight inflammation 
response to the cBRS after 1 month, 4 month, 6 month and 12 months 
implantation, similar to that of Wallstent. No tissue necrosis was 
observed in the neointima and its underlying layers. Macrophages were 
accumulated around stent struts and gradually engulfed degraded 
fragments after 4 months implantation [36]. We then calculated the 
injury score and inflammation score of different groups. Higher injuries 
were observed in 4 months for cBRS implanted vessels (0.81 ± 0.11 in 
abdominal aorta, 0.92 ± 0.07 in iliac artery) then other time points. 
However, in 12 months, the injury scores of cBRS implanted vessels 
decreased thereafter (0.44 ± 0.05 in abdominal aorta, 0.57 ± 0.05 in 
iliac artery) and significantly lower than the injury score of Wallstents 
(0.75 ± 0.08) (Fig. 9j). Besides, although inflammation response is 
stronger in 4 months (0.70 ± 0.12 in abdominal aorta, 0.76 ± 0.07 in 
iliac artery) due to mass degradation fragment generation, it remained 
in mild inflammatory level for both abdominal aorta and iliac artery 
implanted with the cBRS in 12-month follow-up. The inflammation 
response of cBRS implanted vessels (score: 0.40 ± 0.05 in abdominal 
aorta, 0.38 ± 0.03 in iliac artery) were comparable to that of Wallstent 

implanted vessels (score: 0.31 ± 0.10) after implantation for 12 months 
(Fig. 9k). As for the histomorphometric area of stenosis, although the 
in-stent luminal stenosis of cBRS implanted vessels were worse than that 
of Wallstents in the first month, they showed comparable stenosis ratio 
in the 4 months. Notably, the stenosis ratio of cBRS stented vessels 
significantly decreased after the PPDO degradation and continuously 
decreased in the 12 months follow up (12 months: 38.90 ± 1.30% in 
abdominal aorta, 45.00 ± 3.20% in iliac artery). In contrast, the Wall
stent implanted vessel performed constantly increased stenosis and 
more than 60% stenosis was observed at 12 months (Fig. 9l). 

4. Discussion 

Braiding technique has been widely used in fabricating biological 
tubular devices such as esophageal stent [37], tracheal stent [38], ure
teral stent [39], vascular stent [40], and more, owing to the 
self-expanding property of these devices. Braiding vascular stents 
behave the advantage over balloon-expandable stents in radial and 
bending compliance, low risk of vascular injuries. Besides, 
balloon-expandable devices are unable to re-expand with rapidly 
growing children vessels. Over-dilatation might result in stent fracture 
[41,42]. Braiding stents can self-oppose to the vessel wall when 
expanded to nominal diameter, which is more favorable for pediatric 
patients [43,44]. Moreover, most of the current BRSs are composed of 
one component. However, braiding stents can be composed of two or 
more components, which extends the possibility of customized design 
for various clinical requirements. In this study, PPDO and PCL were used 
to fabricate the first generation of braided cBRS. PPDO monofilaments 
behaved as the main component. Although the elastic modulus of PPDO 
materials is lower than other bioresorbable polymers, such as poly 
(L-lactide) (PLLA), poly(lactide-co-glycolic acid) (PLGA), it has more 
suitable degradation time to match the healing process of target vessel. 
Studies reported that in-stent restenosis process peaked at the third 

Fig. 9. a–i. Representative high-magnification H&E stained images of cBRS and Wallstent implanted vessels during 12 months follow-up. j. Injury scores of cBRS and 
Wallstent implanted vessels during 12 months follow-up, recorded from H&E stained images (n = 3, ns: no significant difference, *p < 0.05, **p < 0.01). k. 
Inflammation scores of cBRS and Wallstent implanted vessels during 12 months follow-up, recorded from H&E stained images (n = 3, ns: no significant difference, *p 
< 0.05, **p < 0.01, ***p < 0.005). l. cBRS and Wallstent implanted vessels stenosis during 12 months follow-up, calculated from H&E stained images (n = 3, ns: no 
significant difference, *p < 0.05, **p < 0.01, ***p < 0.005). 
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month and rarely reached its peak thereafter [45,46]. The remodeling 
and healing process of diseased vessel can be finished in 6 months. Then, 
lumen area enlarges from 6 months to 5 years, as reported in most pa
tients after balloon angioplasty [47,48]. Hence, suitable degradation 
time is crucial for BRS material selection, especially for growing chil
dren. The commonly used biomaterial PLLA might be not suitable for 
pediatric patients since its degradation time is 2–3 years [12,49]. Such a 
long degradation time can cause similar or even worse long-term 
thrombosis and restenosis compared to non-degradable metallic stents. 
It has been reported that PPDO implants are able to maintain mechanical 
integrity in three months and absorbed entirely in 6 months in aqueous 
environment [50]. In addition, PPDO implant has been certified by FDA 
[51], which shows good biocompatibility in vivo in many studies [37, 
52,53]. Thus, the BRS fabricated by PPDO material can maintain lumen 
open during vascular healing process with acceptable biocompatibility 
and suitable degradation time, which is beneficial for patients with 
congenital heart disease. 

Acute stent recoil still limits the application of polymeric BRS. 
Currently, balloon-expandable polymeric stents are commonly used for 
vascular stents due to their higher mechanical strength than self- 
expanding stents. One of the reasons is that balloon expandable stents 
undergo plastic deformation when they suffered from external force 
[54]. The plastic deformation is mainly contributed by the crystal region 
in their molecular structure. However, for braided stents, the movement 
of crossing yarns and slight elastic deformation of polymers leads to 
structure deformation. This structural deformation is induced by the 
molecular chain segments motion of amorphous region in polymer 
structure, which is significantly easier than the motion in crystallized 
region of polymer. Thus, the mechanical resistance of typical braided 
stents is weaker than that of balloon expandable stents. Although it is 
feasible to use thicker struts to increase mechanical resistance of braided 
stents, it can be a challenge in deployment process due to their large 
crossing profile. Several researchers focused on restricting the yarns 
movement in the crossing points to offer braided stents reinforced me
chanical properties. Shin-Horng et al. developed a double opposing 
helical PLLA stent with several longitudinal fibers glued to the ends of 
stent [55]. The introduction of these fibers prevented the movement of 
helical yarns and enhanced its mechanical efficacy. Although their 
mid-term animal studies showed promising results, the biocompatibility 
of adhesive glue is still a problem when transfer to clinical use. The early 
fracture of PLLA struts causing severe restenosis in an infant was also 
reported [56]. We previously bonded the crossing points of PPDO 
braided stents with PCL (M.W. 80,000) solution (Supplementary Fig. 3). 
By using a self-assembled titration device with a capillary nozzle, the 
PCL solution was dropped on and around the crossing points regularly. 
After thermally treated under 45 ◦C for 1 h, PCL was solidified and some 
crossing points were glued together. The compression force of the stents 
showed a higher value than the typical braids. However, the adhesion 
between PCL and PPDO was unstable, resulted in the decrease of 
compression force in 10-time cyclic compression test. At present, the 
most successful attempt is reported by 480 Biomedical Inc. [57]. Com
posite implant was braided with PGLA and coated with poly(glyco
lide-co-caprolactone) elastomer. It has higher mechanical strength 
compared to braids without elastomer coating, due to the restriction of 
crossing yarns movement by the coating layer. In this study, we intro
duced an easier method to facilitate crossing point fixation in braiding 
structure as described above. The results in this study demonstrated 
strong peeling force of the bonded crossing yarns and significantly 
higher mechanical resistance compared to typical braids. The ten times 
cyclic compression test also indicate good structure stability and dura
bility of the cBRS (Fig. 4d). 

Another reason inducing acute stent recoil is the elastic recoil after 
stent expansion, which depends on material elastic properties and stent 
structural design. Although balloon-expandable BRS has higher me
chanical resistance than typical braids, it is reported with high elastic 
recoil [58,59]. The laser cutting process in fabricating balloon 

expandable BRS can cause crack in the laser-affected zones, leading to 
high stent recoil under cyclic loading [60]. Besides, balloon-expandable 
BRS is less ductile than metal stents and cannot maintain its strength 
under persistent external load due to stress relaxation. Irregular plastic 
deformation of balloon-expandable BRS was reported after crimping 
process in the PLLA laser-cutting vascular scaffold [61]. The cracks and 
irregular deformation of balloon expandable stents can lead to stent 
fracture after deployment [41]. Nevertheless, Dyet et al. [62] reported 
that self-expanding stents were able to re-expand following deforma
tion. In this study, the cBRS performed good elastic recovery rate 
(Fig. 4c). The rapid elastic recovery rate of braided stents represents 
stent ability to recover from deformation immediately. The cBRS 
exhibited significant higher value (90.48 ± 1.70%) than typical braids 
(83.41 ± 2.15%). Besides, stents fabricated by polymers commonly 
behave time-dependent recovery after unloading since they remain in 
the rubbery or flexible thermoplastic state. This contributes to acute 
recoil of stents. We analyzed this property by measuring slow elastic 
recovery rate in this study. The results showed lower values (3.81 ±
1.27% for cBRS-A and 3.57 ± 0.87% for cBRS-B) than that of typical 
control (6.47 ± 1.56%). The reason might be that less friction need to be 
conquered and more energy contributes to structure recovery after 
unloading in the cBRS than that of control stents. 

Certainly, the mismatch in vascular compliance after bioresorbable 
stent implantation is still a severe problem due to the stiffness of BRS, 
which may cause a disturbance in flow and heterogeneous distribution 
of wall shear stress. Reports also showed immediate compliance 
mismatch post-implantation of ABSORB scaffolds [13]. Thus, it is 
important to design BRS with good elasticity and flexibility to withstand 
the forces resulting from vessel motion. However, it remains as a chal
lenge for braided stents design since it is controversial to enhance me
chanical resistance while maintain their flexibility. The composite 
implants developed by 480 Biomedical Inc. offered satisfied strength 
and excellent flexibility by optimizing elastomer branching structure, 
crosslink density, and molecular weight [57]. In this study, the natural 
flexibility of typical braids was preserved since not all crossing points 
were restrained. This offers the cBRS favorable flexibility and compli
ance compared to PU tubular membrane, which is commonly used to 
mimic natural vessel during in vitro test. 

As mentioned before, degradation profile of BRS is crucial to pre
serve long-term patency of stented vessel. We evaluated the degradation 
properties of the cBRS in vitro using accelerated aqueous environment. 
Our preliminary test demonstrated that the mechanical loss rate of the 
stent prototypes varied by a factor of 4.67 between 50 ◦C and 37 ◦C 
(Supplementary Fig. 4). Based on the results of degradation test and the 
correlation between accelerated and real-time resorption, PPDO 
component of the cBRS is expected to remain mechanical resistance in 
vitro in approximately 3 months, while core-shell composite yarns 
remained integrity in 8 months. This result suggests the potential of the 
cBRS prototypes to meet the clinic requirement. Although PPDO 
component has faster degradation rate than PCL, cBRS remained good 
structural stability during degradation, which is benefit from the uni
form distribution of the PPDO monofilaments and PCL/PPDL composite 
yarns. The in vitro degradation results (Fig. 5a) showed that the cBRS 
remained cylindrical shape and no significant changes occurred in their 
dimensions when PPDO component degraded entirely. Besides, the 
elastic recovery rate of cBRS during in vitro degradation process 
(Fig. 5d) also suggesting the cBRS can remain structural stability and the 
two-component design of cBRS did not affect the overall efficacy. Be
sides, BRS is suffered from various mechanical loads after deployment, 
which has a great impact on the degradation profile of BRS [63]. Our 
previous in vitro work indicated that the radial force of vessel wall may 
accelerate the degradation rate of BRS while the overall degradation 
time was delayed when BRS suffered from pulsatile pressure of blood 
flow compared to non-loaded BRS [64]. In addition, there is still lack of 
agreement in terms of the stent-to-artery ratio for polymeric BRS 
implanted in great vessels. Thus, two vessel positions were selected for 
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stent implantation in this study, abdominal aorta and iliac artery, due to 
their different diameters. The diameters of abdominal aorta and iliac 
artery selected for cBRS implantation were 7.12 ± 0.21 mm and 5.16 ±
0.11 mm, respectively, resulted in the stent-to-artery ratios of 1.13 ±
0.03 and 1.55 ± 0.03. In vivo degradation study showed the both PPDO 
monofilaments and PCL/PPDO composite yarns of the cBRS remained 
cross-section integrity in one-month implantation, and the PPDO 
monofilaments were degraded with some fragments in cross-section in 4 
months follow-up. The increasing number of macrophages, fibroblasts 
and foreign body giant cells around PPDO struts also demonstrated the 
degradation of PPDO component. This result is consistent with the 
degradation rate of the cBRS in vitro. In addition, PPDO component was 
degraded into excessive fragmentation and the region was replaced by 
the proteoglycan matrix after 6 months. This degradation process occurs 
earlier than in vitro predicted time. Studies showed that the lysosome in 
macrophages contributed to the elimination of bioresorbable polymers 
[65]. The pH of lysosome was reported approximately 5, resulted in 
acidic environment around PPDO struts [66]. Thus, the degradation 
process is speculated to be accelerated compared to neutral in vitro 
aqueous environment. The impact of pulsatile pressure on the degra
dation rate of the cBRS is considered minimal since the stent struts were 
entirely covered by endothelial cells after one month. There is no sig
nificant difference in the degradation score between stents implanted in 
abdominal aortas and iliac arteries, also suggesting the minimal influ
ence of external force on the degradation rate of the cBRS (Fig. 8m). 
Besides the degradation of PPDO component, the PCL/PPDO composite 
yarns of the cBRS maintained the structure integrity in 12 months 
follow-up, although the core layer PPDO was replaced by proteoglycan 
matrix (Fig. 8d and h, Fig. 9c and f). This is also similar to in vitro results. 
The shell layer of PCL might be degraded in 1–2 years after implantation 
according to published report [67]. Overall, the cBRS owns two-stage 
degradation profile after implantation in target arteries. The integrity 
of the cBRS can be maintained for about 4 months and the main com
ponents (88.40% v/v% in cBRS-A) were degraded in 6 months, which is 
suitable for supporting lumen open in narrowed vessels. 

Besides, the two-stage degradation profile is controllable designed in 
order to reduce the time-specific degradation products concentration, 
possibly can lighten inflammatory response and further reduce reste
nosis. Previous studies demonstrated that the inflammatory response is 
one of the main reasons causing restenosis [68]. It induces proin
flammatory cytokines and growth factors generation and subsequently 
smooth muscle cell migration and proliferation, which results in the 
neointima over-formation [69]. Currently, anti-inflammatory drugs are 
commonly used to reduce inflammation reaction, while side effects are 
reported, such as delayed vascular remodeling process [70,71]. 
Although the results in this study still showed obvious inflammatory 
response increasing in 4 months due to partially degradation, it 
remained in a mild level (Fig. 9k). The stenosis rate is found to be 
reduced after 4 months and significantly lower than that of Wallstent 
implantation in 12 months (Fig. 9l). Thus, by introducing more com
ponents with suitable while different degradation time, the cBRS are 
expected to induce lower inflammatory response and probably obtain 
better long-term patency after implantation than currently developed 
BRSs. 

Although the mid-term in vivo results are promising, we still found 
the injury score of the cBRS is significantly higher than the composite 
implant developed by 480 Biomedical Inc. High degree of vessel injury 
can activate over-growth of neointima. In this study, we found that the 
injury score was higher in vessel with higher stent-to-artery ratio, 
although there is no significant difference. It can be explained that 
higher stent-to-artery ratio leads to higher strain energy stored in 
compressed stents, which can traumatize the arterial wall. Besides, 
sharp edge of degradation fragment and the strain energy release during 
degradation process of the cBRS are expected to contribute to vessel wall 
injury. It was certified by the results in this study, showing that injury 
score decreased with degradation products dissolved (Fig. 9j). 

Moreover, the injury score of PCL/PPDO composite yarns surrounding 
tissue was significantly higher than that of PPDO yarns (Supplementary 
Fig. 8). The reason might be that composite yarns have thicker strut than 
PPDO monofilament, which compressed intima with higher ratio. Also, 
the surface of composite yarn is not as smooth as PPDO monofilament, 
inducing more injury to vessel walls (Figs. 2 and 3d). As a result, 
although the PPDO degraded faster than composite yarn (Supplemen
tary Fig. 9), the inflammation score of composite yarns surrounding 
tissue was significantly higher than tissue surrounded by PPDO mono
filament during 12-month follow-up (Supplementary Fig. 10). Overall, 
in order to further lower the inflammation response of the cBRS, thinner 
PCL/PPDO composite yarns with smooth outer surfaces will be used in 
the future. 

5. Study limitations 

The profile of the cBRS in this work is still larger than metallic stents 
and could only be delivered by using an 8 Fr stent delivery system. Thus, 
it is essential to choose braiding yarns with smaller diameters for cBRS 
prototype fabrication. It is feasible because of the controllable structural 
organization of cBRS prototypes, allowing designers to develop cBRS 
with sufficient mechanical resistance and low stent profile. 

6. Conclusion 

A novel composite bioresorbable stent, based on braiding technology 
and thermal treatment, was successfully developed and evaluated with 
application-relevant measurements of its ability as a cardiovascular 
stent for pediatric patients. The results in this study demonstrated that 
the braided cBRS has self-reinforced compression resistance, good 
flexibility, and suitable degradation profile. Besides, it can be control
lable designed to meet complex clinical needs by altering the proportion 
of different components in the braiding structure. The cBRS also 
behaved good radial support ability comparable to Wallstent, acceptable 
biocompatibility and mild inflammation in 12 months in vivo observa
tion. Besides, the cBRS has similar degradation rate when implanted in 
vessels with different stent-to-artery ratios. Lower crossing profile and 
thinner stent struts will be used for cBRS fabrication in the near future in 
order to reduce vessel wall injury. 
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