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Abstract A bioabsorbable poly-p-dioxanone (PPDO)

stent with a novel sliding-lock structure was fabricated to

treat stenotic peripheral vessels. The sliding-lock PPDO

stents have greater radial strength (107 kPa) than PPDO

stents with conventional net-tube structure (32 kPa). The

sliding-lock PPDO stents were implanted into the iliac

arteries of pigs, and implantation success rate was 90%

indicating the feasibility of this design. Additionally, we

found that sliding-lock PPDO stents kept vessels patent,

although by 3 and 6 months post implantation, luminal

diameter decreased slightly due to intimal hyperplasia. At

1 month post implantation, the stents were sparsely cov-

ered with endothelial cells, and by 6 months, the stents

were mostly absorbed and inflammatory reaction gradually

decreased as the stents were absorbed. This study shows

favorable mechanical strength, degradability and efficacy

for the sliding-lock PPDO stents, and supports further

research and development of this unique design of polymer

stents for applications in vascular devices.

1 Introduction

An established treatment for coronary heart disease is

percutaneous coronary intervention (PCI) with stent

implantation [1, 2]. Recently, attention has been drawn to

bioabsorbable stents as they can be safely absorbed by the

body without requiring surgical removal and because they

might have a lesser potential for late stent thrombosis and

chronic inflammation than permanent metallic stents [3–5].

Additional potential advantages of bioabsorbable stents

include facilitation of repeat treatments to the same site,

restoration of vasomotion and improved lesion imaging

with multislice computed tomography (CT) or magnetic

resonance imaging (MRI) [3, 6]. Bioabsorbable stents are

particularly advantageous for children with vascular ste-

nosis. Permanent metallic stents create a fixed diameter for

the stented vessel, and with the growth of the child, the

vessel will become stenotic again and require subsequent

dilation [7, 8]. However, a bioabsorbable stent could pro-

vide short-term scaffolding and would not interfere with

vessel growth.

In a previous study, poly-L-lactic acid (PLLA) was

selected to make a bioabsorbable stent that is absorbed in

vivo through the hydrolysis of bonds between repeating

lactide units [3, 9, 10]. The Igaki–Tamai stent, which is

made up of PLLA, was initially developed to have a zig-

zag helical coil structure with straight bridges [10].

Another bioabsorbable stent, the BVS everolimus-eluting

stent, was constructed with a backbone of PLLA and a

coating of poly-D,L-lactide containing an anti-proliferate

drug and was reported to have clinical and imaging out-

comes similar to those of metallic drug-eluting stents for

2 years [3]. However, the degradation time of PLLA

(24 months) is somewhat long, especially when these

stents are used in growing children. In fact, the stent’s role
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of mechanical support for the vessel is temporary, lasting

only until vascular healing and reendothelialization occurs.

Beyond this point, stents provide no advantage and their

presence could be a nidus for late thrombosis and chronic

inflammation [11–13]. Ormiston and Serruys [14] reviewed

the literature on stents for vascular stenosis and indicated

that a mechanically intact stent was required to counter

negative remodeling and limit restenosis for the first

1–3 months after surgery, and was not needed beyond

6 months. Though several bioabsorbable stents have been

developed using magnesium and iron-based alloys [15–17],

developing a bioabsorbable stent for the treatment of ste-

notic vessels with sufficient mechanical properties and

appropriate degradation time remains a challenge.

The purpose of this study is to design a new bioab-

sorbable stent for use in growing children with peripheral

vascular stenosis. Bioabsorbable PPDO was selected as the

material for the stent over PLLA as its degradation time is

faster. Although PPDO has been widely used in absorbable

sutures [18], as far as we know, PPDO has never been used

for stents to treat stenotic vessels. Here we discuss a stent

with a novel sliding-lock structure that improves the

mechanical properties of the stent. To evaluate the tech-

nical feasibility of these sliding-lock PPDO stents, we

implanted them in the iliac arteries of pigs. Further eval-

uation of the stents’ effectiveness and performance was

conducted through in vivo studies.

2 Materials and methods

2.1 Materials

PPDO with number-average molecular weight of 2 9 105

was purchased from Johnson & Johnson Medical Ltd.

(USA) to fabricate peripheral vascular stents for this study.

Two control stents were used in this study: a commercially

available stainless steel metal stent (Lifetech Scientific Co.

China) and a self-expandable PPDO stent with a net-tube

structure that is fabricated by knitting PPDO fibers with a

diameter of 0.2 mm into a tubular structure with coverage

area of 41% (supplied by Biomaterial Laboratory of

Shanghai Jiaotong University, China).

2.2 Design of sliding-lock stents

The PPDO peripheral vascular stent was designed to have a

novel sliding-lock structure as shown in Fig. 1. The slid-

ing-lock stent consists of a framework and lamellar mesh

structure with small barbs on each side. The lamellar mesh

structure is inserted into the frame and coiled to form a

tubular stent. The diameter of the stent can be adjusted by

sliding the lamellar mesh structure. Hence, the stent can be

expanded using a balloon and when the balloon is with-

drawn, the barbs on each side of the mesh structure prevent

recoil of the stent.

2.3 Fabrication of sliding-lock stents

A micro-jetting manufacture system (MJM) as shown in

Fig. 2 was used to fabricate the sliding-lock PPDO stents.

Briefly, PPDO was inserted into a stainless steel syringe

and heated using a heating band. When the polymer

reached the molten phase, PPDO was extruded through a

nozzle and deposited on a continuously moving platform

controlled by computer. The sliding-lock stent was finally

fabricated by depositing PPDO fibers along the predefined

path (Fig. 1). Optical images of the fabricated stents are

shown in Fig. 3a–c. The width of the struts and the pores

between struts is approximately 0.5 mm, and the thickness

and coverage area of the sliding-lock stent are approxi-

mately 0.2 mm and 41% respectively.

2.4 Mechanical properties

A radial expansion force gage (RX650, Machine Solution

Inc, US) was used to measure the radial strength of the

sliding-lock PPDO stents. The stainless steel metallic and

self-expandable net-tube PPDO control stents (Fig. 3c)

were also tested for radial strength. All test stents were put

into a chamber kept at a temperature of 37�C, and were

compressed along the radial direction at a speed of

0.1 mm/s. Radial strength at various compressed diameters

was recorded by a computer, and maximal radial strength

was defined as the radial strength when the stent was

compressed to 88% of its original diameter [19].

Fig. 1 Schematic illustration of a PPDO stent with the novel sliding-

lock structure. The sliding-lock stent consists of a framework and

lamellar mesh structure with small barbs on each side
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2.5 Procedure of stent implantation

The study protocol was approved by the local ethical

committee for animal care and use. Forty biodegradable

sliding-lock PPDO stents of 6-mm diameter, 20-mm

length, and 0.2-mm thickness were tested by implantation

into the iliac artery of pigs. Pigs (n = 36) weighting

18–25 kg were used in this study. A radiopaque marker

Fig. 3 Photographs of different

types of PPDO stents with same

thickness of 0.2 mm and same

coverage area of 41%. a sliding-

lock PPDO stent with a lamellar

structure; b–d The lamellar

mesh structure is inserted into

the framework and coiled to

form a tubular stent, and the

barbs on each side of the mesh

structure prevent recoil of the

stent, and the stent diameter can

be adjusted by sliding the

lamellar mesh structure; e self-

expandable net-tube PPDO stent

Fig. 2 Schematic illustration of

the MJM system. PPDO was

inserted into a stainless steel

syringe and heated using a

heating band. When the

polymer reached the molten

phase, PPDO was extruded

through a nozzle and deposited

on a continuously moving

platform controlled by computer
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was mounted on the PPDO stent and all stents were ster-

ilized by ethylene oxide prior to being mounted on a spe-

cial stent delivery system.

After each pig was anesthetized, angiography of the iliac

arteries was performed to determine target site and the

appropriate size for the stent (the ratio of stent diameter to

artery diameter was 1.20–1.25:1.0). A special delivery

system was used to implant the stent. The stent advanced

along either the left or right iliac arteries by following a

guide wire fed through the carotid artery using an 8-Fr

artery sheath. Once the stent was in position, a balloon was

inflated to 14–20 atmospheres for 15–20 s to dilate the

artery and allow for the release of the sliding-lock PPDO

stent (Fig. 4). A second angiography was performed after

implantation to confirm the effectiveness of the stent.

2.6 Performance in vivo

Subsequent angiographies and histological analyses were

conducted at 1, 3, and 6 months post implantation. The

diameter of each stented vessel was measured to evaluate the

efficacy of the sliding-lock PPDO stents in vivo. Sections of

the stented vessels with 5-lm thickness were obtained for

hematoxylin and eosin (H&E) staining. Neointimal thick-

ness at each stent strut was measured, and sections were

imaged at 509 magnification. Cell inflammation and de-

gradability of the PPDO stents were also evaluated. The

endothelialization of stented vessels was evaluated using a

scanning electron microscope.

2.7 Statistical analysis

All data are presented as mean with standard deviation

(mean ± SD). The comparison of radial strength of each

stent type was evaluated using one-way analysis of varia-

tion, and for the intimal thickness and diameter of the

stented vessels at different time, the significances were

analyzed using a randomized block design analysis of

variance (ANOVA, SPSS, Chicago, IL, USA). P values

that were less than 0.05 were considered statistically

significant.

3 Results

3.1 Mechanical properties

The radial strength of the different stents is shown in

Fig. 5. The commercial stainless steel stent has the highest

radial strength of 135.30 ± 5.80 kPa, whereas the radial

strength of the PPDO stent with net-tube structure is

32.20 ± 4.30 kPa. However, the PPDO stent with the

sliding-lock structure has an intermediate radial strength of

107.50 ± 4.30 kPa. There are statistically significant dif-

ferences between the three groups (P \ 0.05).

3.2 Efficacy in vivo

Three pigs died during the procedure: one died due to

complications with anesthesia, and two died due to

Fig. 4 Sliding-lock PPDO stent

implantation procedure. a An

artery sheath is inserted into the

carotid artery; b angiography of

left and right iliac arteries; c the

sliding-lock PPDO stent is

positioned at target site; d the

sliding-lock PPDO stent is

dilated and released
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hemorrhoea caused by vessel laceration. Another non-fatal

complication involved a stent that did not fully dilate

because the balloon ruptured during implantation. The

success rate for stent implantation was 90%, while the

complication rate was 5%.

Examples of vessel angiograms after stent implantation

can be found in Fig. 6, and the average diameters of the

stented vessels are shown in Fig. 7. Average vessel diam-

eter 2 min post implantation (5.92 ± 0.06 mm) was not

significantly different from the average vessel diameter

1 month post implantation (5.85 ± 0.04 mm) (P [ 0.05).

However, the average vessel diameter at both 3 months

(4.86 ± 0.09 mm) and 6 months (4.84 ± 0.11 mm) post

implantation were significantly smaller than that 1 month

after implantation (P \ 0.05). Figure 8 illustrates that

intimal thickness at 3 (0.31 ± 0.04 mm) and 6 (0.32 ±

0.05 mm) months post implantation was much greater than

that 1 month after surgery (0.18 ± 0.02 mm) (P \ 0.05).

3.3 Biodegradability and biocompatibility

Histological examinations were conducted to evaluate the

biodegradable and biocompatible properties of PPDO

stents and the results are shown in Fig. 9. One month post

implantation the struts of the PPDO stents are still inte-

grated and barely degraded. However, by 3 months post

implantation, the struts have been partly degraded, and

6 months after implantation, the struts are mostly absorbed

and what remains has been degraded into pieces. A few

inflammatory cells including leukomonocytes, plasmo-

cytes, and eosinophil granulocytes, began to aggregate

Fig. 5 Average radial strength of each stent type. Averages are based

on 10 stents. The radial strength of test stents was measured by a

radial expansion force gage

Fig. 6 Angiography of the

stented vessels at different times

after implantation. a At 2 min

post implantation, the vessels at

each end of the stent become

spastic; b at 1 month post

implantation, the stented vessel

remains patent; c, d at 3 (c) and

6 (d) months post implantation,

the stented vessels keep patent

well, although their diameter

lost a little
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around the struts 1 month after implantation. At 3 months

post implantation, many inflammatory cells aggregated

around the struts, but the inflammatory reaction gradually

lessened with time as stent materials were mostly absorbed

6 months post implantation. One month post implantation,

there is a sparse covering of endothelial cells around the

PPDO stents, but by 3 and 6 months post surgery, the

PPDO stents are compactly covered with endothelial cells

and this covering forms a new endomembrane (Fig. 10).

4 Discussion

A novel PPDO stent with a sliding-lock structure was

developed for the treatment of stenotic vessels. The sliding-

lock stents are fabricated with a lamellar structure and they

use their own barbs to form circular stents. Whereas tra-

ditional vascular stents are generally tubular in shape and

either open or close cells depending on the requirements of

the vascular lesion [20, 21]. The advantages of the sliding-

lock PPDA stent are that its radial strength can be greatly

increased (Fig. 5), and its diameter can be easily adjusted

through the sliding of the lamellar mesh structure. The

unique structure of sliding-lock stent differs from the

REVA Bioabsorbable Stent, made of a tyrosine-derived

Fig. 7 Average diameter of the stented vessels at before implanta-

tion, 2 min, 1, 3 and 6 months post implantation, and averages are

based on nine stents. The luminal diameter was measured by

quantitative angiography

Fig. 8 Average thickness of intimal hyperplasia at 1, 3 and 6 months

after stent implantation, and averages are based on nine stents. The

intimal thickness was measured for hematoxylin- and eosin-stained

cross sections under a light microscope

Fig. 9 Light microscopy of pig iliac arteries harvested at different

times after stent implantation. At all points post implantation, there is

evidence of some inflammatory reaction in the arterial wall. Notably,

smooth muscle cell necrosis was not observed. A thin to moderate

neointima that mostly consisted of smooth muscle cells and

fibroblasts was formed in response to PPDO stents. a PPDO stents

have been covered by intima and struts are barely degraded 1 month

after implantation, and the partial overlap of the stent was showed;

b 3 months post implantation, several inflammatory cells have

aggregated around the struts and stents are more highly degraded.

c At 6 months post implantation, the inflammatory reaction has

lessened as the stent materials have been mostly absorbed
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polycarbonate developed at Rutgers University and con-

sisting of three independent lamellas that connect and slide

each other, and the growth stent that comprises of two

separate halves of the metal stent connected in the middle

by absorbable suture [22].

The PPDO stents were prepared using a MJM system.

This process is very flexible because the size of the pores

and barbs and the thickness of the stents can be easily

adjusted using a computer. Therefore, this preparation

technique may provide an ideal way for design and prep-

aration of individual drug-eluting stents, which can

accomplish drug homogeneous distribution or drug con-

centration gradient in the stents.

Radial strength is a key predictor of the effectiveness of

stents in vivo. Radial strength should be above 80–120 kPa

to meet clinical requirements for peripheral vascular stents

[23]. Self-expandable net-tube PPDO stents have an aver-

age radial strength of only 32.2 kPa because of its slightly

loose structure, which fails to meet the clinical

requirements for peripheral vascular stents. However, the

average radial strength of sliding-lock PPDO stents is

107 kPa, which is still somewhat lower than that of com-

mercial stainless steel stents (135 kPa) but well within the

clinically useful range of 80–120 kPa. Therefore, sliding-

lock PPDO stents satisfy the clinical requirements for

radial strength for the treatment of stenotic peripheral

vessels.

The technical feasibility of sliding-lock PPDO stents

was evaluated by implantation into the iliac arteries of pigs

where their effectiveness and performance could be studied

in vivo. Our results indicate that, 1 month post implanta-

tion, the diameter of the stented vessel remains patent,

maintaining nearly the same diameter as measured 2 min

post implantation. Nevertheless, 3 months post implanta-

tion, the vascular diameter decreases by approximately

18% (from 5.92 to 4.86 mm), and this decreased diameter

is likely due to intimal hyperplasia. Vessel diameter

changes minimally between 3 and 6 months after surgery,

Fig. 10 Scanning electron

microscope images of pig iliac

arteries harvested at different

times after stent implantation.

a At 1 month post implantation,

the stented vessels are sparsely

covered by endothelial cells;

b, c at 3 (b) and 6 (c) months

post implantation, endothelial

cells form a compact intimal

covering
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indicating that after 3 months, the diameter of the stented

vessel is stable and that further stenosis is unlikely.

Intimal hyperplasia occurred after stent implantation

resulting from stress and injury to the vessel wall and from

the subsequent inflammatory reaction [24, 25]. As shown in

Fig. 8, intimal thickness increased from 0.18 mm at

1 month post surgery to 0.31 mm at 3 months post

implantation. This increase in intimal thickness may be due

to the inflammatory reaction as well as the biodegradation

of the PPDO stents as shown in Fig. 9b. The ratio of stent

diameter to vessel diameter (1.20–1.25:1.0) used in this

study is a bit higher than that used in other studies [15, 16,

26]. A greater stent diameter-to-vessel diameter ratio leads

to greater stress and injury to vessel walls that promote

intimal hyperplasia. As with vessel diameter, there was no

significant change in intimal thickness between 3 and

6 months post implantation. Potential explanations for this

lack of change in intimal thickness may be that the injured

vessel walls have recovered, the stress in the vessel walls

has disappeared, or that the inflammatory reaction around

the struts decreased as the PPDO stents degraded.

As a bioabsorbable stent for growing children, it is

important that the rate of stent degradation match the rate of

vascular remodeling and vessel growth. Iron stents degrade

too slowly [16, 17], but magnesium stents that have been

implanted into the coronary arteries of pigs have been found

to degrade too quickly, leading to negative remodeling [15].

However, Zartner et al. [27, 28] implanted a magnesium

stent in the left pulmonary artery of a premature infant and

reported that the stented vascular diameter increased from

3.0 to 3.7 mm, 5 months post implantation. These results

indicate that in children a stent may only be required for

1–2 months. We found that the struts of the PPDO stents

started to degrade 3 months post implantation and were

mostly absorbed at 6 months post surgery (Fig. 9), which

suggested that PPDO stents kept their mechanical role for at

least 2 months and are more biodegradable than PLLA stents

(mostly absorbed by 24 months).

The local inflammatory reaction is often used to evalu-

ate the biocompatibility of biomaterials in vivo [29]. PPDO

was reported to have good biocompatibility and has been

used widely to make sutures for cardiac surgery [18].

Results from this study illustrated in Fig. 9 suggest that

PPDO stents cause a strong inflammatory response with

many inflammatory cells aggregating around the struts at

3 months post implantation. Potential explanations for this

may be that PPDO stents have started to degrade into lots

of pieces at 3 months post surgery, and as a foreign body,

those degradable materials bring about strong host response

[29, 30]. Zamiri et al. [31] has reported that PPDO, woven

into a braided structure and secured to bare metal stents and

together implanted into porcine carotid arteries, was also

associated with moderate inflammatory response at 90 days

after implantation. However, this inflammatory response is

gradually mitigated by 6 months post surgery in this study,

which is due to that the struts have been largely absorbed in

vivo. The inflammation response of absorbable polymeric

materials has been the subject of extensive study [9, 31].

The reduction in inflammation has been reported with

everolimus eluting biodegradable PLA stents in the porcine

and human coronary arteries [3]. In next study, the drug-

eluting PPDO stents may be searched to diminish inflam-

matory reaction in vivo.

Additionally, endothelialization of stented vessels has

been closely associated with cell compatibility of bioma-

terials in vivo [32, 33]. Figure 10 illustrates PPDO stents

covered by endothelial cells 1 month post implantation,

and by 3 and 6 months post surgery, the endothelial cell

covering becomes denser, suggesting that PPDO has a

good cell-compatibility.

5 Conclusions

This study shows favorable mechanical strength, vascular

compatibility, degradability and efficacy for the novel

sliding-lock PPDO stents, and supports further research and

development of this unique design of polymer stents for

applications in vascular devices.
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