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Abstract: A new type of vascular stent is designed for treating
stenotic vessels. Aiming at overcoming the shortcomings of
existing equipment and technology for
bioabsorbable vascular stent ( BVS),
combines 3D bio-printing and electrospinning to prepare the
composite bioabsorbable vascular stent (CBVS) is proposed.
The inner layer of the CBVS can be obtained through 3D bio-
printing using poly-p-dioxanone (PPDO). The thin nanofiber

preparing a
a new method which

film that serves as the outer layer can be built through
electrospinning using mixtures of chitosan-PVA (poly ( vinyl
alcohol) ). Tests of mechanical properties show that the stent
prepared  through 3D  bio-printing with
electrospinning is better than that prepared through 3D bio-
Cells cultivated on the CBVS adhere and
proliferate better due to the natural, biological chitosan in the

combined
printing alone.

outer layer. The proposed complex process and method can
provide a good basis for preparing a controllable drug-carrying
vascular stent. Overall, the CBVS can be a good candidate for
treating stenotic vessels.
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ardiovascular diseases (CVD) are one of the leading
C causes of death across the globe ( accounting for
48% of all deaths in Europe alone)'". Intravascular in-
terventions (PCI) with intravessel stenting are nowadays a
golden standard in cardiology'”. Metal stents have been
widely used in clinics™', but they are usually not biode-
gradable. The implantation will set a fixed diameter for
blood vessels, which is not suitable for children’s vascu-
lar growth and may affect the further development of
blood vessels'™'. In addition, the stenosis rate and the
thrombosis rate using metal stents are also high!” . Due to
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degradation, bioabsorbable vascular stents ( BVS) can
dissolve gradually, and, therefore, can avoid the occur-
rence of the above mentioned phenomenonm. Moreover,
BVS is a novel approach for treating coronary lesions and
it can provide transient vessel support and drug delivery to
the vessel wall without the potential long-term limitations
of conventional metallic drug-eluting stents, such as stent
thrombosis and prevention of future surgical revasculariza-
tion'™ . Therefore, BVS is ideal for pediatric patients.

At present, the preparation methods of the bioabsorbable
polymer vascular stent include 3D bio-printing, weaving,
laser engraving and coating. BVS processed by the wea-
ving method and coating method have a low efficiency and
poor flexibility in terms of structural change, while the us-
age of 3D bio-printing can overcome the above-mentioned
disadvantages. 3D bio-printing has received much attention
in the biomedical field in recent years for its many poten-
tially useful applications' . It has obvious advantages of
high flexibility and controllability which, compared with
other traditional methods, are unparalleled.

However, the stent prepared only through 3D bio-print-
ing has a poor mechanical property, and it cannot effec-
tively carry the required drug and provide a good micro-
environment for cells’ growth!”. When implanted into
the animals’ body, thrombi can easily be formed. In or-
der to solve these problems, nanofibers should be used
for constructing the suitable microenvironment of cell
growth. Electrospinning has important applications in bio-
medicine. Nanofibers have received considerable attention
in the tissue engineering field due to their distinctive
properties, including a high surface-area-to-volume ratio,
biomimicry of the structure and functions of the extracel-
lular matrix of human body tissues, etc''"'. Electrospun
polymer nanofibers are also used in drug delivery!™ .

In order to offset the defects of the stent prepared
through 3D bio-printing alone, the complex forming plat-
form was developed by our research team. Through this
platform, the inner layer of the stent can be obtained by
3D bio-printing and with electrospinning, and the outer
layer can also be built. Nanofibers were added to
stents’surface by electrospinning to increase the effect of
resilience, which can inhibit the proliferation of vascular
endothelial abnormalities in the stents. Moreover, laying
micro or nano scaled structures prepared through electro-
spinning on the outside of stent can not only embellish the
outside of stent prepared by 3D bio-printing, but also can
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meet cells’ growth requirements. In addition, it is also an
effective method for carrying drugs via the stent. There-
fore, the complex process and method proposed in this
paper can provide a good basis for preparing a controlla-
ble drug-carrying vascular stent, thus making effectively
solving stenotic vessels diseases possible.

1 Test Platform for the Fabrication of CBVS

In order to increase the effect of combining 3D bio-

printing and electrospinning, the proposed composite
forming system consists of a motion platform subsystem,
a multi-temperature field controlling subsystem, a high
voltage electric field controlling subsystem, a Taylor cone
monitoring subsystem, a 3D bio-printing feeding subsys-
tem, an electrospinning feeding subsystem, and an elec-
trospinning collection device subsystem, as shown in

Fig. 1.

3D bio-printing composite
forming system components
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Fig.1 Components of 3D bio-printing composite forming system

1.1 Workstation for 3D bio-printing

This workstation for 3D bio-printing includes a motion
platform subsystem, a PC, a PMAC controller, a ther-
mostat, a receiving board and 3D bio-printing nozzle ( see
Fig.2). The motion platform subsystem consists of four
axes ( X-axis, Y-axis, Z-axis, and U-axis), which moves
through the PMAC motion control card driving the mo-
tors. The pre-processing module extract the coordinate in-
formation of STL files and the post-processing module
translate it to the G code which can be read by the Turbo
PMAC. The final G code program can allow the Turbo
PMAC to realize the processing path, making the automa-
tion of the entire preparation process possible.

PC Themostat Receivingboard 3D bio'lill'i“ﬁ"g PMAC controller
nozzle

Workstation for
electrospinning

‘Workstation for
3D bio-printing

Fig.2 Workstation for 3D bio-printing

1.2 Workstation for electrospinning

This workstation for electrospinning includes a high
speed CCD camera, eletrospinning nozzle, the inner layer
of the stent, micropump, electrospinning collection de-
vice and high-voltage electric field control subsystem ( see

Fig.3). The electric field control subsystem includes a
high-voltage DC power supply ( DW-P503-1AC, Dong
Wen, Tianjin), which provides 0 to 50 kV voltage. The
Taylor cone monitoring subsystem is used to monitor the
entire electrospinning process and it includes a high speed
CCD camera (CMLN-13S52M, PointGrey), a light source
and custom detection software. The electrospinning feed-
ing subsystem is a syringe pump ( TJ-3A/W0109-1B,
USA Lange). The movement, voltage, feeding and on-
line monitoring system are automatically controlled by

custom PC software'"’ .

High speed
CCD camera

The inner

Electrospinning
layer of stent

nozzle

Micropump

Electrospinning
collection device

High voltage
Fig.3 Workstation for electrospinning

2 Experimental
2.1 Inner layer of the stent via 3D bio-printing
Granular PPDO is an aliphatic polyester-polyether with

excellent biodegradability, biocompatibility and bioabsor-
bability. It has been approved by the US FDA for use as
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a base material for absorbable sutures (trade name PDS)
and also has potential applications in orthopedic and drug
delivery'*". PPDO is chemically stable, histocompatible,
safe, pliable, and exhibits an intermediate rate of degra-
dation"”!
cates that in vitro the degradation time of PPDO is about
3 to 4 months''” and it accords with the ideal time for
supporting self repair of the blood vessel''”.
PPDO is adopted for preparing BVS.

The test platform of the 3D bio-printing complex form-
ing CBVS as shown in Fig. 2 is used for preparing the in-
ner layer of the stent. Briefly, PPDO was inserted into a
stainless steel syringe and heated using an electric wire.
When the polymer reached the molten phase, PPDO was
extruded through a nozzle and deposited on a continuous-
ly moving platform controlled by a computer. The inner
layer of the stent was fabricated by depositing PPDO fi-
bers along the predefined path (see Fig. 4)!"™. Finally,
the inner layer of the stent was fabricated by the 3D bio-
printing, as shown in Fig.5.

. In addition, much independent research indi-

Therefore,

1 2
1—Framework; 2—Barbs; 3—Lamellar mesh structure
Fig.4 Schematic illustration of a PPDO CBVS with the slid-
ing-lock structure

Fig.5 The inner layer of the stent

2.2  Outer layer of the stent through electrospinning

PVA (grades JP233, degree of polymerization 3 500,
alcoholysis degree of 88% , Kuraray Company of Japan,
Ltd. ) was dissolved in hot water with a mass fraction of
8% . This solution was heated to boiling point on a mag-
netic stirrer and stirred until the PVA was completely dis-
solved. Chitosan ( viscosity-average molecular weight of
112 x 10°, degree of deacetylation of 82. 5%, Zhejiang
Golden-Shell Biochemical Co., Ltd.) was dissolved in a

10% acetic acid solution. The PVA and chitosan solu-
tions were then mixed with a respective volume ratio of
2:1 and stirred".

The 3D bio-printed stent was fixed onto the rotating
collection device shown in Fig. 3. To fabricate the outer
layer of the stent, the mixed solution of chitosan-PVA
was placed in the injector and the outer layer was electro-
spun with 3 mL of mixed solution. The solutions were
placed in 5 mL plastic syringes with a blunt-ended nee-
dle, and the syringe was attached to a micropump that
dispensed the solution at a rate of 20 wL/min. A voltage
of 15 kV was applied across the needle and the grounded
collector (a 8-mm-diameter mandrel with a rotating speed
of 300 r/min). After spinning for 3 h, the outer layer of
the stent can be obtained. Thus, the two-layers-structured
composite stent can be built in this way, and named
“Type | stents”, as shown in Fig.6. The ones from the
control group which are prepared through 3D bio-printing
alone, are named “Type I stents”, as shown in Fig.5.

Fig.6 Type | stent

2.3 CBYVS handing and cell seeding

The CBVS was soaked in alcohol for 1 h and then
washed three times with PBS to remove the alcohol from
the CBVS. The excessive solution left in the stent was re-
moved by extensive suction. Rat fibroblast cells were har-
vested and suspended in the culture medium at a density
of 5.0 x 107 cells/mL. Then, 0.05 mL cell suspensions
were respectively seeded into CBVS to form cellstent con-
structs. The cellstent constructs placed in culture dishes
were added with 8 mL of the growth medium after being
incubated for 4 h to allow cells to adhere. The cellstent
constructs in media were cultured in vitro, respectively,
with the media changed twice a week™ .

3 Results and Discussion

3.1 Morphology of CBVS

The morphology of the final products was observed by
scanning electron microscopy ( SEM SU1510, Analysis
and Testing Center, Shanghai University). As shown in
Fig. 7, the outer layer consists of evenly distributed chi-
tosan-PVA fibers with uniform diameters and good poros-
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ity. This simulated extracellular matrix pattern works well
for cell growth. A SEM micrograph of a cross-section of
the two-layered composite is shown in Fig. 8. The inner
layer is approximately 0. 25 mm in thickness and the outer
layer is approximately 0. 03 mm in thickness. The speci-
men thicknesses are measured using a micrometer with a
precision of =+ 0. 01 mm. Overall, this composite stent
consists of the two-layered structure and meets the require-
ments of good mechanical properties and biocompatibility.

Fig.7 SEM micrograph of chitosan-PVA nanofibers in two-
layered CBVS

Fig.8 SEM micrograph of cross-section of two-layered CBVS

3.2 Mechanical properties

Based on data from 10 samples of each group, the ten-
sile strength was measured for each group, and the aver-
age values were calculated. The tensile strength of Type

[ stentsis (18.5 +1.5) MPa, and the tensile strength of

Type Il stents is (16.7 +1.2) MPa ( Model 5542, In-
stron, Canton, USA). Clearly, the Type [ stents have
greater tensile strength than the Type Il stents. The ten-
sile strength is defined as the maximum stress during the
tensile test until fracture™'.

The radial strength of the stent is the resistance of the
stent towards radial outer pressure and it is one of the
most important technical indicators of a stent. The experi-
ment of the stents is conducted on a radial strength tester,
RX550 (Instron company). The test chamber temperature
is 37 C; the compression ratio is 50% ; and the compres-
sion speed is 0. 1 mm/s. According to Ref. [10], when a
stent is compressed to 88% of the diameter, the radial
strength is the maximum value of the support stent. Based

on data from the same 10 samples, the radial strength of
Type I stentsis (127 +11.6) kPa and the radial strength
of Type II stents is (122 +13.7) kPa. Similarly to the ten-
sile strength, the Type [ stents have greater radial strength
than the Type II stents. Test results on mechanical propen-
sities of two groups of stents are listed in Tab. 1.

Tab.1 Mechanical propensities for two groups of stents

Stent type Tensile strength/MPa  Radial strength/kPa
Type | stents 18.5 1.5 127 £11.6
Type Il stents 16.7 1.2 122 +13.7

3.3 Morphology and proliferation of cell

The CBVS is designed to provide a suitable environ-
ment for cell growth, proliferation and differentiation.
Since fibroblasts can be easily cultivated and grow quick-
ly, they are good candidates for evaluating stent biocom-
patibility. Therefore, rat fibroblast cells were seeded to
evaluate cell attachment and proliferation on the outer lay-
ers of the CBVSs. Fig.9 is a SEM micrograph acquired
after 7 d of cell growth.

i

YL/ NE
SHU-SU1510 15.0mm x500

Fig.9 SEM micrograph of rat fibroblast cell on the CBVS af-
ter 7 d

Cells on the CBVS proliferated promptly, most likely
because of biological functional groups introduced by the
chitosan. The results also suggest that natural hydrophilic
surfaces may be more suitable for cell growth, which is
consistent with the good biocompatibility of the CVBS.

4 Conclusion

A CBVS was prepared for the first time through 3D
bio-printing and electrospinning techniques. It consisted
of a chitosan-PVA nanofibers outer layer and a PPDO in-
ner layer. This procedure for composite fabrication can
avoid defects that result from single processes. This CB-
VS has good mechanical properties and biocompatibility.
In addition, its outer layer can even be used for drug de-
livery. Therefore, the CBVS can be a better candidate for
treating stenotic vessels.
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